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PREFACE .

The Improved Passenger Equipment Evaluation Program (IPEEP) constitutes a
major research effort undertaken by the Federal Railroad Administration, Office
of Research and Development, Office of Freight and Passenger Systems, to evalu-
ate advanced passenger train technology throughout the world. The goal of this
program is to provide the technical data and detailed analysis needed for the
definition of an advanced passenger train system for future use on intercity -
passenger lines in the United States, especially in the heavily traveled North-
east Corridor (NEC) between Boston and Washington, D.C.

Between 1977 and 1980, an extensive techmnology evaluation effort was under-
taken by the IPEEP Train System Review Team, consisting of Battelle Columbus
Laboratories; Carnegie-Mellon University, Transportation Research Institute;
Louis T. Klauder and Associates; J. W. Marchetti, Inc.; and Unified Industries
Incorporated. The review team prepared a basic nine-volume set of IPEEP reports
covering baseline data (volume 1) and individual train reviews (volumes 2 through
9), plus an additional report on train performance.methodology. These documents
may be ordered from the National Technical Information Service.

During the same period, the members of the review team also prepared 24 work-
ing papers and criteria papers on various aspects of advanced passenger train
technology. These technical papers have been arranged in six volumes (of which
this is one) under the following titles:

Passenger Train Equipment Review Report: Volume 1. Advanced Propulsion
Systems and Propulsion System Requirements.

Passenger Train Equipment Review Report: Volume 2. Propulsion System
Components. and Future Train Energy Consumption. '

Passenger Train Equipment Review Report: Volume 3. Suspension and
Guidance Systems. '

Passenger Train Equipment Review Report: Volume 4. Braking Systems.

Passenger Train Equipment Review Report: Volume 5. Braking Systems
and Train Articulation. )

Passenger Train Equipment Review Report: Volume 6._ﬁCar Body Construc-
tion and Crashworthiness.

- These six volumes are being published to serve as a supplement to the basic
.IPEEP reports and to thereby provide the U.S. railroad community with additional
technical information on a wide variety of passenger train technology issues.

All the papers in these volumes, together with the names of the authors and
the original dates of completion, are given in the appendix included in each
volume. All six volumes are available from the National Technical Information
Service.
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1 - CONCLUSIONS

The lapse in interest in intercity passenger trains in
the U.S. during the 1950's and 1960's has restricted development
of rail passenger equipment to transit and commuter trains.
Multiple unit electric cars and diesel locomotive hauled trains
have been designed which operate satisfactorily at the moderate
speeds involved.

Because of the market for freight equipment, diesel and
electric locomotive development has been directed toward freight
designs with an emphasis placed on adhesion for maximum pulling
capacity but limited concern for riding and tracking gualities
commensurate with the moderate speed requirements. In the interest
of economy, electric locomotives have shared traction motors and
truck designs with diesel electric locomotives.

with the current resurgence of interest in high speed
passenger service in the NEC and other corridors; Amtrak has
acquired passenger locomotives with available freight locomotive
components such as three-axle trucks. Riding and tracking gquali-
ties of these locomotives at passenger train speeds have been -
unacceptable on existing track and speed restrictions have been
imposed.

There is a need to evaluate both vehicles and track to
arrive at a compatible design, giving consideration to the forces
produced by vehicle suspensions at the wheel/rail interface and
the role played by traction motor drives in reducing the unsprung
mass of powered axles.

It has been easy to regard the conventional axle hung
traction motor as simple in desigh and easily maintained, without
regard for its detrimental effect on track, and consequential
requirement for increased maintenance to the track. With mixed
traffic of passenger and freight at a variety of speeds, it is
almost impossible to identify the specifics of vehicle design
. features that affect the track. Thus it is difficult to present
an economic argument for more complex traction motor drives.
Freight cars of 100 ton capacity with conventional "three-piece"
trucks have been shown to degrade the "Fast" test track at Pueblo,
however, no correspondlng data is available on high speed passenger
equipment.

Several other countries, notably Japan, France, and
Italy have undertaken the construction of exclusive high speed
passenger rights-of-way and the Japanese have had considerable
service experience. The French have run an extensive develop-
mental program and are presently constructing a new high speed
TGV network for 160 mi/h operation. Extensive prototype testing
in France has reinforced theory dictating a reduction in unsprung
mass as a key requirement in the design of traction motor drives.



The degree of sophistication and complexity of drive
required are heavily influenced by the intended speed of service.
At high speeds the stresses produced by inertia forces and the
effect of these forces on the tracking characteristics of the
vehicle require that complex drives be employed. There are four
basic criteria which must be considered in the design of a trac- -
tion motor drive for high speed service:

e Isolation of the traction motor from the shocks to
which the wheel-axle assembly is subjected.

e Reduction in unsprung mass of the wheel-axle assembly
- and the damaging effects on both wheel and rail caused
by inertia forces.

® Reduction of forces applied to the primary suspension
by axle driving torque.

e Prevention or minimization of axle steering due to
inertia forces resulting from any offset in the mass of
attached motor and drive components from a vertical
plane through the axle.

Passenger locomotives with reasonably high speed capa-
bility are not new in the U.S. but the lessons of history.in the
development of locomotives in the U.S. at times seem to have been
forgotten. The GG-1 locomotive of the former Pennsylvania Rail-
_road was the product of a competitive development project between
two major electrical equipment suppliers supervised by the rail-
road's engineering department. The GG-1 proved to have superior
tracking performance as measured by impact recording instrumented
ties (a crude but effective early substitute for instrumented
wheels). :

Early difficulties with riding and tracking gqualities
of locomotives experienced by the former New York Central and
Pennsylvania railroads in their development of electric locomotives,
and the more recent problems experienced by Amtrak with six-axle
diesel and electric locomotives indicate that there has been no
change in the problem over the years. The patterns of passenger
equipment development in Europe and Japan, wheh contrasted with
most U.S. practice, confirm this point. The two most important
objectives in high speed passenger equipment design are the
reduction in unsprung mass and proper guidance of axles; both of
which are strongly influenced by the design of traction motor
drive.



2 - INTRODUCTION

The designs used for coupling electric traction motors
to driving wheels encompass a great variety of mechanical arrange-
ments and gearing. In reviewing the hlstory of electric traction,
the drives employed have changed greatly in detail as materials
have improved while the basic mechanical principles remain unchanged.

The mechanical arrangements of motors and drive couplings
may be loosely grouped according to the degree to which motor and
transmission gear masses are isolated from the axle to reduce
unsprung weight.

® Motor and gears directly connected to axle.
e Motor and gears shock mounted to axle.

e Motor on truck frame (primary suspension), gear unit on
axle. - ,

e Motor and gears on truck frame (primary suspension),
coupling to axle.

® Motor on body (secondary suspen51on) w1th gearing and
shafts to axle.

wWithin the variety of gear arrangements and couplings
which have been used to achieve the various degrees of isolation,
there is a general distinction between right angle drives and

~ parallel drives. Another distinction is made between coupled

axles and separately driven axles. With truck mounted traction
motors the parallel drive configuration permits a very compact
arrangement within a truck for fairly large traction motors
mounted in a low position under the vehicle floor. It permits
the motor to be placed between the axle and the truck's center
transom, but does not interfere with the center pivot. This
permits the center pivot and carbody reaction point of the truck
to be placed as low as possible, thus minimizing weight transfer
between axles. Mounting the motor as low as possible in the
truck also serves to keep the center of gravi;y low.

Right angle drives are more common when two -or more
axles are to be coupled together with a single motor, as with the
single motor drives of light transit vehicles. There are also
examples of coupled axles using a parallel drive arrangement and
(from a historical standpoint) axles coupled with side rods as
with steam locomotives. \

Both geared and gearless drives have been used. The
gearless drive, in which the traction motor rotates at axle
speed, can generally be dismissed from present consideration
because of the low power output developed for a given mass of
motor. Specific power output of an electric motor generally is



proportional to motor speed. At the other extreme, a very high
speed motor would require an extemely high gear ratio which would

require a gear unit so large as to negate the effect of reduced
motor size.
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3 - EARLY DRIVES

wWith the need for electric locomotives capable of
hauling trains of the size handled by steam locomotives, came the
need for traction motors and drives of considerably greater
proportions than those applied to street cars and interurban
cars. Street cars in the early 1900's had modest power require-
ments of approximately 25 horsepower per axle while the larger,
faster interurban cars had as much as 60 horsepower per axle.
Steam locomotives by contrast developed over 500 horsepower per
axle and were rapidly approaching the 1000 horsepower level.- A
steam passenger locomotive typically would develop about 2500
horsepower, usually on 3 axles.

Weight and bulk of traction motors were key issues.
Traction motors in the early 1900's weighed approximately 18 lbs.
per horsepower for direct current motors while commutating alter-
nating current motors weighed 22 1/2 lbs. per horsepower. This
contrasts with 9 1/2 lbs. per horsepower for common direct current
traction motors today. Thermal limitations in early insulation
materials severely limited continuous power output. For these
reasons, locomotive sized traction motors had to be very large
thus different designs of traction motor drives had to be developed
to overcome the space and weight shortcomings of the basic axle
hung, geared drive of the trolley car. Several unusual alterna-
tive configurations resulted.

Bipolars

The first group of "main line" electric locomotives
designed to handle steam locomotive sized trains was built in
1906 for the New York Central as part of the electrification for
Grand Central Station. Direct current electrification was selected
using an underrunning third rail distribution system at 600 V.
The locomotives have four driving axles in a rigid frame with a
guiding truck at each end. (Originally single-axle gquiding trucks
were used (l-D-1) but this was later changed to a two-axle arrange-
ment (2-D-2) because of tracking instability.)

The prototype locomotive, built in 1904, was followed
by two classes of production locomotives. Several class S2
locomotives are still in service as switchers in Grand Central
Station after more than 73 years of service.

The most interesting feature of these locomotives is
the traction motor drive in which the four motor armatures are
mounted directly on the axles while the field poles and brushes
are carried on the frame of the locomotive. This introduces a
large amplitude vertical movement between the rotor and the
stator because of the locomotive's suspension. As a result only
one set of field poles (located fore and aft of the axle) can be
provided for each motor. This is the basis for referring to
locomotives of this type as '"bipolars."
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The unsprung mass of each axle including suspension
components is approximately 11,000 lbs. While significantly .
greater than the effective unsprung mass (approximately 8,200.
lbs. per axle) of recent diesel-electric lccomotives, it is
lighter than the unsprung mass of steam locomotives of the early
1900's. Considering the lower service speed of 60 mi/h for the
electric vs. 80 mi/h for steam, the inertia forces at the rail
were still less severe. :

One of the unique features of the "S motors" is that
the path of magnetic flux .of the four traction motors is in
series. The return path of flux between the two end motors is
carried in a frame member across the top of the four motors.

This provides inherent protection against motor overspeed in the
event of wheelslip in that the slipping motor is prevented from
overspeeding by the high field strength of the other three motors.

Other designs of bipolar locomotives were built with
the same basic axle mounted motor drive but widely differing
wheel arrangements. The later class T locomotives of the New
York Central had 8 motors in four trucks while the Milwaukee Road
bipolars had 12 motors in a four-part articulated frame with a
unique three-part carbody. All of the bipolars provided success~
ful performance for their time. :

In an overview of bipolars, the unsprung mass of the
axle mounted armature would appear to be quite high by current
standards, however it was no greater than that of contemporary
steam locomotives. The magnetic flux density was necessarily low
because only one pair of field poles could be used, (located
ahead of and behind each axle) and the field pole faces were flat

*COURTESY OF SIMMONS—BOARDMAN_, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923,
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to accommodate relative movement of the armature. This limited
the power of the motor, but the sheer mass of the motor components
provided a heat sink which afforded high short time overload
capacity when starting, in spite of the thermal limits imposed by
the primitive insulation materials of the day.

Rod Drives

Some early electric locomotives employed drives such as
side rods (as on a steam locomotive) which may appear bizzare
today. Such arrangements were gquite logical when considering the
large size of motors required to develop the desired power and
the economy of using as few motors as possible to achieve this
end. There is also an obvious advantage to isolating the motors
from mechanical shocks to which axle mounted components are
subjected. With rod connected drives, the locobmotive frame
construction and side rods were conventional to steam locomotive
practice and therefore presented no unusual or special maintenance
requirements at the time. Electrical components such as motors
and switch groups were often of modular constructlon to facilitate
building and heavy maintenance.

_ In the rod driven locomotive, steam locomotive type
(cranked) driving wheels were connected by side rods to a frame
mounted crank shaft called a jack shaft. The jack shaft in turn
was driven by either geared or direct drive motors. The cranks
on opposite sides of the locomotive were 90° apart, as on a steam
locomotive, to permit continuous torgque transmission without a
"dead" center position. The rod drive permitted the motors to be
carried on the frame of the locomotive and isolated from axle
accelerations by the suspension of the locomotive, while driving
forces were transmitted longitudinally by the crank and rod
linkage. ,

Numerous rod drive arrangements were used in the United
States by the Pennsylvania, the Virginian, and the Norfolk and
Western railroads as well as one New Haven experimental unit. In
Europe, the German and Swiss railroads made extensive use of rod
drives.

NeW efectre

Combmed Gear and Side Rod Dnve

. COURTESY OF SIMMONS- BOARDMAN "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923.
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An interesting example of a rod locomotive is the DD1
class developed by the Pennsylvania Railroad. Shortly after the
New York Central began its program for electrification of Grand
Central Station, the Pennsylvania Railroad began the Penn Station
project in New York. Direct current electrification.at 600 volts
was also selected, but an overrunning third rail was used.

Because of the need to operate heavy trains at speeds up to 50
mi/h on the grades in the tunnels under the rivers, a locomotive
of 4000 horsepower was envisioned.

The DD1 consisted of two locomotive sections of an
asymmetrical wheel arrangement coupled back to back by'a fixed
drawbar. Each section had a single large motor (weighing 42,000
lbs.) which operated at driving axle speed and had a short time
rating of 2000 horsepower. A total of 4000 horsepower per loco-
motive distributed over only four driving axles made the DDl the
equivalent of a steam locomotive. Each motor was mounted on the

rame above the drivers and was coupled to a jack shaft by an
additional pair.of side rods. Two driving axles with 72 inch
diameter wheels were located in the frame toward the non-cab end
of each section of the locomotive and a two-axle guldlng truck
was provided under the cab end (2-BxB-2).

: The maximum tractive effort transmitted by each drive
was 25,000 1lbs. producing 12,500 lbs. tractive effort per axle.
This can be compared with the starting tractive effort of the
Virginian class EL-3A freight locomotives which had geared traction
motors and transmitted 39,390 lbs. tractive effort to two-axles

in each of six drives for 19,695 lbs. tractive effort per axle.

One of the potential advantages of rod connected drives
(which holds true for all coupled axle drives) is attenuation of
wheel slip at high levels of tractive effort. The distribution
of motor torque between two or more axles also overcomes the
effect of weight transfer between the axles and reduces the
effect of rail contamination on adhesion of the lead driving
axle.

A decided disadvantage was the need for weights on the
wheels to counterbalance the mass of the side rods. This balance
weight was purely unsprung mass. Because the side rods and wheel
counterbalance weights do not rotate in the same vertical plane,

*COURTESY OF SIMMONS-BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923.
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some degree of cross counter balancing was also necessary, further
increasing the unsprung mass.

Gearless Quill

Another early drive arrangement used on the first
electric locomotives built for the New York, New Haven, and
Hartford Railroad was the gearless quill drive. In this arrange-
ment the motor shaft is a hollow tube or "quill" which surrounds
the driven axle. A "spider" (flange) with fingers which project
between the spokes of the driving wheels is mounted on each end
of the quill. The spider is coupled to the spokes with springs
which accommodate relative movement. The motor is carried on the
locomotive frame with spring mounts which further isolate the .
drive components.

—) . thﬁi v "WHW

s

| gC‘/ea:ance _

: [ AU S—— j I, - ]
_.._L_. B s —
N T

Axle «\\ = {3
1 [_F\\ . .
' = 7 Armature Bearing
z:"'_/:i ~ .gfwfe,- .
\ |
b N
Gearless Drive—Armature on 2 Quill. *

while reducing the unsprung mass, this arrangement had
the disadvantage of low motor speed and quickly gave way to
geared quill drives in the interest of more power for a given
motor mass. )
*COURTESY OF SIMMONS-BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE'", 1923.
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4 - AXLE HUNG PARALLEL DRIVES

The ccnventional axle hung gear drive employed on all
U.S. built diesel-electric locomotives and many of the more
recent electric locomotives is little changed from the mechanical
principle employved by Sprague in electrifying horse drawn street
cars in 1885. The motor is oriented with its shaft parallel with
the axle and has two bearing on the side of the motor frame which
rest on axle journals between the wheels. In this manner the
motor is hung from the axle so that its shaft and axle are held
in parallel alignment and a simple pinion and gear arrangement
can be used. The opposite side of the motor frame (nose) is
supported by a spring or shock mount from a cross member of the
truck frame. This arrangement has been referred to as a "wheel
barrow" or "nose" suspension.

- _p~Tov of Rail

- Arrangemcnt of  Parts for Direct- Geared Drive.
COURTESY OF SIMMONS BOARDMAN, "RAILROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE" 1923.

ES Variations in gearing are p0551ble using either si ingle
or double reduction stages or a single reduction stage with an
idler gear to increase the distance between the traction motor
and the axle. Locomotive and early street car drives have spur-
gearing while more recent multiple unit car drives employ helical
gearing for noise reduction. The disadvantage of helical gearing
is the development of lateral force which requires the use of
thrust bearings and a substantial gear box. In contrast, spur
gears need only a light weight cover to keep dirt out of the
gears.

Axle hung motor arrangements have three fundamental
drawbacks, the most notable of which is the high unsprung mass.
The effective unsprung mass of the ‘axle hung traction motor can
be taken as the mass of the wheels, axle, gear, and bearing
assemblies plus one half of the mass of the motor and pinion, and
one half of the mass of the primary springs. For the GE type
780 Bl traction motors applied to the Amtrak E-60CP locomotive
and rated at 1000 horsepower, the approximate unsprung mass per
axle is 8,325 1lbs. The EMD type D77 traction motors applied to
the Amtrak F40PH locomotive and rated at 750 horsepower are
significantly lighter, with an approx1mate unsprung mass of 7,475
lbs. per axle.
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Because of the impact forces to which axle hung motors
are subjected, components such as shafts and bearings must be of
ample proportions and capacity to provide adequate service life.
This reinforcement of components increases weight which tends to
be self defeating as the increase in inertia, in turn, increases
the forces elsewhere.

An example of the problems with 1mpact forces and
armature shaft deflection occurred in recent years on some loco-
motives having high axle loads. The motor armature shafts de=-
flected in. service causing misalignment of the straight roller
bearings. This overloaded the ends of the rollers, leading to
_ premature bearing failure. The problem was overcome by changing
to a self aligning bearing to accommodate a limited degree of
misalignment.

The second drawback is that the driving torgue must be
reacted by vertical forces on the motor suspension mounts and the
primary suspension. This is not a serious problem with two-axle
trucks because the change in primary spring deflection does not
change the weight distribution between the two axles. However,
in the case of three axle trucks with both end motors inboard of
their respective axles, the forces on the primary suspension will
be in one direction on the two axles with the same motors orien-
tation while the forces will be in the opposite direction on the
third axle with its motor oriented on the opposite side of the
axle. This action produces a weight bias between the three
axles, which will adversely effect the tractive effort of the
locomotive by reducing the available adhesion on some axles.

To overcome this weight transfer situation, three and
four axle trucks have been offered with all motors oriented on
the same side of their respective axles. This produces a uniform
bias on the primary suspension. and precludes weight transfer due
to motor torque alone. Figure 4-1 contrasts these arrangements.
The problem with this configuration is that it may lead to unde=-
sirable truck steering cause- by lateral inertia forces, which is
the third drawback to be discussed here.

The third drawback of the axle hung motor is that the
location of the motor ahead of or behind the axle longitudinally
offsets the center of mass of the motor and axle assembly. Any
lateral accelerating force at the wheel/rail-interface therefore
results in a moment about a vertical axis through the center of
mass which produces a steering effect. Lateral movement in the
motor suspension bearings on the axle will attenuate this effect
to some degree. Stiffness in the lateral restraint of the axle
journal bearings will limit the yawing or steering movement of
the axle with respect to the truck frame. Closing of either of
these lateral tolerances will limit axle movement which can occur
before the mass of the motor and truck frame both become a part
of the lateral unsprung mass of the wheel axle assembly. This
combination in turn will increase the lateral forces between
wheel and rail.
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: FIGURE 4 -1
ORIENTATION OF NOSE SUSPENDED MOTORS IN TRUCKS

ARROWS SHOW FORCES EXERTED ON RAILS AND ON TRUCK
THROUGH AXLE BEARINGS AND MOTOR SUPPORTS
BY MOTOR/WHEEL/AXLE ASSEMBLIES

CONVENTIONAL 3-AXLE TRUCK
»>-—— MOTION ——>

“HIGH ADHESION “3 -AXLE TRUCK
2> MOTION —————>

'2-AXLE TRUCK
»>——— MOTION —>

COURTESY OF LTKGA
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Several modifications to the axle hung motor have been
used to provide vibration isolation for the motor. One of the
earliest configurations was the introduction of a torsionally
flexible gear on the axle to attenuate the torsional shocks and
attendant forces between gear teeth. The toothed ring of the
axle gear was mounted in a supporting flange plate on the axle
and leaf or coil springs were employed to couple the two parts.
The inherent damping of leaf spring stacks offered an advantage
to their use.

The second basic change was the introduction of shock
- mounts and resilient couplings which are discussed in succeeding
sections. All of the multiple unit commuter cars presently
operating in the NEC have some variation of shock mounted motors
rather than direct nose suspended motors.

Table 4-1 compares current U.S. made locomotives with
axle hung motors. The list includes both diesel electric and
straight electric locomotives and gives the starting tractive
effort and horsepower for each. In the case of electric locomo=-
tives, the continuous tractive effort is also given. These data
are also expressed in a per-axle basis for comparison with other
forms of traction motor drives.

The tractive effort characteristics of diesel locomo-.
tives as a function of speed generally follow a constant horse-
power curve because of the limited output of the diesel engine.
Their starting tractive effort is generally limited by adhesion
although locomotives geared for higher speeds (such as the Amtrak
F40PH) have a motor current limit at low speeds.

Straight electric locomotives of the types listed have
the same basic design of d.c. traction motors as the diesel
locomotive and are limited in power output by motor (and trans-~
former) voltage and current characteristics. The expected duty
cycle and continuous thermal capability may result in widely
differing tractive effort curves. Passenger locomotives such as
the E60CP have tractive effort curves which are constant up to
nearly half of the maximum rated speed, and then decline on a
constant voltage curve. The short time accelerating power level
may be 190% of the continuous power capability” of the locomotive
at any given speed. Freight locomotives are often restricted to
relatively low short time overloads to prevent thermal overloading.
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COMPARISON OF U.S. LOCOMOTIVES W

TYPE TRACTIVE EFFORT HORSEPOWER
STARTING CONTINUOUS AT SPEED NOMINAL

Diesel

U23B - 78,000 1bs. 2,250 hp
v23c 117,000 1bs. 2,250 hp
U36B 84,000 1bs. : " 3,600 hp
U36C 120,000 1bs. . 3,600 hp
LRC 29,200 1bs. ' 3,100 hp
'GP38-2 79,000 1lbs. 2,000 hp
SD38-3 100,000 1lbs. ' - 2,000 hp
DD40A 172,000 1lbs. 6,000 hp
GP40-2 86,500 1bs. 3,000 hp
F40PH 60,000 lbs. 3,000 hp
Electric ,

E25B 78,000 lbs. 55,000 lbs. at 15 mi/h 2,500 hp
E50C 117,000 1bs. 73,000'1bs. : 5,000 hp
E60C 120,000 1bs. 78,000 lbs. at 25 mi/h 6,000 hp
E60CP 75,000 lbs. 34,000 1lbs. at 58 mi/h *6,000 hp

* Maximum short time horsepower of 9,800 'hp at 52 mi/h

TABLE 4-1



ITH AXLE HUNG MOTORS

PER AXLE RATINGS

NO. AXLES STARTING T.E. NOMINAL H.P.

4 19,500 lbs.. -~ 563 hp
6 19,500 lbs. - 375 hp
4 21,000 1bs. 900 hp
6 20,000 1bs. | 600 hp
4 7,300 1bs. 775 hp
‘4 19,750 1bs. 500 hp
6 16,667 1bs. . 333 hp
8 21,500 1lbs. 750 hp
4 21,525 1bs. 750 hp
4 15,000 1bé.. 750 hp
4 19,500 1bs. 625 hp
6 19,500 1bs. 833 hp
6 20,000 1bs. 1,000 hp
6 12,500 lbs. 1,000 hp



5 - SHOCK MOUNTED DERIVATIONS OF AXLE HUNG PARALLEL DRIVES -

The next step in reducing the unsprung mass of axle
hung parallel drives is the isolation of the motor mass from the
gear box or the entire motor and gear unit from the axle by some
arrangement of shock mounts. These mounts are usually rubber
composites using deflection of the rubber in shear and compres-
sion to provide spring action and take advantage of the inherent
damping characteristics of the rubber. The absence of wear
surfaces is also advantageous in the dust filled environment
under a train. A number of variations in this approach have been
taken and are illustrated by the various multiple unit car pro-
pulsion systems, on the Westinghouse equipped Metroliners, and on
the various commuter car types operating in the NEC. The two
General Electric equipped Metroliners upgraded by a research and
development project for the FRA also had an arrangement of this

type.
Shock Mounted Motors

One of the simplest shock mount arrangements for the
traction motors is used on the Septa Silverliner II and Silverliner
III car and on the MTA's M1 and M1A cars on the Long Island Rail
Road and Hudson and Harlem division. This arrangement has an
axle mounted gear unit with a torque reacting support to the
truck frame. The motor is in turn supported by the gear unit
with shock mounts at the driven end (which also serve to react
motor torque), and a separate set of rubber bushed suspension
links at the other end. A flexible coupling connects the motor
and input shafts to accommodate the relatively small displacement
of the shock mounts. This arrangement results in a minimum of
supporting members on the gear unit and is particularly well
suited to the Budd "P III" type articulated truck frame, which
has no conventional center transom to which motor and gear units
could be attached. Figure 5-1 is an illustration of this type of
motor and gear unit. '

Another design of shock mounted traction motor has been
applied to the two Research and Development upgraded General
Electric equipped Metroliners, the MTA's New Haven division M2
cars, Septa's Silverliner IV, and NJDOT's Jersey Arrow II and III
multiple unit cars. This design is referred to as a "trunion
mount” and is illustrated in Figure 5-2. The gear unit is mounted
solidly to the axle and has a single mounting and torque reaction
point to the truck frame located along the centerline of the
truck. The motor is, in turn, shock mounted to the gear unit at
two major support points or trunions on the sides of the motor
frame and coupled to the gear unit input shaft with a flexible
coupling.

Smaller shock mounts between the motor and gear unit at

the shaft coupling end serve to keep the shafts in approximate
alignment and minimize coupling distortion. The trunion supports
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OUTBOARD SIDE - FIGUREB —2

GE TRUNION MOUNTED MOTOR
Motor Shock Mounted to Axle Hung Gear Unit

QUTBOARD MOTOR-BUSHING

81-1

As Used On:
INBOARD MOTOR-
New Haven M—2 N e B{USHING
Silverliner IV -
Jersey Arrow Il & 11}

MOTOR LIFTING
LUGS

LATERAL TRUNNION

HORIZONTAL SUSPENSION
SUPPORT

COURTESY OF GE MAINTENANCE MANUAL ON M2
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are located in a line through the center of mass of the motor.
The corresponding gear unit supports are located on a gear box
extension surrounding the axle and on the torqgue reaction arm of
the gear box. Additional shock mounted stabilizing rods are used
to help maintain alignment between the motor and gear box.
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Shock Mounted Motors and Gear Units

The Westinghouse equipped Metroliners and the Jersey
Arrow I commuter cars have a shock mounted motor and gear arrange-~
ment with the trade name "Tracpak" which provides isolation from
the axle with a single large rubber shaft coupling. The gear
unit has a hollow output shaft or quill which surrounds the axle
and is both supported from and coupled to the axle by the rubber
coupling. Within the coupling, donut shaped rubber pads which
surround the axle are bonded to annular flanges on the axle drive
hub and to a two part external driving housing. The rubber is
held in compression within the two housing halves which are
secured together with bolts to prevent stress reversals which
would adversely affect the life of the rubber. Figure 5-3 is a
drawing of a Tracpak drive. '

On the original Metroliner design and on the Jersey
Arrow 1 cars a vertical rubber bushed link carries the gear unit
on the truck frame and reacts the drive torque. The motor in
turn is shock mounted to the gear unit at the driving end and is
supported at the other end by a second rubber bushed link. A
flexible motor shaft coupling accommodates small misalignments.
On the upgraded Research and Development Metroliner the motor
support was changed and the motor was rigidly attached to the
gear unit with a single rubber sandwich pad provided for support -
and to react drive torque. This arrangement was not satisfactory
and was not adopted in the Amtrak enhancement program.
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6 - TRUCK FRAME MOUNTED MOTORS

In a continuing effort to reduce unsprung mass, the
next logical step is to mount the traction motor on the truck
frame and provide a flexible coupling to the axle hung gear unit.
The problems encountered with this type of arrangement are gener-
ally associated with the angular deflection of the coupling and
the space available within the truck frame. This is particularly
acute with parallel drives where a "cardan" shaft or other special
coupling is required to accommodate both angular misalignment and
translational movement between tHe motor and gear unit input
shafts. The term "“cardan" shaft refers to a shaft with flexible
couplings at each end which offer a constant velocity transmission
at the output end coupling throughout the operating range of
misalignment between the input and output shafts. Provision is
also made for some longitudinal movement between the input and
output shafts by means of splined connections or other devices.

An alternate approach to parallel drives is the use of
right angle gear units with the motors extending under the center
transom of the truck. 1In some cases the gear units are offset to
opposite sides of the truck to permit locating each motor at the
opposite end of the truck from the axle which it powers. A long
cardan shaft which passes alongside the other motor is used which
minimizes the angular displacement at the couplings. Figure 6-=1
is a sketch of a tramnsit car truck showing this arrangement.

The location of motors and routing of drive shafts for
truck mounted right angle drives presents a serious conflict with
the design of certain trucks because it requires a high placement
of the center pivot through which traction forces must be trans-
mitted between truck and carbody . Placing this thrust point
above the center cf mass of the truck has resulted in a tendency.
to develop a longitudinal oscillation between the truck and the
carbody. It should be noted that the longitudinal oscillation
problem is not confined to right angle drives but has also occurred
on parallel drive trucks with the bolster radius rods located too
high. ’
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Westinghouse WN Drive and GE Metrolinef

The Westinghouse "WN" drive which has been applied in
guantity (over 5,000 cars) to New York City transit cars, has
the traction motor mounted solidly to the center transom of the
truck frame and an axle mounted double reduction gear. The gear
box is attached to the center transom next to the motor with a
rubber bushed link to provide support and react the drive torque.
The motor and gear unit input shafts are held in approximate
alignment in this way and connected with a special coupling
having crown gears on both shafts which engaged an intermally
splined collar. This provides a coupling capable of accommodating
a certain amount of vertical and angular misalignment. Figure
6-2 illustrates this coupling.

The drive artangement for the GE equipped Metroliners

is similar to the WN drive except that space limitations imposed
by the larger traction motors necessitated a shorter coupling.

1-24



YA

FIGURE 6 — 2
WN DRIVE

_Traction motor mounted __|[ {1 [| k.
to truck frame

Flexible coupling

e mounted gear unit

COURTESY OF WESTINGHOUSE WN DRIVE FOR NYCTA AND OTHERS,
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British HST

The Brtish HST is a combination of fairly conventional
coaches with a special lightweight diesel-electric locomotive at
each end of the train and multiple unit controls. The HST employs
truck frame mounted motors coupled to axle mounted gear units
with a unique arrangement to accommodate relative movement.
Because of the space limitations within the truck imposed by
wheel plate mounted disc brakes, there is insufficient space for
a cardan shaft between the motor and gear unit. The pinion shaft
of the gear unit has therefore been made hollow and a cardan
shaft extends from the motor, through the pinion shaft, to a
drive flange on the opposite side of the gear unit. Figure 6-3
is an illustration of the HST power truck while Figure 6-4 is a
detail of the drive arrangement.

Each universal joint on the cardan shaft is comprised
of six rubber bushed links between flanges on the coupling shaft
and the respective motor or pinion shaft flange. The rubber
bushed links accommodate axial movement between motor and pinion
shafts eliminating the need for wearing surfaces such as splined
couplings. Axle torque is reacted through a rubber bushed link
between the gear box and truck frame and through the primary
suspension. This cardan shaft arrangement is said to be able to
accommodate a total relative radial movement of 2 1/2 inches
between the two shafts (plus and minus 1 1/4 inches).

The maximum net horsepower per axle is approximately
500 h.p. and the maximum tractive effort per axle is 4825 1lbs.
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AEM7

The ASEA standard drive arrangement, used on the modi-
fied Rc4 demonstrator locomotive which was tested on the NEC in
1976, is being applied to the new AEM7 locomotive being built for .
Amtrak by EMD. It employs a truck frame mounted motor coupled to
an axle mounted gear unit. In order to obtain a cardan shaft of
sufficient length, the motor shaft is constructed as a quill and
a fairly long cardan shaft extends through this gquill coupling
the gear unit to the motor at the opposite end of the motor.
‘Figure 6-5 is a cross section drawing of the ASEA drive. .

The motor end of the cardan shaft has a coupling com-
prised of a crown gear which engages an internal spline in the
end of the motor shaft and accommodates both angular deflection
and the relative lateral movement between the axle mounted gear
unit and the truck frame mounted motor. The gear unit end of the
cardan shaft is comprised of a series of pre-compressed rubber
blocks which accommodate shaft deflection by shear deflection in
the rubber. The cardan shaft itself is a torsion bar which
further absorbs torsional shocks. Gear unit torque is reacted
through a rubber bushed support link.

Starting tractive effort is 12,825 1lbs. per axle for

the AEM7 and the rated top speed is 125 mi/h. The continuous
horsepower per axle is 1330 at 70 mi/h.
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FIGUREG6 -5
ASEA DRIVE FOR AMTRAK AEM 7 LOCOMOTIVE
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7 - TRUCK FRAME MOUNTED MOTORS AND GEAR UNITS

The last step in reducing unsprung mass within the
truck is the removal of both the gearbox and the motor from the
axle and supporting them on the truck frame, using a flexible
coupling arrangement to drive the axles. These arrangements are
generally referred to as quill drives because the output shaft of
the gear unit is a hollow shaft or "quill" through which the axle
.passes. A flexible coupling of some sort then connects the quill
shaft to the driving wheel-axle assembly. In addition to the
reduction in unsprung mass, truck frame mounted motors and gear
units also offer the advantage of isolating the driving torque
reaction forces from the primary suspension.

-Twin Motfor

S\ ~—Armature
N

—~

\
AR ..
W —+=t--PIrrion
i ]

Y

Gear Case-—
Whee [-——=+

Top of Raily
.Gear-and-Quill Drive—Twin-Motor Arrapgement, *

A
-

The problem with quill drives is that the flexible
coupling to the axle must be able to handle the final output
torque to the axle (motor torque x gear ratio). This requires a
considerably larger coupling than used between frame mounted
motors and axle hung gear units.

Pennsylvania Railroad GG-1

The most prominent example of the gquill drive is the
GG-1 locomotive which has been the principal electric locomotive
in the NEC for almost 45 years. Each of the six driven axles are
powered by a pair of 25 Hz commutating series-wound motors having
a common stator frame.. Pinions on the two rotors engage a common
gear on the quill shaft which is carried in bearings on the
locomotive frame. Driving flanges called "spiders" on each end
of the quill shaft have projections which extend between the
spokes of the driven wheels of the locomotive and transmit torgque
through rubber compression pads called "drive cups!". Each driven
axle has journal bearings at its ends which are located in frame
. pedestals and carry the weight of the locomotive through leaf
springs with equalizer linkages. Figure 7-1 is a composite
photograph of the components of the GG-1 quill drive.

*COURTESY OF SIMMONS-BOARDMAN, "RATLROAD ELECTRIFICATION AND THE ELECTRIC
LOCOMOTIVE", 1923. ‘
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FIGURE 7 — 1
GG -1
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APPEARS IN NUMEROUS PRR HISTORICAL DATA AND IS
APPARENTLY A PRR PUBLICITY PHOTO SERIES
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The GG-1 has three driving axles in each of two arti-
culated frames. A two-axle guiding truck is provided at each end
of the locomotive with lateral springing accomplished with rocker
devices to provide lateral guidance and stabilization of the main
frames. The body of the locomotive is pivoted on the two frames.
The wheel arrangement is designated 2-C+C-2 by the AAR standard
nomenclature. ,

The GG-1 has a nominal rating of 770 horsepower per
axle with a short time maximum of 1550 horsepower per axle.
Tractive effort per axle, based on the rated starting tractive
effort of the locomotive, is 11,783 lbs. The driver axle load is
50,500 lbs. per axle, which is one of the lightest used on U.S.
locomotives.
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GG~1 Predecessors and Development

The development of the GG~1 design is an interesting
case in developmental testing with prototype designs which addressed
specific problems in tracking characteristics which had occurred
with earlier locomotive designs.

It is significant to discuss two quill drive predecessors,
the 0-1 and P-5a, and a concurrent quill drive design, the R-1.

- The O-1 was built in a limited quantity of eight units
with electrical equipment by three different suppliers for a
comparison and like the GG~1, employed a twin motor arrangement.
However, the tractive effort per axle was higher at 18,750 lbs.
(vs. 11,783 1lbs.) as was the power per axle at 1250 continuous
horsepower (vs. 770 hp) for a total continuous rating of 2500
horsepower on two axles. The driving axle load of 75,000 lbs.
was 50% greater than the GG-1. The driving wheel diameter of the
O-1 was 72 inches which was larger than the 57 inch driver of the
GG-1, and compensated slightly for the increase in wheel to rail
_ contact stresses caused by the higher axle load. The two driving
axles of the 0-1 were carried in a rigid frame with a two axle
guiding truck at each end for stability (2-B-2).

The quill drive arrangement of the 0-1 differed slightly
from that of the GG~1 in that there was only one coupling between
the axle and quill shaft. A single spider and one set of drive:
cups engage one driving wheel per axle, and the torque was trans-
mitted through the axle to the other wheel.

The tractive effort and horsepower limitations of the
0-1 led to the development of a similar but larger locomotive,
the P-5a. The P-5a had three driving axles, rather than two, but
had the same pilot truck arrangement (2-B-2) and approximately
the same axle load, power, and tractive effort ratings per axle.
The P-5a was built in a fleet quantity of 90 units.

Early difficulty with tracking stability of the 0-1 and
P-5a locomotives occurred and was corrected to an extent deemed
satisfactory, however a more studied approach was then taken in
the development of the GG-1. A competitive developmental project
was undertaken in which General Electric, Westinghouse Electric,
and the railroad's engineering department participated. Two
competing locomotives, the R-1 and the GG-1, were built and
tested extensively before the GG-1 was declared the "winner" and
placed in production for a total of 139 units.

The R-1 locomotive was derived from the P-5a and had
four driving axles in a rigid frame, with a two-axle pilot truck
at each end producing a 2-D-2 wheel arrangement. The body was
similar in styling appearance to the GG-1.
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In the comparative tests between the R-1 and GG-1, the
GG-1 showed lower lateral impact forces as measured by track
instrumentation and a better tracking characteristic as exhibited
by accelerometers on the locomotives. The R-1l had an axle load
of 57,500 lbs. which was considerably lighter than the P-5a but
heavier than the GG-1. The R~1 used the same motors as the P-5a
giving 1250 horsepower per axle for a total of 5000 horsepower
for the locomotive, or slightly more than the GG-1. Table 7-1
presents comparative data for these locomotives.

1-35



Class

Wheel arrangement

Total weight

Weight on drivers

Weight per driven axle
Horsepower-continuous
Tractive effort-starting

Tractive effort-

continuous

Speed at continuous

rating

Continuous horsepower-

per axle

Starting tractive=

per axle

* Note: . Variations in data on GG-1 will be noted because of gear ratio

COMPARISON OF PENNSYLVANIA RAILROAD

ELECTRIC LOCOMOTIVES

GG-1

2=-C+C-2

*477,000 lbs.

*303,000 1bs.

* 50,500 1lbs.

°*F

o

*

*

4620 hp
70,700 1bs.

17,300 1bs.
100 mi/h
770 hp

11,783 1bs.

and production lot changes.

R-1

2=D=2

. 402,000 1bs.
230,000 1bs.

57,500 1bs.

5000 hp

57,500 1bs.

18,750 1bs.

. 100 mi/h

1250 hp

14,375 1bs.

TABLE 7-1
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P-5a

2-C-2

394,000 1bs.
229,000 1bs.

76,333 1bs.

3750 hp

57,250 1lbs.

16,600 1bs.

90 mi/h

1250 hp

19,083 1bs.

300,000 1bs.

150,000 1bs.

75,000 lbs.

2500 hp-

37,500 1bs._

11,100 1bs.

90 mi/h

1250 hp

18,750 1bs.



German ET403

The German ET403 is a high performance MU train comprised
of 1nd1v1dual cars with all axles powered. The existing train-
sets employ streamlined cab cars at each end and two intermediate
cars.

The ET403 has a form of quill drive with the motors and
single reduction parallel gear units shock mounted to the truck .
frame. The truck arrangement of the ET403 presents a very close
fit of motor and brake components. Cheek mounted brake discs are
fitted to both inner and outer faces of each wheel plate. This
crowded truck layout dictated a compact quill drive.

A cardan shaft, concentric with the axle, couples the
gear unit quill shaft to the axle. A six-segment rubber coupling
at each end of the cardan shaft accommodates the angular and
lateral deflection of the cardan shaft and provides torsiomal
cushioning. The geometry of the cardan shaft is unique in that
the cardan shaft passes through the quill shaft of the gear unit
with the coupling located between the gear unit and the adjacent
wheel. This permits a long cardan shaft and minimizes angular
deflection at the couplings. 1In order to accommodate the axle
and cardan shaft, the quill shaft must be of a large diameter,
necessitating a large diameter support bearing. Figure 7-2 is an
illustration of the motor, gears, and cardan shaft components for
the ET403.

Starting tractive effort per axle is 2783 1lbs. The
accelerating tractive effort is fairly close to this value up to
65 mi/h at which point it declines on a motor curve.

*
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FIGURE 7-2
GERMAN ET403 TRACTION NOTOR DRIVE
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Alsthom Monomotor

An interesting example of French locomotive construc-
tion is the type BB 22200 built for SNCF by Alsthom and designed
for dual current operation on either 25 kv, 50 Hz or 1.5 kV
direct current. A similar type BB 7200 was also built for opera-
tion on direct current only. The BB 22200 locomotives have a two
axle monomotor truck in which a single large 2000 kW motor (2667
horsepower) and an extensive gear train are mounted to the frame
of each truck and drives both axles. The gearbox output shafts
are quill shafts with concentric cardan shafts coupled to each
axle. The gear train has a central input pinion engaging two
idler gears which in turn engage the two output quill shaft
gears. Spur gears are used avoiding the need for thrust bearings
and to permit a narrow gearbox. This arrangement provides for a
short 2.8m (9' 2 1/4%) wheelbase while placing the motor shaft
well above axle height with the motor extending up into the body
of the locomotive. Figure 7-3 is a composite illustration of the
monomotor truck and details of the cardan shafts to the axles.

To facilitate axle removal the output shafts and gears
are carried in removable sections of the gearbox. A flexible
coupllng is applied between the motor and gear unit to accept
minor shaft misalignments.

The cardan shaft has two configurations of universal
couplings. At the gearbox end, the coupling has a conventional
arrangement with two radial pins extending from each of two yokes
on the quill and cardan shaft. These yokes are rotated 90° apart
and engage an external ring. Rubber bushings are used to accomm-
odate the rotational movement between the pins and ring which
occur when the universal coupling is deflected out ‘0of line.

The coupling at the'axle connection differs in that the
pins are parallel with the axle (rather than radial). The pins
. are attached to the yokes and rubber bushings are also used,
however deflection at the coupling produces angular misalignment
between the pins and the ring. The rubber bushings accommodate
this angular movement by functioning as self aligning bearings
and also permit lateral movement of the axle by shear displacement
of the rubber. The wheel plate serves as the driven yoke, having
holes in which the two driven pins are secured.

The starting tractive effort is approximately 16,300
1bs. per driving axle. Maximum rated speed of the locomotives is
112 mi/h with a normal service speed of 100 mi/h. The maximum
continuous horsepower of 5333 is developed at 100 mi/h while a
. short time rating of 7600 horsepower is available for 15 minutes
in the range of 55 to 90 mi/h. A freight version with gearing
for 62 mi/h has also been produced. Sixty-eight of the 150 type
BB 22200 locomotives and 35 of the 110 type BB-7200 locomotives
have freight gearing.

1-39



ov-1

Gearbox coupling
to motor

FIGURE 7-3

~ ALSTHOM MONOMOTOR TRUCK
FOR SNCF 22200 LOCOMOTIVES

Showing Concentric Cardan Shaft Drive to Axles

COURTESY OF FRENCH RAILWAY

TECHNIQUES NO. 4 - 1978

v

Axle gear on quill
(seperates from gearbox)

] niversal joint
“‘\“_‘ to gear quill
'

Universal joint
to axle
sustt (connected to wheel)




Monomotor LRV

Light rail vehicles commonly have monomotor truck
arrangements with truck frame mounted motors and gear units.
while many of these have axle couplings which utilize rubber pads
deflecting in shear to accommodate relative movement between axle
and gear unit quill, some utilize couplings having a series of
linkages which offer a greater degree of isolation.

The Garrett motor and gear arrangement applied to the
Boeing LRV is an example of a drive employing a single longitudinal
shaft motor coupled to two right angle hypoid gear units with
quill drive. The motor and gear units are bolted together as a
unit and shock mounted to the truck frame. A link type coupling
connects each gear unit quill shaft to the respective axle accom-
modating the travel of the relatively stiff primary suspension
and the shock isolation of the motor and gear unit mounting.

The Garrett axle coupling is comprised of two sets of
linkage, operating in series, which have a common intermediate
flange. Each set of linkage has two parallel radius rods which
connect the driving flange to the intermediate flange (or the
intermediate flange to the driven flange) and permit relative
movement perpendicular to the shaft along one axis only. The two
sets of linkage are positioned 90° apart to accommodate continuous
radial movement (hence rotation).

Figure 7-4 is a two part illustration of the coupling which
illustrates the action of the two linkages.
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8 - BODY MOUNTED MOTORS

The only remaining step in the reduction of unsprung
mass is to relocate the traction motors from the truck frame to
the body where they can be carried on the secondary suspension.
Historically, drive arrangements with shafts and gears between
body and truck have been used with gasoline and diesel engines
having mechanical or torgue converter drives where, because of
size and maintenance requirements, the engine could not be truck
mounted. Electric traction motors, in contrast, were generally
mounted in the trucks because of the apparent advantages of
simple and compact arrangement. More recent concern with the
riding qualities of high speed electric train sets operating at
speeds in excess of 150 mi/h has led to consideration of trans-
ferring the motor mass to the secondary suspension. The attendant
penalty is the increased complexity and maintenance of drive
components.

Three of the electric trains reviewed by IPEEP were
designed for speeds of over 150 mi/h and have body mounted traction
motors.  These are the French TGV-PSE, the British APT, and the
Italian ETR401. Their drive arrangements are reviewed along with
the diesel/torque converter drive of the Budd SPV2000 and:-its
" predecessor, the RDC.

French TGV-PSE

The French TGV-PSE is comprised of an articulated set
of passenger cars with a separate electric power car (locomotive)
at each end. 1In addition to two motor trucks on each power car,
one truck at each end of the articulated car set is motorized,
deriving its power from the adjacent power car.

The drive for the TGV-PSE is unique in that it retains
the layout of a parallel drive with the motors located within the
area of the truck, however the motors are shock mounted to the
carbody allowing the mass of the motors to be carried by the
secondary suspension. Power is delivered through a transfer gear
box attached to the motor and then through a special slip jointed
cardan shaft to a second gear unit mounted on the axle. The
transfer and axle gear units are on opposite sides of the truck
with the cardan shaft parallel with the axle. Sufficient clearance
is provided within the truck frame to accommodate relative movement
between the carbody mounted motor and the truck frame. Figure
8-1 is an arrangement drawing of the TGV-PSE power truck, while
Figure 8-2 is a detail of the traction motor drive componeénts
alone. By locating the motors within the truck, there is no
adverse effect on the vehicle's center of gravity.

Because of the body mounted motor arrangement, the type

Y230 power truck used under the power cars and the ends of the
articulated car set is actually lighter than the type Y231l non-power
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truck used at the articulated car connections. Although the
power truck mass includes the axle gear unit, the array of four
brake discs per non powered axle contributes slightly greater
mass, accounting for the difference. The unsprung mass of a
powered axle is given as 2,932 lbs. while the unsprung mass of a
non-powered axle (with discs) is 3,543 1lbs.

The arrangement of a transverse slip jointed cardan
shaft between the body mounted motor and the axle gear unit
introduces a serious problem in that the force required to tele-
scope a conventional splined coupling is a function of the torque
being transmitted because of the friction between the spline
surfaces. Thus a large lateral force may be required to telescope
the spline when operating at high levels of propulsion, or dynamic
braking torque, while very little force will be required while
coasting. This varying lateral force introduces an undesirable
bias in the lateral spring and damping rates of the suspension -
which also affects yaw damping.

To preclude this problem a special splined coupling
which the French have termed the "Tripode" was developed using
roller contact surfaces. The Tripode has three large splines in
the external half of the telescoping coupling which engage three
rollers on pins on the inner member of the coupling. Needle
bearings are used between the rollers and pins to eliminate
friction bearing surfaces. This configuration reduces the tele-
scoping friction forces to a negligible level.. Conventional
universal joints are used at each. end of the sliding coupling.

The Tripode was derived from the somewhat longer drive
shaft used between rear mounted engine/transmissions and the rear
axle in large busses. It has considerable experience in this
service. Extensive prototype testing was performed with the
Tripode on the Z7001 experimental electric car and endurance
tests were performed at test facilities including those of the
SNCF. Two somewhat different designs are offered by two manufac-
turers; Voith and Glaenzer-Splcer Figure 8~3 is an 1llustratlon
of the Glaenzer-Spicer version of the Tripode.

The tractive effort transmitted by the TGV drive is
3990 1lbs. per axle when starting and the continuous tractive
effort requirement for 260 km/h operation (161.6 mi/h) on level
tangent track is 1087 lbs. per axle. With new wheels (worst
case) and taking the axle gear ratio of 41 to 54 into comnsidera=-
tion, this subjects the Tripode coupling to 4572 foot-pounds of
torque when starting and 1246 foot-pounds of torque at 1975
revolutions per minute at the 161.6 mi/h condition.
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British APT

The British APT is a system of tilt body, articulated
passenger-carrying cars and separate tilt body electric power
cars (locomotives). Train consists for production versions have
not yet been determined, but the prototype arrangement is made up
of one or two mid-train power cars located between articulated
car sets.

In the APT the traction motors are mounted within the
car body of the locomotive along with the hydrokinetic brake
unit. Power is transmitted from transfer gear units attached to
the motors through longitudinal cardan shafts to the trucks.
Right angle gear drives to the axles are shock mounted to the
truck frame and coupled to the axles through concentric cardan
shafts to further reduce the unsprung mass. This arrangement
places the mass of the traction motors and hydrokinetic brake
units on the secondary suspension and the gear units on the
primary suspension. Figure 8-4 shows the arrangement of the
drive train.

The physical arrangement of the motors and hydrokinetic
brakes in the car body places the motors for each axle approxi-
mately above the opposite axle of the same truck. The motors,
gears, and shafts at each truck are offset to opposite sides of
the locomotive providing adequate clearance between the shafts as
they pass each other to accommodate truck movement.

Placement of the motors and hydrokinetic brake units
above the floor tends to raise the center of gravity which would
be undesirable with the high curving speeds expected of tilting
body trains. To overcome this weight distribution, the trans-
former and smoothing reactors are placed below the locomotive
floor between the trucks, with the lighter control components and
air reservoirs within the body.

The APT locomotive truck presents some unusual problems
in providing adequate space for traction motor drives and the
tilting body suspension system. The tilt mechanism, while fairly
simple in principle, requires a considerable amount of space as
it is comprised of a tilting truck bolster suspended from swing
hangers between two transverse frames in the truck. The length
of the drive shafts from the body to the truck mounted gear units
is sufficient to preclude any effects on geometry from carbody
tilting.

In addition to the tilt linkage there is a complex yaw
damper arrangement having a carbody mounted longitudinal rocker
shaft which is connected to the truck frame at both ends through
hydraulic dampers. The yaw dampers provide unrestrained lateral
truck movement while offering resistance to truck rotation. The
‘location of the rocker shaft axis close to the tilting axis of
the locomotive minimizes the influence of body tilt angle on the
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dampers in comparison with that which would obtain with the use
of more conventional longitudinal dampers between the truck and
the body at the sides of the locomotive. A separate damper is
used to control lateral movement. Figure 8-4 is an isometric

" drawing of the APT power truck.

Another feature of the APT locomotive suspension which
complicates the space problem is the use of a body mounted traction
bracket extending down into the truck between the central transoms
and one axle. This lever provides a low connection link between
truck and car body to minimize weight transfer between axles due
to traction forces. The central location minimizes the effect of
the body tilt angle on the alignment of the traction link. On .
one truck of the locomotive there is an additional set of linkages
extending up through the locomotive car body to the pantograph
base to negate the effect of body tilting on the pantograph by
maintaining the contact shoe in a plane parallel with the cross
level of the rail.

Maximum tractive effort of the APT is 5,750 lbs. per

~axle. This is maintained fairly constant until 70 mi/h at which
point the tractive effort declines along the motor curve.
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Italian ETR401

The Italian ETR401 is a tilting body multiple unit
electric car set having streamlined end cab cars and designed for
operation on 3 kV direct current. The ETR401 cars have a body
mounted traction motor arrangement powering only one axle per
truck. A right angle drive is mounted on the inboard axle of
each truck with a longitudinal cardan shaft extending to the
motor. This arrangement leaves adequate space within the truck
to accommodate two brake discs per axle and the complex bolster
and swing hanger arrangement required by the tilting body suspen-
sion. At the same time truck weight is kept to a minimum by
supporting the traction motor on the 'secondary suspension. The
gearbox is mounted directly in the center of the axle and flanked
by two brake discs. Driving torque is reacted through a link to
the support member for the brake calipers. Figure 8-5 is the
truck arrangement drawing for the ETR401.

Because the ETR401 is designed for sustained high
speed, it does not require the traction potential of having all
axles driven and therefore can benefit from the reduction in
drive components and the inherent reduction in mass afforded by
fewer components of greater unit capacities. The use of 3 kV
direct current power transmission in Italy further reduces vehicle
weight by eliminating the need for an on-board transformer, and
frees underfloor equipment space which can be used for body
mounting of the traction motors. This arrangement would be much
more difficult on an A.C. powered vehicle.

Maximum tractive effort per axle is 3,050 lbs. which is
maintainted to approximately 65 mi/h at which point it begins to
decline following the motor characteristics.
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SPvV2000, RDC and Others

The Budd SPV2000, utilizes diesel engines and torque
converters to drive all axles. This concept was derived from the
highly successful Budd RDC of the early 1950's which had a diesel
engine and torque converter coupled to the inboard axle of each
truck in a manner very similar to the Italian ETR401. The basic
drive concept was shared by other internal combustion engine
vehicles having mechanical or torque converter transmissions, and
has been expanded to drive all axles in the new SPV2000 by adding
a second right angle gear unit to the outboard axle of each
truck. A transfer gear stage on the inboard axle gear unit
permits the input shaft to pass above the axle with no change in
the offset between the pinion and ring gears of the hypoid right
angle drive.

With the original RDC, horsepower per driven axle was
limited to about 260 h.p with a starting tractive effort of
slightly over 4000 lbs. per axle. The SPV2000 has approximately
180 to 200 HP per axle, depending on engine option, and a maximum
starting tractive effort of 3,250 1lbs. per axle.

A similar four wheel drive using one body mounted
traction motor per truck has been offered by General Motors
Overseas Operations on their model GA-8, 800 horsepower diesel-
electric locomotive which is suitable for a range of narrow
gauges. Power per axle is limited to somewhat less than 200 HP
while tractive effort per axle may be as high as 8,275 1lbs.,
depending on gear ratio.
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9 ~ MAINTENANCE CONSIDERATIONS

An important consideration in the design of any equipment
for U.S. railroads is the generally heavy usage and relatively
long interval between maintenance events to which U.S. railroads
are accustomed. With the exception of daily or trip inspection
of safety related items, such as brakes, the only maintenance
scheduled is the monthly inspection and test program required by
the FRA for locomotives and self propelled cars. Because the
daily or trip inspections are generally very brief and not compre-
hensive, non-safety related items often continue in service and .
are not picked up until the monthly inspection. The brakes must
remain operative, however.

The monthly inspection events are, therefore, the only
scheduled maintenance events required on U.S. equipment. In the
course of monthly inspections various brake and electrical tests
required at 3, 6, 12 and 24 month intervals are also performed.
More frequent schedules of maintenance may be performed by the
railroad, however, this is the exception rather than the rule,
and any work done at more frequent intervals is performed as
required on a failure rather than a preventive basis. It is
estimated that most locomctives and multiple unit cars are shopped
on the average of twice per month, once for monthly inspection and
once for running repair of a significant failure.

The foreign maintenance standards observed in the
course of IPEEP program have been generally higher than any found
in the U.S. This level of maintenance permits successful opera-
tion of complex equipment with 1nherently high maintenance re-
quirements which would probably not obtain 1f the same equipment
were subject to U.S. service.

It is therefore important that maintainability be con-
sidered very carefully in specifying new equipment. This is
particularly true in areas such as traction motor drives in which
the trade~offs in design involve the use of more complexity to
offset the effects of excessive unsprung mass. Several key
conditions affecting the maintainability of traction motor drives
are listed here. . '

e Components should be accessible for inspection to
determine wear limits or the need for corrective main-
tenance without disassembly.

® Routine maintenance requirements should be minimal,
avoiding wear surfaces, lubrication points, and seals.
Rubber bushings and shock couplings generally require
no maintenance throughout their service life and there-
fore are preferrable.

e Parts subject to deterioration should be designed for
replacement with a minimum of disassembly.
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e Employ a maintenance philosophy of developing life
expectancy statistics in a test program and then replace
components cn a mileage basis before failure occurs.

e Drive train components will probably be replaced as
' units with overhauled and matched components and assemblies.

The maintenance requirements for each of the drives )
reviewed in this paper are closely related to other design features
of the respective train such as truck designs and suspension
designs and train configuration, and to railroad maintenance
facilities. It would be unrealistic to quantify the various
traction motor drive designs out of this context, however an
evaluation of proposed traction motor drives should be made as a

part of planning for any new high speed passenger equipment for
the U.S.



PART 2, REVIEW OF MODERN SLIP DETECTION AND CONTROL SYSTEMS
FOR ELECTRIC LOCOMOTIVES AND MULTIPLE-UNIT CARS

Richard A. Uher



1.0 EXECUTIVE SUMMARY

The purpose of this working paper is to review the state of the art
of adhesion improvement in traction and to present synopses of those systems
which hold high potential for a future high spéed passenger train on the
Northeast Corridor. A

- Modern wheel slip detection and correction systems tested in this

country and used abroad can‘improve utilization of adhesion. They cannot,
however, improve adhesion conditions which are caused by rail surface
conditions, dynamic wheel weight relief, wheel/axle adhesion 1imit differences
due to preceding wheel cleaning action and dynamic effects and certain
traction drive effects. They can correct adhesion loss by weight transfer.

Modern slip detection is accomplished by detecting wheel speed
differences, abnormal wheel acceleration and torsional oscillations
in the wheel/axle set which have been found to increase rapidly as the
creep speed approaches the adhesion maximum. Sl1ip correction is
accompljshed by reducing tractive effort on an individual axle basis
if creep is caught in time or by larger reductions of tractive effort
either on an individual axle, truck or vehicle basis when creep has
progressed too far or under conditions of multiple axle slip.

A set of requirements for the design of any slip coptro] system is
proposed based on this review.

- Slip detection should be'fast and accurate.

- Solid state traction control, with separate motor torque
reduction is preferred over other types.

- Mechanical characteristics of the traction drivg should encourage
natural reestablishment of adhesion by "slip-stick".

- Slip control should operate fast enough to reduce wheel wear
but slow enough to maintain high tractive effort.



Three modern s1ip control systems were reviewed.

- Sentry Adhesion System (General Electric Co.)
- Creep Control System (ASEA)
- AC Drive (Automatic Slip Control)

Since the performance of these systems was not tested on the
same locomotive, no conclusion regarding which one is better can be

drawn.



2.0 INTRODUCTION

Improved utilization of available adhesion is an advantage for passenger
and freigﬁt locomotives and self-propelled cars with high accelerating
rates (3.QJ3;5 MPHPS). There is Tess of an advantage realized with
self-propelled cars with Tower accelerating rates (1-2 MPHPS), typical of
those.funning on the Northeast Corridor and its branch lines.

A freight Tocomotive's load of freight cars is determined by its
adhesion capability on the ruling grade. A passenger locomotive can
provide better acceleration to its consist if it has high adhesion; and, if
the profile over which it runs has many speed restrictions and passenger
| stops, the;schedu1e time can be improved.

The purpose of this working paper is to review the state-of-the-
art of adhesion 1mproVement in traction and to present synopses of those
systems which hold high potential for a future high speed passenger
train on the Northeast Corridor. n

In order to fulfill the objective of the paper, it was necessary to
complete a review of the known factors which influence adhesion in
order to determine which can or cannot be controlled by a wheel slip
control system. Thus, Section 3.1 covers the basic definitions used in
the subject of adhesion and section 3.2 contains a revigw of the wheel/rail
interface which pertain to adhesion and its improvement. With this
introduction to the basic phenomena, Section 3.3 reviews the factors which
influence adhesion including rail surface conditions, which is by far the
primary influence, imposed wheel creep, wheel weight relief caused by both
static and dynamic forces; wheel/axle adhesion 1imit differences due to
wheel cleaning action and dynamic effects, tread brake action c1ean1ng

and traction drive effects.



Section 4.1 discusses modern methodology for slip detection.
In particular, wheel speed difference, wheel acceleration and detection of
torsional oscillations in the wheel/axle set in the approach to the
adhesion 1imit is discussed. Section 4.2 considers modern methods used
in the traction equipment for slip correction. Finally, Section 4.3
develops a set of requirements for modern slip control systems.

In Section 5.0, three slip control systems are reveiwed.

- Sentry Adhesion System (General Electric)
- Creep Control System (ASEA)
- AC Drive (Automatic S1ip Control).

Section 5.4 presents the problems which must be solved in making a

comparison among these systems.



3.0 BASIC ADHESION PRINCIPLES

In order to understand the fundamentals of slip detection and correction,
it is necessary to discuss some of the principle phenomena connected with
adhesion. The reader is referred to Reference 1 for a more detailed
coverage of these principles. Much of the summary discussion here is a
condenéation of that reference.

During the last two decades, research into the phenomena constituting
adhesion has borne some fruit. The study of slipping and sliding of wheels
after exceeding the adhesion Timit has been related to the tractive-effort/
speed curve of thg motive power. It has been found that adhesion, or the
lack of it, shou]d‘be«tréated as a stochastic process and statistical methods

shdu]df?e;app]ied in order to interpret measured results.

3.1 DEFINITION OF ADHESION
~ There 1is a 1imit to the maximum tractive or braking effort which
can be applied via the steel wheel. This Timitation is referred to as the
 adhesion limit.
Figure 3.1 illustrates the definitions which pertain to adhesion. The
adhesion- coefficient, which can be related stochastically to. the adhesion
Timit, depends on many factors

- Creep phenomena at the wheel/rail interface

- Rail and wheel surface conditions

- Speed of Wheel and Vehicle

- Vehicle/Rail Dynamics

- Characteristics of Traction System-.

Each of these phenomena which determine the adhesion coefficient and

the adhesion T1imit involve complex interactions. In fact, the complexity is

so extreme that railroads still depend on testing and experience to determine
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FA=uN

The quantity, »#, is called the
coefficient of adhesion.

7] N = Normal force of wheel on rail
F

= Tangential force applied via

A tractive or braking system

The adhesion limit, Bys is defined by the expression

Y = Prob (uSnM)

where 4 ijs some high percentage (usaully taken as 90%).

This above expression is interpreted as follows:

With the same conditions of environment, speed track and motive power,
the probability that the adhesion coefficient will be less than the adhesion
limit is 7.

FIGURE 3.1 BASIC DEFINITIONS OF ADHESION
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what adhesion limit to use.
Figure 3.2 shows the adhesion 1imits obtained from different measurements
on different wet and dry rails. It is not clear what probability levels

‘were chosen for these curves.

3.2 CREEP PHENOMENA AT WHEEL/RAIL INTERFACE

The contact between twb objects always occurs at a contact surface whose
shape, area and stress distribution depends on the mutual force between
the bodies, their materials and their shape. For motive power in railroad
application, the contact surface between wheel and rail has an elliptical
shape whose length in the direction of motion increases with increasing
conicity and wheel diameter. The contact area is not proportional to the
force applied. The mean pressure increases with ﬁhis force (which means
that the contact area increases slower than the applied force) and
decreases with increasing wheel diameter.

When torques are applied to a rolling wheel either because of the
action of rolling train resistance or through-the tractive and braking system,
an area of compressioﬁ and tension develops on and immediately below rai]t
" and wheel surface. This effect is illustrated in Figure 3.3. The larger
the applied tangential force between wheel and rail, the further the zero
line of stress is displaced from a line drawn perpendicg]ar to the rail and
through the center of the wheel.

Because of the stress/strain relationships developed upon transmittal of
a tangential force between wheel and rail and because the surface contact
is areal rather than lineal, the relative circumferential speed of the
wheel at the rail is different from the wheel's forward speed. As a

consequence, in order to transmit tractive or braking effort, it is necessary
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to have some creep speed (difference between wheel circumferential and forward
speedé). The relation between the amount of tangential force transmittable
and the reqﬁired creep speed can be illustrated by plotting the adhesion
coefficient at some forward speed (VO) as a function of creep speed as is
shown in Figure 3.4. Note that the adhesion coefficient drops to zero

unless their is some creep.

The ideal place to operate is the microslip region shown in Figure 3.4
and as near to maximum adheéion value as possible with existing rail
conditions. The macroslip or skidding region operation is not desirable
because oflinstabilities and the high wheel and rail wear rates encountered at

these levels of wheel creep. Thus it is the job of any traction/wheel slip

control system to operate near maximum adhesion as much as possible.

3.3 FACTORS WHICH INFLUENCE ADHESION
3.3.1 Rail Surface Conditions

The effects of rail surface conditions on adhesion have been investigated
over many decades in many different kinds of tests both in the field and in
the laboratory. The principal knowledge gained over the years may be simply
stated as follows:

- Absolutely clean, dry rails will cause an adhesion coefficient at
low speed in the range from 0.6-0.7. This condition can be simulated
in thg laboratory but can never be realized in practice on the
road. -

- Moistgre propagated oil films. are a major cause of wheel slip.
Tests® conducted in the U.S. have shown that ninety percent of all
wheel slips occur on curved track, at road crossings, switch points,
frogs and crossovers where oil deposits were present outside the
rail wear band. Traffic and heat destroy the oil film while light
rain or dew causes it to develop as soon as the water comes into
contact with the o0il deposit. Long and heavy rain can wash away
the deposits completely and restore adhesion.
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Heavy oil films (5 x 10'6 g/cm2) tend to reduce the adhesion
coefficeint at Tow speeds to a value of 0.16. Figure 3.5 shows
the adhesion coefficient's dependence on lighter film thicknesses
and humidity. These graphs result from laboratory tests. !

At low speed, adhesion on very wet, clean rail is similar to that
on dry, clean rail. However, on wet rail there is a greater
slipping effect even though maximum values remain about the same.
(In other words, referring to Figure 3.4, the slip speed at
maximgm will be larger at peak adhesion on wet rail than on dry
rail.

Rust films exhibit both improvement and degradation of adhesion.
A thin, dry (yellowish) rust film is observed to improve adhesion
while thick, moist (brownish) rust films reduce it. :

Industrial pollutants such as coal dust and cement generally have
an adverse effect on adhesion if the film is thick enough to
interrupt rail contact. The effect becomes worse as the humidity
increases.

Falling Teaves in the autumn substantially reduce adhesion. They
are made into a viscous paste which is spread over large distances
by the action of wheels and moisture. Values as low as .05 have
been encountered.l

Quantities of very fine particles of iron, oron oxide, iron garbids
and silicon dioxide when spread on 0il films (up to 40 x 1072 g/cm¢)
will improve adhesion. If o0il films are too thick, particles will
have no effect. The presence of water reduces the adhesion
improvement of these particles on the oil film.

It is clear from our past knowledge of the effect of rail surface

condition on adhesion, that many different rail surface conditions which

can be met in a typical run can cause an extreme variation from point to

point é]ong any given track or from time to time along the same track. Thus,

both.the creep speed from zero to peak adhesion values dnd the peak adhesion

value will vary from point to point and from time to time. Test results have

indeed verified this.

There are obvious ways to improve adhesion by fixing rail surface

conditions. Sanding which has been used for several decades and rail

cleaning by various devices (including application of heat, water etc.) are

among the more pobu]ar.
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3.3.2 Imposed Wheel Creep

In the discussions concerning the relation between the adhesion
coefficient and wheel creep speed (Figure 3.4), it was mentioned that
the amount of tractive (braking) effort which could be transmitted between
wheel and rail depended on wheel creep speed. However, wheel creep is a
vector quantity which has both magnitude and direction and "should be
more properly called wheel creep velocity. There are several wheel creep
effects which must be added vectorially to determine the global wheel
creep velocity. Thus, the maximum tractive effort in the direction of
forward motion of the train will be reduced because:

- It will decrease with increasing angle between wheel creep

velocity and the forward direction,

- Wheel creep velocity is in general different for the two wheels
of the same wheel set.

~

This decrease in adhesion is caused by several types of creep effects.
Wheel Conicity

Figure 3.6 demonstrates the effect of wheel conicity on wheel
creep veiocity. Because the rotational axis of the wheel is not parallel
to its rolling surféce, there is an imposed creep. In the absence of
tractive effort, the center of rotation is nearly coincident with the
center of the contact area (Figure 3.6a). This rotational creep modifies
the forward creep caused by tractive effort application in such a way
that the creep ve]dcity is rotated at a slight angle to the forward direction
of the wheel and the center of rotation is displaced as shown in Figure 3.6b.
This effect.reduces the net tractive effort which can be applied in the

forward direction over the case of cylindrical wheels.
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TRACTIVE EFFORT a TRACTIVE EFFORT

DEFINITION OF SYMBOLS:

0 - Point of zero relative velocity between wheel and rail
Y - Coning angle '

w - Rotational speed of wheel

wp - Component of rotational velocity on wheel tread surface

Wp - Component of rotational velocity perpendicular to wheel tread surface
Aw - Creep speed due to application of tractive effort

FIGURE 3.6 IMPOSED SLIPPING BECAUSE OF WHEEL CONICITY
(REFERENCE 1)
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Wheel Diameter Differences and Lateral Forces

Lateral forces are developed between the wheelset and the track
because of variation in gauge and alignment. These forces act in a direction
perpendicular to the direction of motion and any creep velocity which develops
as a consequence of them will not affect the tractive»effort. However, if
wheels on the same wheelset have different diameters, the associated
transverse motion will induce different creep velocity components in the
forward direction. These wii] have the tendency to reduce the overall
adhesion coefficient.

Curving and Hunting

Any factor which affects the striking angle of the wheelset to the
track in the forward diregtion will decrease the creep velocity component
in that directioﬁ. Negotiation of curves and truck hunting are two such
effects.
3.3.3 Wheel Weight Relief

The term weight relief refers to a driving wheel which has less

vertical load imposed on it by the rail under dfiv%ng (braking) conditions
than under non-driving (non-braking), static conditions. Weight relief can
adversely affect the amount of tractive effort which can be applied by the
traction vehicle. There are two major causes of weight relief:

- MWeight transfer, which is a relatively constant weight relief
on certain wheelsets caused by application of tractive effort..

- Dynamic weight relief, which varies with time and occurs on all
wheels. It is caused by the interaction of the vehicle with the
track.

~ Weight Transfer

Weight transfer is the redistribution of wheel/rail loading as
tractive effort is applied on the vehicle. Some of the wheelsets will

feel a weight increase while others will feel weight relief. Weight transfer



is a specific characteristic of the driving vehicle and depends on several
|
factors, among them
- height of coupler above track (Tocomotives)

- above track height of the longitudinal coupling between driving
truck and body

- truck wheelbase
- distance between truck center

- characteristics of traction motor suspension, gear units and
coupling. .

If each wheelset is driven with a separate traction motor, the
maximum tractive effort should be limited so as not to exceed the value of
allowable adhesion on the wheelset with the greatest weight relief. If
both motors on a two axle drive are operated from the same contrdl; there? i
is some weight relief compensation as illustrated in Figure 3.7. This
compensation arises because the tractive effort/speed curve has a negative
gradient as a function of speed. Because of the weight relief on axle 1
and the nature of the adhesion/creep speed curve, the creep speed will bg
slightly higher which reduces fhe tractive effort put out by that axle,
which in turn reduces the weight relief.

If the wheelsets on the same truck are mechanically connected

such as in the case of a monomotor truck, the speed of these wheelsets

including their creep speed will remain the same (provided, of course,
the wheel diameters are the same). Thus wifh the assumption of similar
adhesion coefficients for both wheelsets, the total tractive effort
developed would not be influenced by weight relief. This is illustrated
in Figure 3.8. Weight transfer is still a factor between trucks on the

same vehicle.
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Dynamic Weight Relief

The driving wheelsets are part of a vehicle which.is a Tocomotive
or a se]f—prépe11ed car. Thus the wheel/rail interaction which involves
the vehicle suspension system and track irregu]aritieé has an influence on
weight relief which varies rapidly with t%me. This weight relief is
instantaneously different for each wheel on‘the vehicle and can be both positive
énd negative. However, its average value will be zero, since it is a
dynamic effect.

Variations in cross level and vertical alignment are the
principal track inputs which result in this weight relief variation. Because
of wheel conicity, gauge variation. and lateral alignment also produce some
weight relief effects; but, these are very small.

The effect of dynamic weight relief on adhesion is a very

compTex problem and depends on several factors:

- Mechanical parameters of the car including sprung and unsprung
masses, moments of inertia and spring and damping constants

- Train forward speed

- Class of track (power spectral density)

Since dynamic weight relief increases with vehicle speed, the
effect on adhesion is also expected to increase.
3.3.4 Wheelset Adhesion Limit Differences -
There are two effects which can cause the wheelsets of the same
driving vehicle to experience different adhesion coefficients.
The first effect is the cleaning caused by the leading wheelset. The
first axle normally encounters the poorést rail surface conditions. Its

passing over the rail provides a coarse cleaning for the following wheelset.
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Of course, each succeediné wheelset provides some cleaning for the following

wheelset, so that each successive wheelset should normally see a higher
adhesion coefficient.

There is a second effect which can somewhat neutralize the successive
cleaning. Although the first axle provides cleaning on the average, the
following axles, because of theirA]ateral motions, may not fo]low the
same path. This causes variation in adhesion'coeffiqients from axle to axle
which in general is different from the rule described above, namely,
that each successive axle see a higher adhesion coefficient.

3.3.5 Braking Action ‘

Tread braking has always been considered superior to non-tread
braking in terms of adhesion performance. The effect of the tread brake
is to clean both wheel and rail of film which reduces the adhesion coéfficient.

" The mechanism of cleaning is generally recognized as vaporizat&on by

heat of the film material.

There is controversy, however, between‘use of cast iron, tread brake
shoes and composite material shoes.1 Cast iron shoes are a17e§ed to leave
behind particles of iron, iron oxide and iron carbide which tend to
improve adhesion both by deposits on the wheel as well as the rail. In
contrast, composite material shoes are alleged to leave behind,fi]mé which
have low adhesion properties.

Thjs issue is very controversial. There has been no conclusive
proof in the United States that this does occur in practice.

3.3.6 Propulsion SystemAtonsiderations

The propu]sion system, which consists of the traction control

and drive subsystems, has an important influence on the adhesion capability
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of the motive power when operating near the adhesion 1imit of any of the
driving wheelsets. The principal influences include the mechanical
characteristfcs of the drive, type of traction control, type of traction
motor and the traction contrd]/motor circuit configuration.

Traction Drive Mechanical Characteristics

Mechanical characteristics which influence adhesion at the
adhesion Timit include:
- Moments of inertia of motor armature, gears and wheel/axle.

~ Damping and elastic characterics of all drive coupling
in the rotatiopa] direction.

The role of the mechanical characteristics can be described with
the help of Figure 3.9. At time, To’ rail conditions are encountered such
that the adhesion/creep curve changes (from 1 to 2). As a consequence, the
magnitude of the tractive effort which can propel the vehicle becomes TEo
which is less than TEj, the tractive effort being output by the traction
drive. The difference (TE]-TE2) will accelerate the whée], however,
because of the elasticity in the traction drive, the abrupt change in
torques will cause an oscillation to develop in the wheelset as well. The
frequency and amplitude of this oscillation are dependent on the mechanical
characteristics of the drive. The total effect on the wheelset will be
a rapidly increasing slip speed with a superimposed osct]]ation in slip speed.
During the negative cycle of this oscillation, it is possible that adhesion
can be reestablished. The phenomena is known as "slip stick".1

The greater the elasticity in the drive unit, the‘higher is the

probability that adhesion will be established by encountering better rail
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conditions further along the track. High damping in the drive, which
tends to reduce the oscillation magnitude, has an adverse effect on
reestablishing adhesion.

Type of Traction Control

Smooth traction control such as that afforded with solid state
devices is best.fqr maintaining adhesion near its limit. Any abrupt

changes in motor current can cause adhesion loss.

An example of this is seen in Hitachi's expefience on subWay

cars.4 Chopper control improves adhesion by 10% over cam-control resistor
~ switching. The latter control steps the current while the former provides
a smooth change.

A second source of current variation in traction motors comes
from voltage oscillations which arise because of solid state switching.
The resulting current ripple is usually reduced using smoothing reactors.

In Tocomotives using single phase AC traction motors, there is a
pulsating torque which aggrevates a loss of adhesion problem. Modern electric.
locomotives which are now produced'for United States operation do not have
this problem.

Tractive Effort/Speed Characteristics

-In any propulsion system, the relation between tractive effort
and speed under creep conditions at the adhesion limit determines whether
or not adhesion can be reestablished once it is lost. This relation is
determined by the type of traction motor, the motor control method and

the control/motor circuit configuration.
Since the relation between slip and the adhesion 1limit for three

phase AC induction motor drives has been discussed in a previous working
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paper5, only propulsion systems using DC motors are considered here.

The steepness of the tractive effort/speed curve for a slipping
axle at the adhesion Timit is important in determining whether or not
adhesion will be reestablished. This is illustrated in Figure 3.10. In
Figure 3.10a, the tractive effort/speed curve is steep enough so that
adhesion loss establishes a new operating point on the tractive effort speed
curve -(so that the wheel set accelerates from creep speed So'to S1 and then
stops) and tractive effort at—Sl*wiTJ'bé_transmittéd to the.rail. In
Figure 3.10b, no new operating point is established and the wheelset creep
will increase indefiniteiy. In both cases, slip-stick movement may
reestablish adhesion, but it is more Tikely to do so in Figure 3.10a. Thus,
it may be concluded that it is more Tikely to reestablish adhesion after
loss if the tractive effort/speed curve is steep. |

There are several things which determine the steepness of the
tractive effort/speed curve as well as other effects which influence
reestablishment of adhesion. Among them are:

- Type of Motor (Series, separately excited)

- Motor circuit (Two series/two parallel, four parallel)

- Number of motor circuits per independent control (One, two or four)
- Control Method (Constant current, constant voltage, field control)

The following statements can be made concerninig these considerations:

- When using field control, the separately excited DC motor will
have a steeper torque/speed characteristic than the series motor.

- Motor configuration of two series/two parallel are inferior to
four parallel when operating from similar control.

- It is'preferred'to have each motor operating from a separate
control.
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4.0 SLIP DETECTION AND CORRECTION METHODOLOGY

There ére several advantages to detecting and correcting wheel slip
as early as possible.
- High average tractive effort can be transmitted to the rail allowing
1ight weight motive power for passenger equipment and higher loads
for freight locomotives.

- Because less creep is realized per unit tractive effort delivered,
Tess wheel wear will occur.

- Avoidance of rail burns caused by slipping driving wheels.

- Avoidance of "juddering"6 which are torsional vibrations in the
wheelset which can cause problems in the traction drive equipment.

The firét step in achieving these advantages is a good method for
detecting wheel slip such that the increase in creep speed can be as small
as possible. Once slip is detected, it should be corrected as fast as
possible either by changing rail conditions (sanding) or by feducing

tractive effort.

4.1 SLIP DETECTION
4.1.1 Conventional Methods )

Two modern conventional methods for slip detection~which have been
utilized for the past decade are:

- wheel speed difference

- wheel acceleration

Wheel Speed Difference

fhe wheel speed difference method of slip detection depends on a
knowledge of the speed of the driving axles as compared to a reference axle.
The obvious problem is the reference axle. In practice, such an axle
(which would givé an indication of true rolling speed) is generally not available.

The next best thing is to choose as the referencé axle an average of all of the
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driving axles and observe the speed difference between that average and
each of the wheels.

There are several problems with the wheel speed difference
method of detection which limits its usefulness.

- Synchronous slip, that is, the condition when all axles on the
vehicle are slipping at relatively the same creep speed, cannot be
detected.

- Because of wheel size differences and tolerance in electronic
detection circuitry, the time delay between when s1ip begins and

- when it is detected can be great. If thresholds are set too
small, correction may proceed before slip occurs and
tractive effort capability can be reduced on this basis alone.
In any speed difference detection scheme, speed difference
thresholds are generally different at higher speeds than lower speeds. In
fact, speed difference.thresho1ds are generally set on a percentage basis.

Wheel Atce]eration

The wheel acceleration method of slip detection depends on a wheel
or wheels accelerating much more rapidly than the highest acce]efation
rate it would see in normal service. Since wheel acceleration can change
instantaneously, the problem of time delay experienced in the wheel speed
difference method 1is not present. However, taking corrective action too
quickly may prevent the natural "slip-stick" action associated with the
traction drive to be fully effective. Wheel diameter differences are

not a problem here since they just have a proportional effect on the

‘acceleration. This system can accommodate synchronous slip as well as single
axle slip. One disadvantage of this method of detection is that a wheelset
can accelerate under the threshold if rail conditions are stightly

below favorable.
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Wheel Speed Difference and Acceleration Detection
Most modern motive.power units use a combination of wheel speed
difference and wheel acceleration detection schemes-in_order to compliment
each others. In addition, the requirement for locked axle and overspeed

protection can also be combined in the same detection unit.

~

There are several methods for measuring the speed and acceleration
of the wheel sets, however, it seems that modern equipment relies on
digital tachometers which are mounted on the motor armature shaft using
gear teeth as counting points. The accuracy of these devices depends on the
rotational speed of the motor armature relative to the wheel and the
" number of magnetically distinguishable teeth on the gear counter. The

digital signals are converted to voltage or current levels usually on an

electronic card.

4.1.2 New Methodology

ASEA7 has developed a new method for slip detéction which haﬁ
been appfied to their Rc4 locomotive as well as the AEM7 locomotives which
are now being manufactured by Electromotive Division (EMD) of Generaf
Motors for AMTRAK.

The detection scheme makes use of the phehomena of "juddering". As
previously stated, "juddering" is a torsional vibration in the wheelset
by which the two wheels oscillate in opposite directions using the
axle as a torsional spring. This oscillation has a characteristic natural
frequency which depends on the wheel/axle mechanical properties. The
amplitude of this osc¢illation increases rapidly near the adhesion Timit.
Thus, this phenomenon affords a mechanism for detecting, within certain
tolerance levels, the approach to the adhesion limit.

Because the gear unit connection is not mounted in the middle of the
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axle, these oscillations are transmitted via the gear unit to the
reaction rod to the truck frame. In the ASEA system, these oscillations
are detected using a PRESSDUCTOQ§)f0rce transducer which is a magneto-
elastic transducer yielding an output signal which is a linear function of
the force acting on it. This unit waé developed and is manufactured by
ASEA.

The signals transmitted from the PrgSsductoéE%re filtered using a
tuned bandpass filter to allow those with the correct oscillation frequency
to be monitored. The amplitude of the filtered signal is monitored and a

slip is said to occur if some threshold value is exceeded.

4.2 SLIP CORRECTION

S1ip correction will occur once the tractive effort output by the
motor to the offending axle is below the amount which can be transmitted from
wheel to rail at the creep speed. This can be illustrated by referring to
Figure 4.1.

The tractive effort output to the rail at creep speed, Sg, is shown
on the adhesion/creep épeed curve labeled 1 in the figure. A loss of
adhesion results in a new adhesion/creep speed curve Tabeled 2. By the
time wheelslip is detected, the accelerating wheelset's creep speed has
reached SF. To arrest the acceleration of the whee]seti the tractive effort
must be reduced to the level shown on curve 2. However, reduction of tractive
effort (TA) is applied to keep the wheelset from accelerating. To correct
slip, the tractive effort must be reduced below the arresting level so that
the wheelset will begin deéé%erét%on« until finally it can reach the stable
region. in most slip correction systems, tractive effort is reduced to

‘zero and held there until the creep speed achieves its original value.
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Although this method causes maximum deceleration of the wheelset, it also
causes loss of tractive effort on the axle in question. This tends to
reduce the tfactive effort capability of the motive power.

Tractive effort on DC traction motors can be reduced by reducing the
armature current or changing the field current. Generally, slip correction
in DC series motors is accomplished by reducing both field and armature
current, while in. separately excited machines, field current is manipulated.
Newer methods of slip correcfion involve pulsing current through the
fields of a series DC motor in order to reduce the current momentarily to
zero.

If two or more series motors operate from the same control, it is
sometimes necessary to reduce traction output on all motors.to'COPFECt
s]ip.- This, as explained previéus]y, Timits the traction capability of the
'unit.

A second method of slip correction involves changing the amplitude of
the adhesion/creep speed curve so that adhesion may be reestablished once
slip is detected. Methods of accomplishing this task include sanding and
application of heat or chemicals to the rai]? Sand has little
effect at high speeds as a consequence of wind action and can become a
serious contaminant in ballast ahd equipment for passenger service.

However, it is effective at lower speed operation. The previous statement is

also true of chemicals which are applied frem moving locomotives. There is also
an environmental objection to this latter method. Plasma torches have been
tested in the past, however, results show that high power levels are required
for significant adhesion improvements.9

Chemicals are effective in removing oil-water films from the surface

of the rail if they are applied from the wayside to known places of
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consistently bad adhesion such as frogs, switch points and curves.
In considering high speed passenger service, s1lip correction will
be limited to tractive effort reduction in some form, although application

of sand (if used sparingly and correctly) may also be helpful.

4.3 REQUIREMENTS FOR SLIP DETECTION AND CORRECTION

From the two previous sections, it is clear that the basic objective of
slip detection and correction for high speed passenger service is to
provide the highest possible tractive effort under all conditions of
adhesion at all speeds with minimum wheel wear and lowest capital cost.
Although this objective will be approached as modern traction control
systems and wheel slip detection and correction systems are applied, ;here
will still be room for improvement.

The ideal slip detection and correction system would instantly ,.
compute the adhesion/creep speed curve on which it were operating, determine
the point of operation to achieve maximum tractive effort and set the
tractive effort 1imit to that point. Since this has not yet been achieved,
it is possible to state some requirements which s1ip detection and correction
systems should approach.

1.- Slip detection should be fast. Whether wheel speed differences,

wheel acceleratjon or "juddering” are used, the method should
detect a slip before the wheel creep speed exceeds the point of

maximum adhesion in most cases. -

2. Slip detection should be accurate. Any scheme should give
minimum false slip indication to the slip correction system.

3. Solid state traction control with some capability to reduce
tractive effort separately on each motor is preferred. Motors
should be operated in parallel.

4. Mechanical and electrical characteristics of the propulsion
drive should be such to encourage “s]ip-stick".

5. The slip correction and detection system should operate

rapidly to reduce wheel wear but slowly to maintain high tractive
effort. These conflicting objectives must be traded off.
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For high speed passenger service, to have all axles of a train
powered is generally preferred adhesion-wise over locomotive

hauled trains. This is a result of operating at much lower
adhesion levels thus requiring less operation of any slip detection
and correction system.
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5.0 MODERN SLIP DETECTION AND CORRECTION SYSTEMS

There are several versions of modern slip detection and correction
systems in operation on both diesel-electric and electric locomotives
qnd electric self-propelled cars. The principal features of the require-
ments which must be met'and how they are met can be pointed out by
discussing two particular systems, one manufactured and>deve10ped_by the
General Electric Co. and the other-by ASEA... Both‘companies use quite
different approaches for maintaining adhesion and both épproaches are
technically advanced. .

"Automatic" slip correction afforded by three phase AC drive
Tocomotives as manufactured by Brown Boveri Inc. is also discussed. In
this case, a certain feve] of high adhesion maintenance is already
built into the equipment and it would be a passive rather than active slip

control system.

5.1 SENTRY ADHESION SYSTEM (GENERAL ELECTRIC COMPANY)

A block diagram of an individual axle wheel slip control system for a
modern electric locomotive developed and manufactured by the General Electric
Co%0 "is shown in Figure 5.1.

Speed signals from all axles are fed into a speed difference detector
which produces outputs of wheel speed différences and rate threshold
detectors which differentiate the speed signals into acce]eratior;~ R
signals. Al1 slip corrections can be accomplished on an individual axle
basis. An oVerspeed 1ndicator is used in the uﬁ]ikely event of all
axles slipping without triggering the'fhrééﬁaid o%wwhééi speed d{%fefenéé

detectors.
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FIGURE 5.1 (Courtesy Hal Henderson - General Electric Co.)
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The automatic wheel diameter compensator automatically calibrates
the speed signal during coast operation to account for wheel diameter
differences and to improve creep speed measurement accuracy. The inductive
speed sensors operate via a special gear mounted on the motor shaft.
These motor mouﬁted sensors are six times more accurate than the axle
mounted alternator on earlier General Electric locomotives and
MU-cars.

This adhesion system has been teéted satisfactorily at levels
from 23-26% adhesion undef adverse conditions of wet rail, severe grades
and reverse curves. The principal improvements over present day systems
are attributed to:

- More accurate speed signals,

- Automatic wheel diameter compensation and,

- Individual axle control.

5.2 CREEP CONTROL SYSTEM (ASEA)

As mentioned previously, the ASEA wheel slip detection aﬁd correction
system depends on individual axle slip detection which utilizes a new method
of detection by observing the amplitude of the torsional vibrations in
the wheelset at its characteristic natural frequency. This is further

backed-up by wheel overspeed detection.

A block diagram of the creep control system for the Rcéd 1ocomot1've11

is shown in Figure 5.2. This locomotive, which was tested on

U.S. track as the prototype for the AEM7 now being manufactured by EMD
has~a propulsion system which is phase control with separate]y-excited

DC motors. The circuit diagram is shown in Figure 5.3. There are separate

propulsion controls : from each truck.
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Block diagram of the control equipment in 2 Rcd locomotive.
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Speed regulator 13

Selector for maximum speed feed- 14
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Load sharing control 19
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- cooling oif

Armature voltage regulator
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two motors
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Selector unit

Creep protection containing dy-
namic slip protection, overspeed-
ing protection and load sharing
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Motor module 1~

Motor module 2

Reduced ventilation
Catenary voltage
Field weakening

FIGURE 5.2 { REFERENCE 11)
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Simplitied diagram of the main c¢ircuits in a class Rc4 locomotive.
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5.3 (REFERENCE 11)
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With reference to the block diagram, torsional oscillation amplitude
signals produced in the wheel/axle set are detected in the PressductorGa
transducer (16) which is in the reaction rod. These signals are filtered
and rectified (17) so that only the amplitude of the oscillations at the
natural torsional oscillation frequency of the wheel/axle set at 45 Hz are
passed. to the individual axle creep regulators (18). The regulators are
activated when the amplitude exceeds a preset value. A selector unit (20)
is used to select which mode of correction is to be applied and this depends
on whether the motor is in full or weak field cgndition.

- If the motor is in weak field, the field strength is increased

~which causes a rapid drop in armature current and torque, which
tends to correct the creep. - -

- If the motor is in full field, the field on the other traction
motor on the same truck is weakened. This causes the armature -
current in that motor to rise and as a result the armature
current controller (8) attempts to lower the current on both
motors tending to correct the creep on the offending motor.

*A description of this device appears in Reference 12,

The individual axle creep control also has a stronger slip correction

capability in the event both axles on the truck are slipping and as a
backup unit. This unit (19) receives the maximum of the two creep signals

and sets the current limit.

Overspeed protection is also provided as a backup to the creep control

system.

It is ASEA's claim that, "Measurementé have demonstrated that the

system leads to considerably higher average tractive effbrts"11 . In

another artic1e7,

"Adhesion tests in Norway have demonstrated that a
class Rc2 thyristor locomotive can, in all types of weather, dispatch
a train based on 27% adhesion. When the creep control system is in use,

this figure can be increased to almost 30 percent".
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5.3 SLIP CONTROL AND THE THREE PHASE AC DRIVE
One advantage usually quoted for three phase AC drives is the
ability fo.use available adhesion because of the naturally steep
torque/speed curve characteristic of the asynchronous motor running at
fixed frequency. The tractive effort developed by an axle driven by
an asynchronous motor controlled by an inverter at a given frequency is
proportional to the motor slip speed which is the difference between the
electrical and mechanical speeds of the motor. (The electrical speed
in RPM is 2 7 x applied frequency). As the adhesion 1imit is reached, the
wheel creep speed increaée'natura11y increases the motor mechanical speed.
Since this reduces the motor slip speed; and consequently the torque; the
wheel slip condition is corrected autbmatica]]y. As a consequence, the
applied tractive effort remains close to the transmittable tractive effort.
When several asynchronous motor driven axles are operated in parallel
from the same inverter, the wheels cannot individually slip because‘of the
strong electrical coupling. This ﬁase is similar to the case of mechanical
coupling between wheels. This will not give as high tractive effort as if
they were individually controTled. )
Provisions must be made to correct slip whén all wheels driven from
the same inverter are slipping. However, the speed of these wheels, even
under poor rail circumstances is always limited to the electrical speed of

the motor. Thus by limiting frequency, overspeed detection is not required.

5.4 COMPARISON OF SLIP DETECTION AND CORRECTION SYSTEMS

It is improper to compare a slip detection and correction system on its '
own merits. As was discussed in the previous sections, slip detection can
be accomplished in several different ways while slip correction depends on

the overall propulsion system.
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The problem with such comparisons, even under experimental conditions,
is that adhesion, which in some measure s an indicator of how well the
slip control system works, depends on many more variables which are
uncontrolled among the traction vehicles on which the adhesion is being
measured. That the adhesion coefficient is a stoicastic variable means that
many tests must be made under the same conditions before any conclusions
are drawn. Even in this case, the slip detection and correction system
must be mounted on vehicles with identical mechanical characteristics,
run on the same stretch of track and.under the same rail surface conditions.

Whether a passsive system, which is obtained for free using an AC drive,
is better than an active system used on modern 1ocomot1ves with DC mofors, |
is still open to question. AC drives which operate near the adhesion Timit
are subject to "juddering" which plays haVoc with equipment and raises
maintenance cost.

The slip detection and correction system is part of the locomotive.
Thus, in the end, it is the locomotives which are being compared. Light-
weight Tocomotives which can produce large tractive efforts under all
rail conditions are generally preferred to heavy ones which produce the

same tractive effort if the costs are relatively the same.
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1. SUMMARY

The new electrification system for the NEC will distri-
bute the single phase railroad loads across the three phase
commercial power generatlon systems of the utility companies
between Boston and Washington, introducing the need for phase
breaks which is not a feature of the older single phase electri-
fication from New York to Washlngton The phase breaks w1ll
occur at approx1mately 5 to 7 mile intervals and will requlre the -
ability of all vehicles to turn-off all propulsion and auxiliary
loads before traversing each phase break and then turn on all
loads following the phase break.

Although existing European systems have phase breaks,
the new system for the NEC represents a far more severe duty
cycle requirement for the on-board switching functions due to the
increased frequency of the phase breaks (about six times as
many). Relatively short feed distances are necessitated by the
NEC electrification to avoid losses while handling the high power
levels required to accelerate heavy trains at the high rates
called for by NEC schedules. This will result in approximately -
40 phase breaks between Boston and Washington.

During construction of the new electrification, it will
be necessary for all vehicles to have transformer characteristics
‘and primary connections to permit operation on both frequencies
and voltages. With the New York to New Haven segment of the NEC
presently being converted to 12.5 kV, 60 Hz, this will involve
three combinations of frequency and Voltage requiring one trans-
former connection for 11 kV, 25 Hz or 12.5 kV, 60 Hz, and a
second connection for 25 kV, 60 Hz.

Catenary voltage detection and protectlve control will
be required to permit connectlng the transformer for the proper
voltage range and prevent application of excessive voltage to the
transformer when connected for the lower voltage range.

The basis for the decision to employ on-board primary
breakers in the NEC 1ncludes two considerations other than fault
protection. The first is that the alternative approach of inter-
rupting the aux1llary load with the pantograph -while pa551ng from
the contact wire acrcss an insulator would draw an arc causing
severe pitting of the end of the wire and arc-tracking of the
insulator. This would result in higher maintenance of the catenary
elements. Failure to remove propulsion power would greatly
aggrevate the situation. The second concern is that voltage
changes will occur on various routes on which the trains may
operate (even after corridor conversion is complete) requlrlng
that vehicles be able to change transformer primary connections
"on the fly". On-board catenary voltage measurement and assurance
of correct connectlon is considered mandatory prior to energizing
the transformer in order to avoid damaging errors. This necessi-
tates disconnecting the transformer from the pantograph circuit
until catenary voltage has been measured.
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Both manual and automatic negotiation of voltage changes
and phase breaks have been considered and the decision to use an
automatic system is based on several factors 1nclud1ng the frequent
occurrence of breaks every 5 to 7 miles corresponding to average
intervals of 4 minutes at maximum NEC speeds. This is felt to be
an undersirable distraction for a human operator which would
invite error.

Because of the relatively limited application of rail-
. road electrification, the development of hardware for high voltage
railroad equipment must rely heavily on adapting the developments
made for utility power transmission. Adaptation of commercially
available devices also offers an advantage of lower cost of
devices produced for the highly competitive power equipment
market. The design parameters which are most restrictive in
adapting commercial apparatus are the vibration level associated
with train movement and the severe space limitations 1mposed by
vehicles - particularly m.u. cars. Dirt, snow, and vandalism
also present much more severe conditions on a vehicle than with a
fixed installation.

: The general approach taken in Europe and specified for
the NEC is to provide each vehicle with a primary circuit breaker
to deenergize the transformer and auxiliary systems. This breaker-
is - also used for onboard fault protection and represents another
change from ex1st1ng NEC practice in which substation breaker
operation is relied on entirely. Two different types of circuit
breaker have emerged for this appllcatlon, the alrblast breaker
and the vacuum interrupter.

The change from railroad use of single phase power
sources to connection with the commercial three phase power
systems began at an earlier time in Europe. Because the airblast
breaker was the most advanced compact commercially available
design at that time, it was selected for onboard application.
Packaging of these devices has been altered for railroad appli-
cation to form roof-hatch assemblies with control components

extending into the carbody.

Since that time the vacuum 1nterrupter has been developed
for commercial sw1tchgear and has received railroad application
in Japan, South Africa,; and the U.S.

Because of the frequent phase breaks, the primary
circuit breaker will be subjected to the relatively severe duty
cycle of approx1mately 3000 operatlng cycles per month and as a
result, will require a scheduled maintenance program. A compar-
ison of actual service experience on the NEC will probably be
required to determine the relative merit of the two generic types
of breakers.
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2. INTRODUCTION

NEC Electrification Conversion

The program for replacing the present single phase
11 kv, 25 Hz electrification system in the NEC with a 25 kv,
60 Hz system operating directly on the commercial three phase
60 Hz network involves significant changes in the manner of power
distribution and the addition of vehicle-borne equipment not
presently required. The distribution of the single phase loads
across the three phase commercial network may place adjacent
catenary substations on different phases and require that vehicles
be able to turn off electrical loads before crossing insulated
breaks in the catenary. This function will require the addition
of high voltage switch gear and control equipment. In some
locations a voltage change will also be involved and will require
the additional on-board function of transformer primary tap
changing "on the fly".

The objective of this paper is to discuss the high
voltage switch gear and protective components which must be added
or replaced in the course of the re-electrification progran.

Four spec1f1c elements of high voltage equlpment will be covered
in addition to the general subjects of insulation and mounting of
equipment. These four elements are: (1) lightning arresters,
(2) circuit breakers, (3) high voltage potential and current
measurement devices, and (4) bus connections. Several of the
~high speed train systems reviewed in the IPEEP Program have
voltage bus couplers and primary switch gear which may suit the
requirements of the NEC. The upgraded Metroliners are equipped
with high voltage circuit breakers and tap changers for dual
voltage operation and the new Amtrak AEM7 locomotives will be
similarly equipped. While the parameters for the electrification
have been developed, the design of controls for the voltage
change/phase break negotiation system has not been fully deter-
mined at this point. .

Before proceeding with the details of high voltage com-
ponents it would be beneficial to review the history of the
present and proposed electrification systems and the basic principles
involved in negotiation of voltage changes and -phase breaks.

History

The previous selection of 25 Hz instead of the national
standard generation frequency of 60 Hz may seem illogical, however
when the history of railroad electrification is reviewed, the
decision appears quite reasonable.

A frequency- of 25 Hz was used in the early 1900's for
long distance transmission because of lower transmission losses
than with 60 Hz. It was employed in the eastern power distri-
bution from the Niagara Falls hydroelectric plant, which at the
time was one of the principal sources of power.



While 25 Hz was a common transmission frequency the
principle reason for selecting the lower frequency for railroad
use was that series type traction motors commutate poorly on
a.c. = the difficulty being directly related to the frequency.
Commutation at 25 Hz is much better than at 60 Hz. With an a.c.
transmission system, the alternatives to series a.c. traction
motors were d.c. motors with on-board conversion equipment, or
a.c. induction motors. Within the technology limitations of the
time, there was no practical method of producing the variable
frequency supply required for speed regulation of induction
motors thus making this arrangement unsuitable for most railroad
appllcatlons Prior to the development of suitable mecury vapor
rectifiers, the use of d.c. traction motors required an a.c.
motor driven generator set.

The alternative to a.c. transmission was direct current
electrification using either a 600 V third rail system, as employed
within New York's Penn Station, or 2.4 to 3 kV overhead systems
as applied on the Butte Anaconda and Pacific in 1913 and the
Milwaukee Road in the early 1900's. These were rejected by the
Pennsylvania Railroad as being impractical from the standpoint of
transmission and substation costs for the distances involved.
Higher d.c. voltages (greater than 3 kV) required to provide
transmission efficiencies comparable with a.c. transmission could
not be handled within the technology limitations of the period.
(Recent power technologlcal developments may make high voltage
d.c. transmission feasible in the near future.)

Weighing the available options, the Pennsylvania Railroad
selected a straight a.c. system with series a.c. motors and the
relatively low frequency of 25 Hz for its Philadelphia suburban
electrifications, beginning in 1915, and for the intercity exten-
-sions which linked the eastern cities by 1935. While experimental
work with mercury arc rectifiers was conducted prior to World war
I on a New Haven Railroad m.u. car, the type of mercury arc
rectifier available proved to be unsuitable. With Westinghouse's
successful application of the sealed ignitron mercury arc rectifier
to a Pennsylvania Railroad m.u. car in 1949 and to a locomotive
in 1951 (class E2c and E3b locomotives), the requlrement for low
frequency power changed. More recent developments with solid
state power switching make it possible to take-single phase a.c.
at any transmission frequency and convert it as required to drive
v1rtually any type of a.c. or d.c. traction motor, obviating the
earlier constraints on catenary power. :

The new design for the NEC electrification therefore
uses conventional 60 Hz power obtainable from the East Coast's
commercial power grld Approximately doubling the voltage to
25 kV from the original 11 kV level will reduce current by a
factor of one half permitting the greater power capacity requlred
for high performance and increased train density.
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The new electrification system also involves a signifi-
cant change in the manner of power distribution which may require
the addition of on-board primary switch gear and affect the
philosophy of fault interruption. These changes are perhaps more
significant than the changes in voltage and frequency.

Original Electrification

The original 25 Hz system from New York to Washington
and Harrisburg is supplied at six locations (originally seven)
from generators and frequency converters. One of these six
supplies handles the New York area directly while the other five
feed a complete single phase, 25 Hz, 132 kV distribution system
which parallels the railroad. From this transmission line, local
substations feed the catenary at 11 kVv. In addition to local
distribution of 25 Hz power to the substations, the transmission
line permits the transfer of power to relieve the load on any
generating station. Control is exercized from a central load
dispatcher in Phlladelphla who coordinates the operatlons of the
power dispatchers in New York, Phlladelphla, Baltimore, and
Harrisburg, and the four utlllty companies involved. Power can
be purchased at the most economical rates in large blocks from
the four power companies with the load distributed to minimize or
avoid peak demand power rates. The original electrification
system is schematlcally represented in Figure 2-1. A tabulation
of the four utility companies and the feed points to the 25 Hz,
132 kv distribution system is given in Table 2-1.

The catenary is sectionalized for fault isolation with
each section extending between two substations. Power is then
supplied to each section from the substations at both ends forming
a "double-end" feed arrangement. The 25 Hz single phase distribution
system therefore permits continuous operation of trains w1thout
interruption in the prlmary power supply.

New Electrlflcatlon

In contrast, the new 60 Hz system will be distributed
across the entire three-phase grid of many utlllty companies
without benefit of the private transmission line prev1ously
employed for load equalization. The eastern utility power grid
will serve this function instead, with power being purchased
locally by the railroad at each substatlon Power costs will be
governed by the peak demand load at each substation. Because the
power delivered to each substation will be small relative to the
large quantity presently purchased at the frequency converters of
the 25 Hz system, the railroad will no longer continue to receive
the benefit of bulk power purchases. The catenary will be electric-
ally sectionalized and adjacent sections may be connected to
different phases of the grid to assure proper load balance,
necessitating phase breaks between sections.
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TABLE 2-1

PRESENT UTILITY COMPANY SUPPLY OF 25 Hz POWER TO RAILROAD

Feeder Point to 25 Hz

Power Company 132 kV Distribution Line Notes
Consolidated Edison None Direct feed at 12 kv to catenary in New
York area. :
Metuchen, N.J. Supply through lines owned by Public
Service of N.J.
Philadelphia Electric
(single bill and rate for Richmond, Pa. Generating stations at Richmond and
combined power to 3 locations) Somerset, Pa. supply common step-up

transformers at Richmond.
(Arsenal Bridge, Pa.) Disconnected in Dec. 1971.

Lamokin, Pa.

Pennsylvania Power & Safe Harbor, Pa. 25 Hz distribution line connects
Light . Safe Harbor step-up transformers to
railroad transmission line at
- Perryville owned by PP&L and
: Balto. G & E.
Baltimore Gas Benning, Md.

& Electric



The phase break presents a unique situation not required
in the relatively simple electrical break used in the original
electrification for fault isolation or maintenance. With the
older section breaks, the ends of adjoining catenary sections
extend beside each other for a short distance with each contact
wire having a slight vertical ramp to permit the pantograph to
pass from one to the other. The momentary contact path between
~the two wires through the pantograph is of no concern as both
wires are energized in phase. With the new system, a difference
in phase may be present across the electrical breaks, and it is
vital that a pantograph must not bridge the gap cau51ng a phase
to phase short. The proposed new phase breaks utilize two insulated
spacers on which the pantograph travels W1th a short length of
wire between. This middle section of wire is grounded so that if
an arc is drawn by a pantograph it will discharge to ground in an
easily recognized ground fault. This arrangement is illustrated
in Figure 2-2.

The new 60 Hz system will be supplied at approximately

40 points between Boston and Washlngton Each substation will
feed two electrically isolated sections of catenary extending an
average of 5 to 6 miles in either direction from the substation.
Normally open tie breakers will be provided at intermediate
-switching stations at the extreme ends of the catenary sections

to permit feeding power through in the event of a substation
- failure. Most of the substations will have single 30 MVA single-

phase transformers connected across one phase of each supplying
utility company which feeds the three-phase power network. 1In
several heavy traffic locations two transformers will be provided
with one feeding in each direction. The supply to each segment
of catenary will therefore be of a "single-end" feed. The reason
for maintaining a phase break at the substatlon (rather than
using a "center" feed), is to permit energizing its two catenary
sectlons from the adjacent substations through the tie breakers
. in the event of a substation failure. Because the two adjacent
substations may be on different phases, it is necessary to prov1de
for a phase break. The new electrification system is schematically
represented in Figure 2- 3

One deviation from the objective of a total 25 kV power
supply is the 12.5 kV, 60 Hz re-electrification program on the
former New Haven Railroad between New York and New Haven which is
currently nearing completion. This 12.5 kV electrification was
planned by the states of New York and Connectlcut before the
inception of the NECIP program and may remain a permanent feature.
Additional deviations from the 25 kV plan are the numerous suburban
branch lines and freight lines which are expected to remain at
either 11 kV, 25 Hz or 12.5 kV, 60 Hz for the foreseeable future.
These condltlons along w1th the interim progression of re-electri-
fication along the NEC impose requirements for dual voltage and
dual frequency capabilities for virtually all vehicles.

To provide this dual voltage capability, the primary

circuits of vehicle transmormers must be arranged so that they
can be connected with the proper turns ratio to provide the

3-8



MESSiNGER

MESSENGER
INSULATION

ELEVATION VIEW

IKQENTERLINE OF SUPPORT

AN A

ANTI - TORSION

[

GROUNDING
WIRE

. d—

MEMBER > |
AUXILIARY °
AUXILIARY INSULATION
— e S - S I X MM
—‘____,,,,,_—— S SR £ | ——— EE;**“‘--»,~§§ AIR GLEARANCE
HANGER —ﬂ _L]

A Z N ,—-—J Z . — Az 41 j—— 2

TROLLEY GROUNDED T(ROLLEY l
| |
TROLLEY '.HE'PLACEABLE
SKIDS INSULATION | TIPS ON ARC TRAP SK'qs & ARCING HORNS
l ) PLAN VIEW OF CONTACT SURFACE ONLY \
g = “;‘aﬁ 3 l —/,a‘n'ﬁ‘;;r'—__mu——' S e i I /7"-

PHASE BREAK

FIGURE2-2



3%, 60 Hz2 COMMERICAL POWER GRID

POWER CO. X

POWER CO. Y

P |

POWER CO. 2

g
L

SUBSTATION

01-¢

PB
SWITCHING SUBSTATION SWITCHING
STATION WITH 2 TRANSFORMERS STATION

Power supplied by three phase, high voltage transmission lines of numerous
individual power companies along NEC.

Substations spaced at 10 to 12 mile intervals.
, Switching stations required midway between substations.
Phase breaks ;'PB" required at all substations and switching stations. -
Bus tie breakers at phase breaks kept normally open.
Metering points@ at each substation.

FIGURE2-3
SCHEMATIC REPRESENTATION OF PROPOSED 25 kV, 60 Hz NEC ELECTRIFICATION SYSTEM

SUBSTATION




desired secondary voltages. Because of the simple two to one

ratio of 25 kV and 12.5 kV when operating on 60 Hz, the trans-
formers may be equipped with two primary windings of equal size

. which are then connected in series for 25 kV and in parallel for
12.5 kV. Because of frequency related characteristics of the
transformers, equivalent secondary voltages are produced on 11

kv, 25 Hz, or on 12.5 kV, 60 Hz, and there is no switching required
for the frequency change. Actual transformer switching is accom= -
plished by an internally mounted tap changer. '

Voltage Change/Phase Break Negotiation

The new electrification arrangement will result in
approximately 80 electrical breaks in the catenary between Boston
and Washington at which a change in phase or voltage may occur.
Operation through these section breaks will make use of an auto-
matic control system and an on-board circuit breaker to deenerglze
the vehicle prior to passing between sections. Upon approaching
a section break the following sequence of events must be performed
by the automatic voltage change/phase break negotiation system.

receive wayside signal
. remove traction power in a jerk limited manner
open high voltage switch

At this point the locomotive or car is ready to cross
the catenary break without the danger of having the transformer
incorrectly connected for a voltage change and without drawing a
damaglng arc at the pantograph. Upon enterlng the second catenary
section the following sequence of events will be required of the
vehicle-borne system. _

measure voltage on catenary
assure correct transformer prlmary connection
. operate tap changer if required
.. close high voltage switch
. reapply traction power in a jerk limited manner

Construction of the section breaks will include a short
length of grounded contact wire between two insulators. This
will prevent development of a short between phases or between
different voltages in the event an equlpment failure causes an
arc to be drawn by a pantograph when leaving one section.

Although the propulsion load would be removed prior to
opening the high voltage circuit breaker, and reapplled after
reclosing the breaker, the supply to the auxiliary systems would
be turned off and on by the breaker. The effect on various
auxiliary loads will depend on the ability of rotary or solid
state head-end power converters to sustain these loads.

The on-board components requlred for a voltage change/
phase break negotlatlon system are the high voltage circuit :
breaker and the potential transformer for catenary voltage measure-
ment.
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3. LIGHTINING ARRESTERS

Background

The direct stroke theory of llghtnlng behavior, which
maintains that direct hits upon transmission llnes rather than
induced transient effects are the cause of major flashovers,
became an accepted principle in the 1930's. Protective measures
based on this theory have resulted in the appllcatlon of grounded
shield conductors running above power transmission lines. Both
" the ex1st1ng and proposed electrification system designs 1ncor-
porate this shleldlng In addition, a lightning arrester is
provided on each vehicle and substation to protect transformers
against overvoltage.

The principle of equipment protection is to parallel
the apparatus to be protected with a bypass circuit which will
break down at a rate of rise or a maximum level of voltage which
is less than the insulation capability of the protected apparatus.
Figure 3-1 represents these characteristics. The current resulting
from an overvoltage or transient will flow through the arrester
and the voltage drop across the protected apparatus will be below
its insulation characteristics. Because of the short duratlon of
transients the energy to be dissipated from the transient is
usually very small, however once a break down in the insulation
level has occurred the power circuit voltage will continue to
flow. This sustained flow will involve considerable energy. The
problem in arrester design therefore, is to provide both the
breakdown characteristic required to intercept a transient and
the ability to extinguish the succeeding power circuit arc.

Early electric locomotives on the Pennsylvania Rail-
road, such as the P5a, and the MP54 multlple unit cars in the El
through E4 propulsion configurations, utilized a simple impulse
gap arrester in which a projection on the pantograph frame was
located a specific distance from a solidly grounded surface. The
drawback to the air gap arrangement is that when set at a distance
where the power arc will be extinguished following a flashover,

- the breakdown voltage of the gap under the short time rise of
lightning or other surge may exceed the insulation characteristics
of the transformer it 1s intended to protect, thus permitting
serious damage to occur.

The development of a compact "valve type" lightning
arrester suitable for railroad application represented a signifi-
cant improvement. All of the equipment currently operating on
the NEC has such an arrester. In the valve type arrester an
impulse gap is placed in series with a non-linear resistance
element which exhibits the characteristic of having a negllglble
resistance at the high voltage of a surge and an increasing
resistance under the lower voltage current of the power circuit.
Because of this non-linear performance, the valve element permlts
the impulse gap to be set very close offering good protection
against over voltage. Once a flashover has occurred, the valve
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element reduces the sustaining arc current from the power circuit
to a level which is readily extinguished by the air gap.

Two examples of the valve element are General Electric's
"Thyrite" and Westinghouse Electric's "Autovalve". The Thyrite
element is a seml-conductlve ceramic material of proprletary
composition molded in discs which are stacked within the insulating
body of the arrester. The valve operation of the Thyrite may be
illustrated by the example of an 11 kV arrester passing an 8000 A
current when a surge of 80 kV is applied, exhibiting a resistance
of 10 ohms. When the voltage then falls to 16 kV the current
drops off to 27 A, exhlbltlng a resistance of 593 ohms and enabling
the air gap to easily extinguish the arc.

The Westinghouse Autovalve element, while also molded
in discs, differs in construction by having the discs separated
to form very small air gaps, either by surface irregularities or
thin mica spacers. The combination of discharge across the thin
air gaps and the material propertles of the Autovalve discs
provides a similar non-linear resistance.

Dual Voltage Protection

The only protectlon change requlred for the upgraded
Metroliners by the change in voltage and frequency is to replace
the 15 kV arrester with a 30 kV arrester as governed by the
parameters for the 25 kV electrification. This same change is
presently planned for other commuter cars and locomotives which
will be operating on the NEC.

There has been some discussion with regard to the
adequacy of protection afforded by a 30 kV arrester when the
transformer 1s connected for nominal 12 kV operation, since the
possible voltage gradients between windings under the impulse
conditions of a lightning strike or transient might be double the
level permitted with the 25 kV connection. 1In the case of the
Amtrak E60 locomotives, two 15 kV arresters are connected in
series with a switching arrangement to permit 15 kV protection on
the 12.5 kV connection. Sufficient space was available on the
E60 locomotive, but severe space limitations in the area between
the roof of ex1st1ng m.u. cars and the construction limit outline
force a simpler 1nstallatlon.

The justification for the single arrester approach is
that there is little change in the basic impulse insulation level
of the transformer regardless of the comnection (11 to 12.5 or 25
kV) since the impulse or rate of voltage rise gradients from the
windings and tap changer terminals to ground are considered to be
the llmltlng factors. Adequate protectlon can probably be provided
by a "station-class" arrester, (the highest commercial grade and
the most sophlstlcated type of arrester having the most rapid
response) which should exnlblt a basic impulse level below that
of the transformer when in low voltage connection.
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Whlle the transformer itself may receive adequate
protectlon from the single voltage arrester when connected for
the lower prlmary voltage, the transients induced in the secondary
windings will be twice the level they would be at the higher
voltage connection. This situation subjects semiconductor devices

in the secondary circuits to a higher risk of damage than would
otherwise obtain.
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4. CIRCUIT BREAKERS

Background

The evolution of high voltage circuit breakers has
progressed from oil filled, to airblast and inert gas filled
breakers (such as sulfur hexafluorlde), and more recently to
vacuum breakers. Vehicle application of oil or gas filled breakers
has not been considered because of the bulk involved leaving only
the airblast and vacuum breakers as candidates. Both of these
types are currently available in a form suitable for rail application
from several manufacturers.

Service experience seems to be largely dependent on
geographic region. The airblast breaker was applied to vehicles -
in Europe prior to the development of vacuum interrupter techno-
logy and has become the standard. Both vacuum and airblast
breakers have been in use for a number of years in Japan.

Vehicle borne primary c1rcult breakers were introduced
only recently in the U.S. General Electric used vacuum inter-
rupters on the E60 locomotives, the Silverliner IV commuter cars
for the Reading division of SEPTA, and the upgraded Metroliners.
EMD utilized airblast breakers and other electrical equipment by
ASEA on the GM6C and GM10B experimental locomotives which entered
revenue service in 1976. The two short term locomotive demon-
stration programs by ASEA and Alsthom for Amtrak in 1976 also
employed airblast breakers. The new EMD/ASEA type AEM7 locomotives
being built for Amtrak will have airblast breakers. The 50 kvV.
electrification projects in the U.S. and South Africa (both by GE
and licencees) use vacuum interrupters.

- Fault Interruption

With the existing 11 kV, 25 Hz system there are no
provisions for on-board circuit 1nterruptlon other than lowering
of the pantograph. Under fault conditions when wire height is
low, (tunnels) there is generally insufficient head room to break
the resulting arc by this method. A simple solution to this
problem was adopted by the use of rate-of-rise overload detection
at the substations to open the substation breaker before lowering -
the pantograph on the vehicle.

In this procedure, a deliberate ground fault is applied .
to the catenary by connecting the pantograph to ground with a
pneumatic ground switch. The resultlng current surge is recognlzed
by the substation protective devices and the wayside breaker 1s
opened. The level of fault current which obtains is limited by
.catenary impedance.

The substation breaker will reset automatically in 15
to 30 seconds. If the fault has not been cleared and the breaker
trips a second time, it will remain tripped until reset by super-
visory control.
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The circuit to control the pneumatic grounder is based
on a protective relay called the Pantograph Lowering Relay (PLR)
or, in the case of the GG-1 locomotive, the Pantograph Relay
(PR).

An overload or prlmary fault on a locomotlve or m.u.
car is first detected by the PLR which is connected to current
transformers in the primary circuit. Actlvatlng the PLR first
causes the pneumatlc ground contact to strike the pantograph
frame imposing a dead ground on the catenary. The resultlng
ground current is also measured by the PLR which maintains the
grounder against the pantograph and delays lowering the panto-
graph until the primary and ground current drops to zero, 1nd1cat1ng
the substation breaker has opened.

A mechanical latch which holds the moving contacts in
their normal operating position is released when the PLR has
moved to the fault position. After the primary and ground current
drops to zero (substation breaker open), the PLR contacts travel
past the normal position to the tripped position, releasing the
pneumatic grounder and lowering the pantograph. Manual reset of
the PLR to the normal operating position is required.

The pantograph relay (PR) employed on the GG-1 locomotive
is a somewhat more complex current measuring relay in that it has
two stages of overload protection. In the first stage or "partial
trip," the relay opens the motor and auxiliary circuit contactors
on the secondary side of the transformer. If the cause of the
excessive primary current is removed by this action, -then the
relay will remained tripped but will not activate the pneumatic
grounder nor lower the pantograph.  If a partial trip does not
remove the overload or if the overload is in the form of a violent
surge such as a transformer primary fault, then the relay progresses
to the “"complete trip" position actlvatlng the previously dlscussed
grounder and pantograph lowering sequence. ;

In the event of a dead short with the 25 Hz system,
substation transformer ‘internal impedance would limit the fault
current to a maximum of 30 kA if the short were applied dlrectly
across the transformer terminals. The single phase distribution
network and rotary converters which supply this network attenuate
the "jolt" of such a surge on the utilities. However, with the
new 60 Hz system 'such a "jolt" will be taken directly by the
supplying utilities. Statistically there are 2 or 3 substation
outages per day caused by locomotives or m.u. cars on the entire-
present system.

With the new electrification system, the sw1tch1ng time
for fault interruption will be increased substantially from the
present system. The existing 25 Hz system employs both an impulse
breaker set to trip at 5000 A on 1/2 cycle (0.02s) and a back-up
breaker which trips in 3 to 5 cycles (0.12 to 0.20s). with the
new 60 Hz system there will be no 1mpulse system and the breakers
will open in 3 to 5 cycles (0.05 to 0.08s).
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A fault with the new 60 Hz system could result in a
current approaching 20 kA based on one 30 MVA rated transformer
produc1ng a momentary low voltage fault of 500 MVA when shorted
dlrectly across its windings. Con51der1ng catenary connecting
wiring impedance, fault currents resulting from a vehicle failure
may be limited to 17.2 kA at a point adjacent to a substation or
less, dependlng on the distance from the substation. while the
new system will make use of 1mpedance measuring relays to provide
substation fault protection, it will be the function of the
vehicle circuit breaker to clear most on-board faults.

The circuit protection pr1nc1ple which has been applled
to newer electrification systems is to supply each vehicle with a
primary circuit breaker. In many cases these breakers have the
full rated capacity of the substatlon however this is not possible
in all cases.

On the German Federal Railways, where the maximum
catenary current is 700 A with a 15 kV system, the fault level
can be expected to be less than 200 MVA. The airblast breaker
applied to the ET403 train (an IPEEP candidate vehicle) is rated
at 200 MVA, 1nd1cat1ng that the cars have protection equalling
the full rated capacity of the system.

The French TGV lines, in contrast, have substations
with 60 MVA capacity and an autotransformer system for extended
distribution at 50 kV permitting substation spacings as great as
58 miles. Data on fault levels has not been made available,
however, it is safe to assume a level greater than the 500 MVA
capability of a 30 MVA transformers proposed for the NEC. In
this case the 300 MVA Brown Boveri type DBTF airblast breakers on
the TGV have less than the full fault capacity of the system.

The circuit breakers. applied to vehicles operating in
the NEC will generally not be able to handle the fault current
level of the catenary. The ASEA airblast breakers used on the
modified Rc4 demonstrator, the two EMD demonstrators, and the new
EMD AEM7 locomotives for Amtrak are rated at 250 MVA. The vacuum
interrupter applied to the upgraded Metroliner is rated at 4000 A

(100 MvA).
The consequence of a fault in excess of the on-board
breaker capacity will result in a sustained arc within the breaker
until the way51de breaker opens. - The operating characteristics
of the substation breaker will determine the duration of such a
fault and the quantity of energy released.

The Joslyn vacuum interrupter module of the type applied
" to the upgraded Metroliner has been tested at a sustained internal
arc of 20 kA for 10 cycles (0.17 seconds) without degradation of
the vacuum. Accelerated contact errosion can be expected in such
circumstances however the interrupter remains "undamaged". (No
comparable test data is available on the behavior of an airblast
breaker.)

3-18



The most serious consequence of a fault in excess of

- the on-board breaker capacity is not the damage to the breaker
but the energy released on the vehicle-usually in the transformer.
For safety reasons it is important to interrupt the fault as
quickly as possible regardless of where the interrupting is
performed _

During informal meetings with the NEC electrification
designers, serious objection was expressed to the continued use
of the pneumatic grounder because it places the most severe fault
condition on the substation transformers for every vehicle related
fault, regardless of the severity of the vehicle fault. The
mechanlcal force produced by the magnetic fields of the transformer
w1nd1ngs under high current levels causes elevated stresses on
the winding insulation and clamping. It is logical to assume
that this accelerates deterioration, however, it is impossible to
quantify the effect.

It should be noted, however, that the established
precedent of using the pneumatic grounder has not previously been
identified as a problem with the older 25 Hz system. The sub-
station transformers are approximately 40 years old and few have
required major repair work. Further, the occurrence of vehicle
faults represents only a small portion of the causes for sub-
station breaker trips (1 in 7). The hazard of releas1ng the
fault energy with a transformer on an MU car has previously been
dlscussed and must be considered.

A proposed arrangement to deal with the limited on-board
breaker capacity is to provide a protective relay which is set to
detect current levels slightly below the limit of the breaker and
arranged to inhibit operation of the breaker above that level.
Faults within the capacity of the onboard breaker would be handled
by that breaker. However when a fault in excess of the onboard
breaker capacity occurred, the breaker would remain closed until
the substation 1nterrupted the fault. Following interruption by
thglsgbstatlon, the onboard breaker would open to isolate the
vehicle

Taking this proposed arrangement a step further, the
present pneumatic grounder could be retained and actuated by the
proposed protective relay to assure tripping of the substation
‘breaker. Because of the location of the grounder and its short
circuit path from the pantograph to ground, this would offer  a
grotectlve shunt path for fault current around the vehlcle trans-

ormer.

Air blast Interrupters

The airblast circuit breakers which have been applied
to rallroad equipment operate on a two stage principle to provide
circuit 1nterrupt10n and tran51ent suppression. A current limiting
resistor 1s connected in series w1th an auxiliary contact and
operates in parallel with the main contacts. The breaking sequence
begins with the main contacts opening under whatever load or
fault current is present, drawing an arc between the contacts. A
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blast of air from a special reservoir is dlscharged between the
electrodes, cooling and extending the path of the arc, which
extlngulshes at the next zero voltage point of a cycle. The
resistor circuit remains closed across the main contacts moment-
arily to suppress switching surges, and is then disconnected by
the auxiliary contact to complete circuit isolation.

In designs such as the Brown Boveri type DBTF circuit
breaker the aux111ary contact is external to the airblast breaker
and is in series with the main airblast contacts. The main
airblast contacts are sprlng loaded and reclose after operating
momentarlly The aux1llary contact is a low speed mechanical
switch which opens sequentlally during opening of the main contact.
The suppre551on re51stor remains connected across the main contacts.
The auxiliary contact is used for circuit isolation and reclosing
the circuit in addition to 1nterrupt1ng the circuit through the
surge resistor. See Figure 4-1.

In the ASEA type HVA breaker the main and auxiliary
contacts are internal to the airblast unit and are mechanically
linked for sequential operation. A toggle mechanism holds the
contacts in either the open or closed position.

An important condition for operation of the airblast
breaker is that circuit interruption is dependent on maintaining
a sufficient supply of air to extinguish an arc. It is therefore
necessary to provide a dedicated air reservoir for this purpose
and to design safeguards to prevent closing the contacts unless
the reservoir is sufficiently charged, as well as to open the
breaker should the pressure fall to the minimum level required
for operation under the rated fault conditions.

To energize a vehicle it is necessary to have a supply
of air to close the breaker. In the case of the new Amtrak AEM7
locomotive (which has an ASEA airblast breaker and an -air raised .
pantograph) a battery powered auxiliary compressor is provided.
This type of compressor is also offered by BBC.

Another consideration is contamination of the air
supply to the breaker by either oil or moisture. It 1s not only
1mportant to prevent the accumulation of contaminants in air
lines and pilot valves and on insulator surfaces, but to prevent
contamlnants from 1ncrea51ng the ionization of the air blast
which i5 used to extinguish the arc. In humid climates, such as
the NEC, the air supply from an air compressor and after cooler
will have excessive moisture and require further drying with a
dessicant.

Vacuum Interrupters

Vacuum interrupter operatlon is dependent on the absence
of ionized gas in a vacuum which prevents an arc from being
sustained between contact tips through the zero current portion
of an a.c. cycle. The interrupter element consists of a fixed
contact and a movable contact both extending into a sealed
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-vacuum chamber composed of a ceramic or other insulating material.
A flexible bellows seal is provided for the operating rod. A
metal shield surrounds the contacts within the vacuum chamber and
serves to condense vaporized material from the contact tips and
to provide some shielding against the emission of X-radiation
during the operatlng cycle. This is a condition which may occur
when a suff1c1ently high voltage is applied across a gap in a
vacuum and is influenced by the material of the electrodes but
will not occur at rated voltage when the interrupter is in the
fully open position. Figure 4-2 shows a vacuum interrupter
element.

A vacuum interrupter circuit breaker is comprised of
one or more vacuum interrupter elements connected to an actuating .
mechanism with insulators. Several of these elements can be
connected in series to extend the voltage range of the breaker.
Both General Electric and Joslyn rate their elements at approxi-
mately 15 kV each, with a two-unit breaker rated at 34.5 kV used
for the nominal 25 kV electrification system. Figure 4-3 illus-
trates a vacuum circuit breaker.

The operating mechanism is a spring loaded device which

assures rapld contact separation when the breaker is opened. A
motor driven cam, a large solenoid, or a pneumatic cylinder
prov1des the opening and closing force. The closing sequence
first compresses the openlng springs before moving the contacts
to assure that the breaker is ready to trip. Some breaker designs
such as the pneumatically operated unit applied to the Amtrak E60
- locomotive have a separate trip function employing a solenoid
latch which permits a fast spring opening sequence. This is
faster than normal on and off operating speed and is used for.
overload protection.

A manual back-up operation, using a ratchet mechanism
to "“cock" the opening springs, may also be provided on some
models such as the Joslyn VBT breaker applied to SEPTA m.u. cars
on the Reading Division. .

The complete response time for opening of a vacuum
breaker (including sensing of a fault, -mechanical tripping of the .
breaker, and interruption of the arc) is on the order of 2 cycles
or 0.03 second. Actual interrupting time is within a half cycle
after the contacts have fully opened. -

Duty Cycle Rqulrements

Two factors which affect the service life on any elec-
trical switching device are the number of cycles of operation and
the current level involved. The mechanical wear of the circuit
breaker mechanism is virtually independent of the current involved
while the contact erosion is proportional to the current inter-
rupted and duration of arc. With approximately 80 section breaks
between Boston and Washington and the layover and terminal inspection
and test operation, the circuit breakers will be subjected to an
average of 82 operating cycles per one way trip.
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Based on the current Metroliner utilization of 12,000
to 15,000 miles per month, the number of circuit breaker cycles
can be projected to vary from 2158 to 2698 per month. When the
34 upgraded cars are placed in service, the burden of the runs
will be placed on them with an expected usage extending to 16,000
miles per month, corresponding to 2877 breaker cycles. Since
this mileage w1ll be accrued between the scheduled shop periods
for monthly inspection and maintenance, the circuit breaker must
be able to withstand at least thls duty cycle without adjustment
or repair.

. Because the normal operating sequence will begin by
remov1ng propulsion power at a jerk limited rate, the current to
be interrupted by the primary breaker will usually be limited to,
only the aux111ary level. Even though this current is quite low,
the frequent cycling of the breaker at phase breaks will tend to
produce fairly rapid mechanlcal wear.

. In the case of vacuum interrupters, both General Electric
and Joslyn have tested their vacuum contact assemblies to 60,000
cycles. Joslyn gives a pro-rated guarantee of 40,000 cycles at
rated current on their VBT breaker. A projected life expectancy
of 100,000 cycles under very small loads has been discussed but
cannot be assured since there is no substantlatlng test data.
Presumably at that time the operating mechanism would be rebuilt
and the contact assemblies replaced. The extent of contact wear
can be determined by measuring the travel required by the moving
contact. Adjustments are made as necessary up to the condemnlng
limit. Contact life is affected both by the mechanical action of
opening and closing and by the erosion of the current interruption.
Because contact erosion is an inverse function of the current,
the occurrence of faults will greatly reduce the service life of
the contacts when compared with the life expenctancy under normal
vehicle auxiliary loads. As the current levels will normally be
quite low, it is ‘quite possible that the fatigue life of the
metal bellows seal on the contact assembly will be the controlling
factor for overall service life of the unit. The life of the
bellows is greatly affected by the speed of operation, particularly
the mechanical shock of fast operation.

The appllcatlon to the upgraded Metrdllner is an example
of a slow speed vacuum interrupter intended for maximum cyclic
life. A motor driven Joslyn VBT breaker rated at 4 kA maximum
1nterrupt1ng current and 600.A continuous capac1ty was used.

This breaker consists of a machlnery housing with two vacuum
contact elements mounted on insulators and connected in series

for a rating of 34.5 kV. (It should be noted that other Joslyn
commerc1al interrupters with 600 A contlnuous rating are given
maximum 1nterrupt1ng current ratings varylng from 3 to 8 kA,
dependlng on the circuit characteristics of the particular appll-
cation). Because the current rating of the breaker is well below
the 17.2 kA potentlal fault current from the catenary, no attempt
was made to use this breaker for fault 1nterruptlon on the upgraded
Metroliners. Instead, the old pneumatic ground switch and pantograph
lowering sequence (as applied on the 25 Hz electrification) has
been retained to trip the substation breaker.
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This arrangement presents an apparent conflict with the
fault protection phllosophy outlined in the task 204 report of
the NEC electrification program and will require resolution. The
reason for selecting a breaker of 4 kA capacity is that larger
size breakers, such as the one applied to the Amtrak E60 loco-
motives, are too large for application on the roof of an m.u.
car. The same space restrictions also limit the size of airblast
breaker which can be applied. Retention of the pneumatic ground
switch is also in conflict with the 60 Hz substation circuit
breaker design which makes use of a slower responding impedance
measuring method of fault detection as compared with the rate-of-
rise detection with the 25 Hz system.

ASEA rates the HVA series airblast breaker (which is to
be applied to the new EMD AEM7 for Amtrak) at a mechanical life
of 100,000 cycles without part replacement. Considering part
replacement such as contacts and rubber-seals, the service life
is projected to be in the order of 200,000 to 300,000 cycles.

The normal maintenance cycle calls for dlsassembly, cleaning,
lubrication, and repair after 10,000 cycles which corresponds to
somewhat more than three months of projected NEC service (as
discussed previously). This, of course, is based on operation of
the breaker at reduced loads. .Service life of the contacts under ...
load or fault conditions will be shortened by erosion. The
recommended inspection interval is reduced for operation under

load and is 500 operations at rated current of 630 A, 50 opera-
tions at 2.5 kA, and 15 operations at 5.6 KA. (The maximum
interrupting capac1ty is 8.3 kA.)

Comparison

Circuit interruption entails a transient voltage oscilla- .
tion which occurs in an inductive device such as a transformer
when it is disconnected. The inductive discharge of the . transformer -
produces a potential opposite to the line potential, resulting in
a-voltage across the breaker which could be as much as three
times the line potential. 1In the case of a transformer under
load, the resistance of the load will tend to dissipate the
1nduct1ve discharge of the transformer, however, if there is no
. load this transient voltage may be higher.

In order to control such transients, the airblast
breakers applled to rail vehicles are arranged as two step switches
with resistance in parallel with the main contacts for the initial
step in the opening operatlon. In this way current 'is reduced to
a low level before interruption takes place. Arc extinction 1s
usually within one or two half cycles.

The vacuum interrupter does not have a transient suppres-
sion function and some concern has been expressed for the effect
that rapid circuit interruption has in produc1ng transients which
may affect power semiconductor devices in the propulsion system
and even carry over to the battery circuits and control devices.
Foreign equipment suppliers provided several reactions on this
subject to IPEEP representatives. ASEA expressed its concern
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that with a vacuum interrupter, circuit interruption may occur
before the zero current point and that contacts bounce on closure.
Both of these conditions can produce transients which may be
avoided by the use of airblast breakers. Brown Boveri also
indicated their preference for the airblast breaker which has
extensive service experience and expressed no interest in vacuum
interrupters which they feel would produce unacceptable transients.
Alsthom also indicated a preference for airblast breakers.
British Rail Engineering representatives expressed concern over
problems they were encounterlng with vacuum 1nterrupters on the
APT prototype and indicated they were considering a change to
airblast units.

In sharp contrast to the above testimony, Hitachi
(which makes both airblast and vacuum interrupters) expressed
confidence in their vacuum interrupter, having placed 590 units
in service on the New Tokaido Line as early as 1968.

Information recelved in informal meetings with General
Electrlc representatives indicates that the type of transformer
used in m.u. cars and locomotives will not "ring" at the high
frequencies and voltages which are characteristics of such a
transient. The design of transformers with sufficient core
material for 25 Hz operation contributes a very high 1mpedance to
the rate of voltage rise accompanylng transient conditions. The
results of the test programs with the E60 locomotives, the SEPTA
Silverliners on the Reading Division, and the upgraded Metrollners
have indicated that there 1s no hazard to semiconductors in
secondary circuits. - Service experience with the E60 confirms
these conclusions.

The primary reasons for selecting vacuum interrupters
for NECIP vehicle conversion as opposed to airblast breakers was
the longer interval between maintenance events afforded by the
vacuum interrupter and the resultlng lower pr03ected maintenance
cost. Initial cost of an airblast breaker 1s also higher than
for a vacuum interrupter.

High Voltage Fuses

Part of the primary fault protection-system on the
newer commuter m.u. cars operated by NJDOT and SEPTA on the NEC
and connecting electrlfled lines, is the addition of a special
high voltage fuse. ' These cars have not as yet been equipped with
primary circuit breakers and a voltage change/phase breake nego-
tiation system, although they were built with dual voltage trans-
formers. The reason for the high voltage fuse is best explained
by tracing the history of its application in a retrofit program.

A severe internal fault in a transformer often creates
a shock wave within the cooling fluid which cannot be relieved
fast enough through the normal pressure vents. As a result, the
transformer tank walls are bulged and tank welds are broken.
Such a violent mechanical reaction under an m.u. car is rather
frightening to passengers and potentially hazardous as consider-
able energy is involved.
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In July, 1974, a number of the 214 Silverliner IV and
Jersey Arrow 1l cars experlenced violent transformer failures in
which the primary W1nd1ng arced to ground near the "line end"
without the current limitatfon of the transformer 1mpedance
Design and manufacturing problems were blamed for the failure of
at least 28 transformers which necessitated an expensive rebuild
program under warranty. At that time, a primary fuse was installed
on all of the cars in order to prevent fault currents from reaching
catastrophlc proportlons. Even with the fuse, there was a later
incident in which a transformer faulted, bulging the tank, breaking
tank welds, and blowing the fuse.

Application of fuses became a recommended practlce.
However, in reviewing this recommendatlon and considering the
fact that no other equipment built in the U.S. used such fuses, ,
Amtrak rejected its application to the upgraded Metroliners. The
upgraded cars have a vacuum 1nterrupter and retain the pneumatic
grounder to provide fault protection since the 4000 A rating of
the vacuum interrupter is substantially less than the possible
fault current.

It should also be noted that the foreign equipment.
designs reviewed by IPEEP do not make use of such fuses nor do
they use pneumatic grounders, but rely entirely on the on-board
circuit breaker and its protective relaying. The air blast
breakers applied to the German type ET403 m.u. equipment have a
rated capacity of 10,000 A, which is probably equal to that of
the substations on the German 15 kV electrification but would not
meet the new NEC requirements.

The addition of primary tap changers to car and loco-
motive transformers provides an internal location where the line
and ground terminals are placed in close proximity in a manner
not occuring on previous transformers. The chance of a failure
in the contacts of the tapswitch increases the potential for a
short circuit between the line side and ground without the current:
limiting effect of transformer impedance. This is far more
severe than a short between turns and may even be introduced as a
consequence of an overload caused by shorted turns. 1In view of
this increased chance of catastrophic failure and the inability
of the primary circuit breakers on m.u. cars to handle full
catenary current, it appears to be reasonable to add the fuse on
m.u. cars.
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5. POTENTIAL AND CURRENT MEASUREMENT

Current Measurement

Measurement of primary current is used for transformer
overload protection and is accomplished with a current trans-
former in which a voltage is induced in the secondary winding
which is proportional to the current flow in the prlmary The
current transformers commonly used for high voltage railroad
equlpment are of the "window type" in which the secondary winding
is assembled on the magnetlc core and completely insulated, and
an opening or window is provided for the primary conductor to
pass through. For dual voltage operation, a tapped secondary is
provided so that the sensitivity of the transformer tan be reduced
when operating on the higher current levels associated with the
lower voltage.

On present NEC m.u. cars, a single current transformer
is used to measure the high voltage current for overload protec-
tion. The current transformer is mounted around a short copper
tube through which the high voltage lead from the pantograph
circuit to the main transformer is routed. This tube serves as
the ground path from the pneumatic grounder which functions to
trip the substation breaker for fault interruption (See section
4) and permits the PL relay to measure both the ground and trans-
former currents. After a fault trip of the grounder, the pantograph
lowering circuit delays until the combined currents disappear,
indicating that the substation breaker has opened, before lowering
the pantograph -and relea51ng the grounder.

A second protectlve functlon of high voltage and ground
current differential protection is provided on most locomotives
in the NEC and on one of the IPEEP candidate m.u. car designs
(The German ET403). An additional pair of current transformers
are applied to the high voltage and ground connections of:the
main transformer and arranged, with a relay circuit, in a~"buck"
connection in which the two currents cancel each other The
differential protection circuit detects only an unbalance in
primary current caused by an internal main transformer failure
and is not affected by the normal current but only by the level
of insulation leakage or failure. The differential circuit is
therefore not affected by a conversion to dual voltage operation.

The only change in current measuring circuits necessi-
tated by dual voltage operation is to apply a dual range or
tapped current transformer and provide relay contacts in the
propulsion control logic to select the range which corresponds to
the main transformer primary tap changer position. The size and
construction of a tapped current transformer remains unchanged
from the single range type with the only difference being an
additional terminal and connectlng wire.
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Potential Measurement

With a s1ngle voltage system the only purpose of catenary
voltage measurement is to_detect abnormal low limits at which
point propuls1on and aux1llary loads are reduced to minimize
power consumption. This is done both to protect vehicle equipment
and to unload the substation in the event of difficulty. This
function is easily implemented by a relay circuit operating on
one of the secondary windings of the main transformer and may be
retained for the same protective function with a dual primary
voltage system.

The introduction of a dual voltage electrification
requirement necessitates on-board catenary voltage measurement to
assure correct tap changer p051t10n. This measurement must be
made while the main transformer is disconnected by the primary
circuit breaker while passing through a voltage change/phase
break in the catenary.

Two basic approaches to potentlal measurement are
available based on commercial power techniques. Either a potentlal
transformer operating directly from the high voltage -circuit or a -
combination of capac1t1ve coupling with a potential transformer:
may be used. The directly coupled potential transformer is a
small capacity step-down transformer which reduces the line
- voltage to a level suitable for instrumentation. Unfortunately,
while very accurate from the standpoint of voltage measurement
and frequency response, the potential transformer is very large
because of the insulation level required. An example of this is
a transformer for 25 kV operation made by Hitachi which occupies
an area approximately 21" x 38", stands 21" high, and weighs 463
lbs. This is much heavier than an airblast breaker and almost
twice the weight of a vacuum interrupter.

The combination of a capacitive coupling with a much
smaller potential transformer offers considerable reduction in
bulk and weight of equipment.

An example of this type of circuit is the arrangement
applied to the upgraded Metroliners. Figure 5=1 is a photograph
of the capacitor and transformer which are mourrted on the roof,
forward of the pantograph.

Catenary voltage is applied to the top terminal of the
capacitive divider and is reduced by a factor of 7.5:1. The
intermediate voltage is taken from a terminal on the bottom of
the capacitor unit and connected to the primary winding of the
potential transformer. The potential transformer has a turms
ratio of 30:1, giving an overall ratio of 225:1. The potential
measuring relays in the voltage changeover loglc then operate on
a signal range of less than 115 volts. Equipment weights are 90
lbs. for the capacitor unit and 44 lbs. for the transformer.
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CAPACITIVE DIVIDER AND POTENTIAL TRANSFORMER
AS APPLIED TO UPGRADED METROLINER
FIGURES -1
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6. BUS COUPLINGS

Background .

Interest in primary bus coupling between cars or loco-
motives operatlng as multlple units stems from the problems
encountered with the operation of multiple pantographs, partlcu-
larly at high speed. (Pantograph/catenary interaction is discussed
in another IPEEP paper prepared for the FRA). Because of the
obvious safety hazards of handling 11" to 25 kv, manually applied
jumper cables present a time consuming operatlonal problem.
Automatic bus couplers therefore offer an attractive solution.

North American practice has generally neglected busing
for high speed operation but has used such devices at lower
speeds, ostensibly to reduce wear. The few moderate to high
speed appllcatlons have been limited to the use of jumper cables
to bus cars in pairs within a train. The Metroliners have bolt-on
jumper cables between the adjacent non~cab ends of cars to permit
use of only one pantograph for each of two otherwise independent
cars. ngh performance commuter m.u. cars having independent
propulsion systems but a dependent or "married pair" set of
auxiliary systems have only one pantograph per pair with a bolted
jumper cable between them. Examples are the New Jersey D.O.T.
Jersey Arrow II, SEPTA Silverliner IV, and the MTA and CDOT type
M=-2. :

Automatic Bus Couplers

The only North American appllcatlon of automatic bus
couplers on m.u. cars is on the older Reading Company commuter
cars (now owned by SEPTA) in Philadelphia suburban service. A
picture of one of these cars is given in Figure 6-1. These cars .
have a spring loaded buffer device on roof mounted insulators at
each end of each car which is pneumatlcally extended to a contact
pos1t10n or retracted for bus isolation. A connecting bus bar,
which is also on insulators, is tied directly to the transformer
and pantograph. When the cars are coupled and the main air
reservoir hose connections- are made-up, the buffer faces of the
connectors on adjacent cars are automatically extended to complete
the c1rcu1t The bus connectors can also be retracted to 1solate
a car in the event of a fault. When cars are bussed together in
a train, the bus connectors are controlled by the pantograph
lowerlng relay circuits (See Section 4) and are retracted follow1ng
substation circuit breaker operation by the car-borne pneumatic
grounder. Operating practices call for use of two pantographs on
a train of two to seven cars and four pantographs for trains of
eight to twelve cars. Pantographs on both ends of the train are
used on the SEPTA Reading division.

The Great Northern Railroad, which also had an 11 kV,
25 Hz electrified division, made use of similar bus connectors
which were added to the class Y-1 dual-service locomotives to
reduce wear and arcing, particularly in severe weather. These
engines were later sold to the Pennsylvania Rallroad however the
bus connectors were removed.
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SEPTA M.U. CAR WITH AUTORIATIC HIGH VOLTAGE BUS COUPLER

FIGUREG -1




The German ET403 m.u. trains which was reviewed as an
IPEEP candidate vehicle has an automatic bus connector manufac-
tured by Brown Boveri. This device is illustrated in Figure 6-2.
The coupler head has a spring loaded telescoping shank which is
supported in a pivoted yoke to accommodate relative movement
between carbodies. Two gathering horns project from each coupler
head on a diagonal to provide alignment on curves of 820 ft.
radius- (7° curve) and to compensate for height variation.

The bus coupler is rated at 700 A continuous capacity
with the qualification that air flow from train movement will
maintain the desired operating temperature under high ambient
temperatures. Since the catenary of the German Federal Railroad
is rated at 700 A (at 15 kV, 16 2/3 Hz), there is no concern for
potentail damage to the bus coupler when using two pantographs,
thus placing the bus connection in parallel with the catenary.

Surge tests of the coupler have demonstrated its ability
to withstand 27 kAs of energy, applied for a duration of 80 ms,
without contact welding. Welding occurred at 39 kAs but the
contacts are said to have sustained no permanent damage and
functioned properly after separation of the weld. 1It is felt
that this is adequate to survide a fault on the ET403 until a
circuit breaker interrupts the current.

while the ET403 mounting insulator used is for 15 kV
operation, a change for 25 kV operation should present no problem.

The use of bus couplers introduces the possibility of
bridging catenary sectionalizing insulators should more than one
pantograph be raised. With the existing single phase power
distribution bus tie breakers are normally closed bypassing the
insulators and there is no potential problem.. With the introduc- .
tion of phase breaks and voltage changes planned for the NEC, the
potential for serious faults would exist. Trainlined interlocking
circuits would be required to preclude such an error.
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7. INSULATION & MOUNTING

General

Because of the voltage transients (such as lightning)
Wthh may occur in the catenary transmission, it is necessary to
maintain a high level of insulation in the prlmary circuit.
while devices such as llghtnlng arresters and prlmary switchgear
may be mounted within locomotive carbodies, it is considered
mandatory practice to keep these devices external to a passenger
carbody for safety in the event of an electrical fire. Roof
mounting of this equipment also offers less hazard of an elec-
trical fire progressing into the passenger compartment than with
underfloor mounting and avoids an unprotected cable run through
the car body.

The pantograph supports, lightning arrester, primary
switch, and terminator for the transformer lead-in cable are all
constructed with porcelain insulators having a long surface path
to ground to prevent leakage or flashover.

A second insulation consideration is the "strike dis-
tance'" between high voltage equipment and the grounded carbody
surfaces. The pantograph frame and mechanism, and any bus coupler
or bus bar arrangement must all be located with sufficient clear-
ance, not only to prevent an impulse flashover, but to. preclude
accumulation of snow and ice from closing the gap. The criteria
observed with prev1ous 11 kV equipment was generally 6 inches
clearance with 4 inches permitted under certain circumstances,
however with the increase to 25 kV, a distance of 8 inches must
be maintained. By way of comparison, the German Federal Railways
uses a gap of 5.9 inches with their 15 kV system.

The mountlng of high voltage devices on the roof of a
car presents a serious aerodynamlc problem as the bulk of insula-
tors and components offers considerable turbulence inducing
frontal area. Because of the insulation level required and the
potential problems with snow accumulation this equipment cannot
easily be faired into the carbody.

The German ET403 trainset, which was ‘reviewed as an
IPEEP candidate train, has a considerable amount of roof-mounted
equlpment including dynamic brake resistors, pantographs, alrblast
circuit breakers, and automatic bus couplers. This apparatus is
arrariged as close to the roof as possible and partly concealed
from the sides by extensions of the car sides. This treatment is
basically an esthetic consideration which forms an equipment
trough running the length of the roof but does little to control
the air turbulence caused by the projecting equipment. Figure
7-1 shows two views of the roof of the ET403.

The obvious dlsadvantage to extendlng the top of the
sides in this manner is that it facilitates the accumulation of
wet snow which could ground the high voltage apparatus or, worse
still, permit a short between the high voltage bus bar and the
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END OF CAR ROOF SHOWING BUS COUPLER, AIRBLAST BREAKER,
POTENTIAL TRANSFORMER, LIGHTNING ARRESTER, AND LEAD-IN TO TRANSFORMER.

e

. ROOF EQUIPLENT ON GERMAN ET403
FIGURE 7-1 :
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dynamlc brake resistors. In view of the history of snow problems
in the NEC which has plagued the Metroliners and even affected
GG-1 locomotives, such an esthetic practice should probably be
avoided.

The French TGV train set, which was also reviewed as an
IPEEP candidate train, has a fairly streamlined arrangement of
roof mounted equipment. The power cars {(or locomotives) are
located at both ends of an articulated train set and have a bus
cable to permit operation on one pantograph. Because of the
unlque dual power operatlon on the existing 3kv d.c. electrifi-
cation within the cities and the new 25 kV, 50 Hz a.c. electri-
fication on the high speed lines, each power car has two different
pantographs.

Fairings are provided on the power car and on the
adjacent car of the articulated car set to prov1de a windscreen
ahead of and behind the pantographs to minimize turbulence.

While a considerable amount of equipment including an airblast
breaker and terminals must be left exposed, the installation
represents the most streamlined installation of any of the IPEEP
candidate trains. An insulated bus cable clamped directly to the
car roofs is provided to avoid the protruding insulators normally
associated with a bus bar.

Installatlon of roof equipment on the upgraded Metro-
liner is a conversion which represents many compromises. It is a
"poor" example of the layout and installation of equipment because
it combines the original pantograph and high voltage lead-in
cable installation, the roof mounted dynamic brake resistor
arrangement developed by a research and development program of
1973, and the more recent requlrement for a primary circuit
breaker and potential measuring device. Much of the mounting
hardware is not an integral part of the structure but external
add-on supports. Cable routing is circuitous because of the _
placement of devices in the available space and clearance restric-
tions. A view of the roof is given in figure 7-2 showing, in
partlcular, the vacuum interrupter installation.
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speed allowed at that location) to open its primary circuit
breaker in the interval between detection of marker M2 and entrance
into the phase break. Ideally the vehicle receiver should be
located in the same longitudinal position as the pantograph shoe,
however, this is not practicable with any existing vehicle in the
NEC. Pantographs are usually located close to truck pivot points
to avoid lateral misalignment with the catenary. The truck
itself precludes locating the receiver below the pantograph
because of space limitations. Consideration must also be given
to magnetic interference with the marker/receiver systems caused
by the mass of truck components and motors.

For a single m.u. car which does not employ high voltage
bus jumpers, the receiver will be located inboard of the truck at = -
the pantograph end. This results in a longitudinal offset between
pantograph and receiver of about seven feet. Other types of
" vehicles have greater offsets. In order to determine the location
of wayside markers, allowance must be made for the "worst case"
situation; that is the class of vehicle having the greatest
offset. Figure 3-7, part A, illustrates a single m.u. car at a
phase break showing the offset of the pantograph and receiver and
the remaining distance available for "reaction" time of the VC/PB.
system before entering the phase break. Succeeding parts of this
flgure illustrate other m.u. car and locomotive pantograph and
receiver arrangements. '

-

Locomotives with closely spaced pantographs (such as
the E60 and E44) present a situation nearly identical to that of
the single m.u. car, as shown in part B of Figure 3-7. When a
locomotive (such as the AEM~-7) has widely spaced pantographs a
compromise location of the receiver may be used to avoid the need
for two separate sets of receivers. This is illustrated in
part C of Figure 3-7. ‘ '

Married pair m.u. cars which have a single pantograph
mounted on one car of the pair are treated in the same manner as
a single car. Part D of Figure 3-7 illustrates this arrangement.
A common primary circuit breaker located on the pantograph equipped
cars feeds the transformers on both cars and is controlled by one
VC/PB systen. -
Separate cars (such as the Metroliners) which use a
high voltage bus cable to permit two cars to share one pantograph: .
present a more complicated situation. The VC/PB system can
either be allowed to function separately on both cars of the
bussed pair, accepting the error in pantograph location, or the
VC/PB system on the car with its pantograph raised can be used to
control both vehicles. The latter arrangement would require a
number of additional trainline connections at the bussed ends.
For this reason the first arrangement appears to be more suitable.
This is illustrated in part E of Figure 3-7.
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1. SUMMARY

The new electrification system for the NEC will distri-
bute the single phase railroad loads across the three phase
commercial power generation systems of the various utility companies
between Boston and Washington. This introduces the need for
phase to phase separation or phase breaks which is not a feature
of the older single phase electrification between New Haven and
Washington. The phase breaks will occur at an average of 7 mile
intervals and will require that all powered vehicles be able to
disconnect all propulsion and auxiliary loads while traversing
each phase break.

During construction of the new electrification system,
it will be necessary for all vehicles to have transformer charac-
teristics and primary connections to permit operation on both:
frequencies and voltages. With the New York to New Haven segment
of the NEC presently being converted to 12.5 kV, 60 Hz, this will
involve three combinations of frequency and voltage requiring one
transformer connection for 11 kV, 25 Hz or 12.5 kV, 60 Hz, and a
second connection for 25 kV, 60 Hz.

.The design of the new electrification system has progressed
to the point of defining certain vehicle requirements for operation
in the NEC including the application of automatic voltage change/phase
break (VC/PB) negotlatlon systems and the application of high
voltage prlmary circuit breakers for vehicle transformer switching
and protection.

Catenary voltage detection and protective control will
be required to permit connecting the transformer for the proper
voltage range and to prevent application of excessive voltage to
the transformer when configured for the lower voltage range.

The basis for the decision to employ on-board high
voltage primary breakers in the NEC includes two considerations
other than fault protection. The first is that the alternative
approach of interrupting the auxiliary loads with the pantograph
as it passes from the contact wire across an insulator would draw
an arc which could cause erosion at the end of the wire and
arc~tracking of the insulator. This would lead to higher mainte-
nance of the catenary elements. Failure to remove propulsion
power before entering the phase break would greatly aggrevate the
situation. The second concern is that voltage changes will occur
on the various routes on which the vehicles may operate (even
after corridor conversion is complete). This will require that
the vehicles be able to change transformer primary connections
"on the fly". On-bocard catenary voltage measurement and assurance
of correct transformer connection is considered mandatory prior
to energizing the transformer in order to avoid apparatus damage.
To comply with this requirement the transformer must be discon-
nected from the pantograph circuit until catenary voltage has
been measured, the transformer configuration checked, and the
transformer reconfigured if necessary.
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Both manual and automatic negotiation of voltage changes
and phase breaks have been considered. The decision to use an
automatic system is based on a number of factors including the
frequent occurrence of voltage changes or phase breaks at an
average of 7 miles corresponding to average intervals of 4 to 5
minutes at the proposed NEC schedule. It is felt that manual
operation of the voltage change/phase break system (VC/PB) at
this frequency would cause an undersirable distraction which
would invite error and divert attention from other operator
functions.

In preparation for re-electrification of the NEC,
specifications have been prepared for an automatic voltage change
and phase break negotiation system. This system is being in-
corporated in the specifications for converting existing m.u.
cars and locomotives for dual voltage/frequency operation as well
as for new equipment. General Electric originally developed a
VC/PB system having a control sequence which differs from the -
modified GE system now in the specifications. The original
arrangement has been applied to the upgraded Metroliners, however,
neither system has as yet been adopted. The original GE system
was developed before requirements to minimize the time of auxiliary
power interruption were imposed to prevent light flicker at low
vehicle speeds. Comparative test simulations performed with
upgraded Metroliners have demonstrated substantial.reduction in.
auxiliary power interruption time with the modified GE system as
compared with the original GE system.

A description of the operation of the automatic VC/PB
system and the protective functions which it performs is presented
in this paper to explain the vehicle compatablllty requirements
imposed by the NEC Improvement Program.

In keeping with the wayside electrification design
criteria, a revised arrangement of vehicle overload protection is
also planned. This arrangement takes advantage of the high
voltage primary circuit breaker added to each powered vehicle for
phase break and voltage change switching.

Because of the expense involved in conversion for dual
voltage/frequency operation, many commuter carS may remain unchanged
even after the basic corridor electrification conversion is.
complete. These cars would remain in suburban service in Phlladelphla
on the former Reading lines and some of the former Pennsylvania
branch lines which can be expected to remain electrified at
11 kV, 25 Hz. Certain commuter routes through Philadelphia would
remain at 11 kV to permlt unmodified equipment to enter the
suburban stations which are separate from Amtrak. The poss1b111ty
of misrouting of trains (which occurs with somewhat embarrassing
frequency) could subject unconverted cars to overvoltage and
overfrequency. Vehicle protection must therefore be considered
for the unconverted cars.



2.  INTRODUCTION

NEC Electrification Conversion

The program for replacing the present single phase
11 kV, 25 Hz electrification system in the NEC with a 25 kv,
60 Hz system operating directly from the commercial three phase
60 Hz network involves significant changes in the power distribu-
tion and the addition of vehicle-~borne equipment not presently
required. The distribution of the single phase loads across the
three phase commercial network may place adjacent catenary substations
on different phases. Thus vehicles will be required to disconnect
electrical loads before crossing the insulated phase breaks in
the catenary. This function will require the addition of high
voltage switch gear and control equipment. In some locations a
voltage change will also be involved and this will require the
additional on-board function of transformer primary tap changing.

The phase breaks present a unique situation not required
of the relatively simple electrical air breaks used in the original
electrification for isolation of faults or maintenance sectioning.
wWith the older section breaks, the ends of adjoining catenary
sections extend beside each other for a short distance with each
contact wire having a slight vertical ramp to permit the pantograph
to pass from one to the other. The momentary contact path between
the two wires through the pantograph is of no concern since both
wires are energized in phase. With the new system, a difference
in phase may be present across the electrical breaks, and it is
vital that pantographs not be permitted to bridge the gap causing
a phase to phase short. The proposed new phase breaks utilize
two insulated spacers at each end of a short length of grounded
wire to provide an isolated path for the pantograph. The middle
section of wire is grounded so that if an arc is drawn by a
pantograph it will discharge to ground in an easily recognized
ground fault. This arrangement is illustrated in Figure 2-1.

A deviation from the objective of a total 25 kV power
supply is the 12.5 kv, 60 Hz re-electrification program on the
former New Haven Railroad between New York and New Haven, now in
progress. This 12.5 kV electrification was planned by the states
of New York and Connecticut before the inceptien of the NECIP
program and may remain a permanent feature. 1In the course of
upgrading work on the corridor, improvements will be incorporated
in the 12.5 kV electrification which will be directed toward
eventual conversion to 25 kV. Additional deviations from the
25 kV plan are numerous suburban branch lines and freight lines
which are expected to remain at either 11 kV, 25 Hz or 12.5 kV,
60 Hz for the foreseeable future. These conditions along with
the interim progression of re-electrification along the NEC
impose requirements for dual voltage and dual frequency capabilities
for virtually all powered vehicles.

To provide this dual voltage capability, the primary

circuits of vehicle transformers must be arranged so that they
can be connected with the proper turns ratio to provide the
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desired secondary voltages. Because of the simple two to one

ratio of 25 kV and 12.5 kV when operating on 60 Hz, the trans-
formers may be equipped with two primary windings having identical
impedance (but different insulation levels) which are then con-
nected in series for high voltage (25 kV) and in parallel for low
voltage (12.5 kV). Because the impedances at 11 kV, 25 Hz and at
12.5 kv, 60 Hz are identical, equivalent secondary voltages are
produced and no switching is required for this voltage and frequency
change. Transformer switching between the high and low voltage
connection is accomplished by an internally mounted tap changer. -

Voltage Change/Phase Break (VC/PB) Negotiation

The new electrification arrangement will result in
approximately 63 electrical breaks in the catenary between Boston
and Washington at which a change in phase or voltage may occur.
Operation through these section breaks will make use of an auto-
matic control system and an on-board circuit breaker to deenergize
the vehicle prior to passing between sections. Upon approaching
- a section break the following sequence of events must be performed
by the automatic voltage change/phase break negotiation system.

receive wayside signal '
remove traction power in a jerk limited manner,
reduce auxiliary loads

open high voltage switch

At this point the locomotive or car is ready to cross
the catenary break without the danger of having the transformer
incorrectly connected for a voltage change and without drawing an
arc at the pantograph. Upon entering the second catenary section
the following sequence of events will be required of the vehicle-
borne system.

measure voltage on catenary

assure correct transformer primary connection
operate tap changer if required

close high voltage switch

reapply auxiliary loads

. reapply traction power in a jerk limited manner

L] * . .

In order to minimize the impact of a power interruption
on the train while traversing a catenary break, the VC/PB nego-
tiation sequence will be performed independently on each locomo-
tive unit (whether operating singly or in multiple) and on each
operating unit having a.pantograph in a multiple~unit car consist,
rather than on all cars and locomotives at the same time. This
will result in a ripple effect of response through an m.u. train
with each vehicle experiencing a power outage of minimum duration.

Vehicle High Voltage Circuits

Implementation of the VC/PB negotiation system requires
basic changes to the primary high voltage circuits of locomotives
and m.u. cars as well as the addition of control components. A
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change in primary overload protection will also be made, taking
advantage of the new primary circuit breaker. Before addressing
the individual subjects of automatic VC/PB negotiation and vehicle
primary circuit protection, the revised arrangement of high
voltage circuits should be introduced. '

Because of space limitations, the arrangement of equip-
ment on an m.u. car tends to be more complicated than on a locomotive
and therefore will be discussed as an inclusive example. Figure
2=2 is a typical high voltage schematic for modified vehicles as
presented in the specifications for "Modification of Multiple
Unit Cars for Dual Voltage/Dual Frequency Operation in the North-
east Corridor". The specific car types are the Jersey Arrow I
and II, and Silverliner II, III, and 1IV.

The arrangement of pantograph, pneumatic ground switch,
lightning arrester, and current transformer remain basically
unchanged from older practice. Operation of the ground switch
and primary circuit breaker (vacuum interrupter in this example)
for fault protection are discussed in Section 4 of this paper.
Most of the more recent commuter cars also have the added protec-
tion of primary fuses as shown.

_ The key high voltage changes related to the NEC electri-
fication include:

1. The addition of a primary circuit breaker.
2. The addition of catenary voltage sensing devices.
3. The conversion to a dual ratio current transformer.

4. The change to a dual voltage/frequency main transformer
with integral tap changer.

5. The change of primary circuit components and clearances
for 25 kV insulation level.

Additional low voltage control functions are also required in the
form of the transformer tap changer actuator and the automatic
VC/PB logic. Relatively minor changes in propulsion and auxiliary
systems for dual frequency operation are also required to varying
degrees on different vehicle types.

The operation of lightning arresters, high voltage
circuit breakers, and potential and current measuring devices was
covered in considerable detail in another paper, as part of the
IPEEP study. It also includes an explanation of the changes to
the basic electrification system.
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3. AUTOMATIC VC/PB NEGOTIATION SYSTEM FUNCTION

General

The design of the VC/PB system must meet two very basic
criteria governing operation of the system: .

. Negotiation of VC's and PB's must normally be completely
automatic with no action required of the engineman.

. Passengers must not be subjected to the irritation of
. light flicker caused by power interrupterions when
operating at speeds above 15 mi/h.

The original GE system»aé applied to the upgraded
Metroliners does not satisfy the low speed light flicker require-.
ment which was imposed after the design had been developed.

Vehicle auxiliary systems must be altered to varying
degrees (depending on the vehicle design) to permit sustained
lighting during interruptions in power input to the auxiliary
power supply while passing through VC's and PB's. One of two
basic approaches must be taken, regardless of whether a motor-
alternator set or static inverter is used. Either the lighting
load must be sustained by energy stored in the auxiliary power
supply apparatus, (whether in the form of rotating inertia or
filter capacitor charge) or the lighting load must be transferred
to a storage battery.

If energy stored in the auxiliary power supply is used
it is necessary to shed all other auxiliary loads such as heating
and air conditioning because of the limited energy storage capacity
of the auxiliary power supply. For locomotive hauled cars with a
head end power supply, the additional complication of trainlined
load sheddlng controls is requlred unless battery sustained
llghtlng is used.

In addition, several equipment protection criteria must
be incorporated in the VC/PB system to minimize the chance of
damage to vehicle apparatus and to the catenary.

. Redundant detection of wayside markers must be provided.

. Continuous voltage measurement and assurance of proper
vehicle primary circuit configuration must be performed
on each vehicle.

. Self diagnostic logic fault detectlon must be provided
to detect VC/PB system errors.

Operatlon of the modified GE automatic VC/PB system
which is included in vehicle conversion specifications differs
from the original GE system applied to the Metroliners. The
modified GE system is described here in detail followed by a
brief summary of the original GE system. Test data contrasting
the response times of both systems is also presented.
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Modified GE System

. The modified GE automatic VC/PB system utilizes wayside
markers which are detected by sensors on each vehicle which has a
pantograph. At each phase break there are four marker locations
arranged symmetrically to permit operation in either direction.
For convenience in describing the function of the vehicle system,
the markers are designated as M1, M2, M3, and M4 in the direction
of travel. M1l and M4 are identical as are the M2 and M3 markers.
The M1 marker is an advance marker to permit gradual removal of
power while approaching the phase break while the M2 marker is
the signal to open the vehicle primary circuit breaker. The M3
marker is the signal to reclose the primary circuit breaker after
the catenary break while the M4 marker serves as a reference to
assure that the marker sequence has been detected properly.

A The type of marker to be used has not as yet been
established. Inductive coupling devices are being considered,
however, initial preference has been indicated for fixed field
magnets on the wayside which can be detected by vehicle sensors.

The markers and carborne sensors are positioned in such
a manner as to provide distinct patterns for the M1/M4 markers
and the M2/M3 markers. The M1/M4 marker has a single fixed field
magnet located on the center of the track. The M2/M3 marker is
also located between the rails and has two magnets abreast located
near each rail. Sufficient space is provided between the paired
magnets of the M2/M3 marker to preclude misreading by the vehicle
sensor for the M1/M4 markers. The use of two magnets for the
M2/M3 sensors also provides redundant detection of the M2 marker.
'This is- very important since M2 has the most critical command; it
opens the primary circuit breaker to protect the transformer
against an overvoltage condition at a Voltage change and. tO’
protect the catenary break against arcing.

Location of the VC/PB markers is shown schematically in
Figure 3-1. The distance from the catenary break to the markers
will vary at different locations, depending on the maximum allow-
able track speed. The markers will be shifted slightly to the
inside on curves to compensate for the chord effect.

In operation, the VC/PB control also performs a number
of check functions to guard against error and protect the vehicle
equipment. Failure to detect markers in the correct sequence or
detecting only one of the two magnets at the M2 and M3 markers
are among the possible errors.

' There are also provisions to reclose the primary circuit
breaker when operating at low speed before reaching the M3 marker
in order to minimize the time of power interruption.

‘The logic of the automatic VC/PB system operates in a
marker sequence count of four steps referred to as "relative
location values". Steps "1", "2", and "3" correspond to detection
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of the M1, M2, and M3 markers, while step "0" is the reset condi-
tion and occurs when M4 is passed, preparing the system for the
next phase break or voltage change sequence.

At a voltage change or phase break the VC/PB logic
always performs a catenary voltage measurement before closing the
primary circuit breaker in order to determine whether the voltage
has changed and operate the transformer primary tap changer as
required. ' _

The VC/PB logic also checks to assure that the primary
circuit breaker opening devices are prepared for operation prior
to closing the breaker. In the case of solenoid operated vacuum
interrupters which use capacitors to operate the solenoids, the
VC/PB logic checks to assure that the opening capacitors are
charged before allowing the breaker to close. Most airblast
breakers have an internal interlock which precludes closing the
breaker unless the reservoir is charged.

The VC/PB control logic is designed to detect faults of
three types, numbered in the order of increasing severity:

Type 1 fault - an error in detecting an M1 or M4 marker.

Type 2 fault - an error in detecting an M2 or M3 marker.

Type 3 fault - failure of the primary circuit breaker to
open or detection of an overvoltage (measured on the
secondary windings of the main transformer).

A VC/PB fault indication trainline is provided to warn
the engineman when a failure has occurred in the train. A system
of local indicator lights on each operating unit provides infor-
mation on the status of the logic and identifies the type of
fault. ‘

The consequences of a type 1 fault are not very signi-
ficant because detection of the M2 and M3 markers in the proper
sequence will still permit safe opening and closing of the primary
. circuit breaker. A type 2 fault at a phase break could result in
a power arc upon entering a catenary break. If an increasing
voltage change is present, a type 2 fault would produce a type 3
fault by subjecting the transformer and all corinected loads to
twice their rated voltage. A type 3 fault involving failure of
the primary circuit breaker to open on command would also produce
an arc into the catenary break and could subject the transformer
to overvoltage as well. The response of the system to the various
faults will be discussed later.

Figure 3-2 illustrates the function of the VC/PB control
logic in relation to the rest of the vehicle. The vehicle primary
circuits and protective relaying are shown on the left while the
interfaces with the VC/PB control logic are shown in the center.
Information relayed to the logic includes catenary voltage and
switching device position information. Commands issued to the
switching devices are also identified. Interfaces between the
logic and the trainline circuits and wayside marker receivers are
shown to the right of the logic.

)
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System Operation

Ml Marker Response

As a train approaches a VC/PB it encounters the advance
marker M1 and the VC/PB control logic sequences from the reset or
"o" Jocation value to "1". At this time the propulsion system is
instructed to reduce power in a jerk-limited manner. Unless
lighting loads on passenger trains can be sustained by a storage
battery it will be necessary to shed other auxiliary loads so
that rotating inertia of rotary converters or the charge on
filter capacitors in solid state inverters can sustain the lighting
and avoid the irritation of light flicker to passengers. The
location of the M1 marker will vary depending on the allowable
track speed in order to provide sufficient time to reduce power
but avoid a prolonged loss of propulsion.

Failure to detect the M1l marker will not be determined
until the M2 marker is reached, at which time the location wvalue
will step from "0" to "2" and the VC/PB error indication trainline
will be energized, turning on a light in the cab to alert the
engineman. A local type 1 fault indicator will also light to
identify the offending unit in a multiple unit consist of cars or
locomotives. The system will continue to function but the warning
light will remain lighted until the system is reset, either
locally or by trainline.

M2 Marker Response

The second marker, M2, is located close to the actual
catenary break, with the distance determined by the allowable
track speed. Upon detection of the M2 marker the VC/PB location
value will step from "1" to "2". In the event of a failure to
detect marker M1, it will skip from "O" to "2". Location wvalue
2" commands the primary circuit breaker to open and initiates
several timing and catenary voltage detection functions in the
VC/PB logic. The logic makes no assurances or checks prior to
opening the breaker since the open condition is inherently safe.

M3 Marker Response or .Phase Break Detection

The primary circuit breaker will normally remain open
until marker M3 is sensed indicating that the catenary break has
been passed. At train speeds below 30 mi/h this could result in
a prolonged interruption of power on the vehicle because the M3
marker is located at a distance past the phase break sufficient
to permit its use as the M2 marker for trains running in the
opposite direction. For this reason provision is made to detect
the. live catenary on the exit side of the phase break without
waiting for M3.

This is accomplished with a "minimum breaker open time"
timer which starts after detection of the M2 marker, waits for 4
seconds (+0.5 second) and then looks for a catenary '"mo voltage"
condition of at least 0.3 seconds indicating that a voltage or
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phase break has occurred. The timing sequence then commands
reclosing the high voltage breaker upon sensing catenary voltage
and assuring correct tap changer position without waiting for the
M3 marker. This is illustrated in example "A" in Figure 3-3.

Because of the possibility of a momentary loss of .
catenary power on the vehicle due to a pantograph bounce or
substation outage and reset occurring after detection of the M2
marker but before the catenary insulation break has been reached,
there is a chance that the VC/PB control system can be "fooled".
The VC/PB logic could mistakenly identify either the resumed _
pantograph contact with the catenary or the restoration of power
to the catenary as the "other (exit) side" of the phase break.

If there is an increasing voltage change across the break, this
could be damaging.

For this reason a second timing sequence begins and is
in effect until the M3 marker is passed, confirming completion of
the voltage change or phase break and providing a second chance
to correct an error in detection. If, during the interval between
reclosing the breaker and sensing M3, there is an interruption of
catenary voltage for more than 0.025 second (+0.008 second) the
primary breaker is commanded to open again. Prompt reopening of
the breaker will prevent the transformer from being subjected to
overvoltage in the event that the first closure was in error.

ThlS 0.025 second time 1nterval is very short and may

conceivably result in some nuisance tripping of the primary
- breaker due to pantograph bounce. However, such a short time is

necessary because this interval combined with the breaker opening
- time must not exceed 0.233 second. This is the time that will
elapse in crossing a catenary break at a speed of 29 mi/h, and is
therefore the minimum time available to open the breaker. The
likelihood of. a nuisance trip because of pantograph bounce is not
very great at speeds below 29 mi/h and is not considered to be
significant.

Overlapping protection is provided at speeds greater
than approximately 22 mi/h by the "minimum circuit breaker open
time" timer (which initiated the timing sequence). The 4 second
timer interval is the time required to cover tle distance from
the M2 marker to the exit side of the phase break at speed over
22 mi/h thus precluding operation of the phase break detection
sequence over this speed. .

The vehicle speed at which the VC/PB logic shifts
between M3 marker control and phase break detection control
varies with the distance between the phase break and the M3
marker. The distance from marker M3 to the phase break (given in
Figure 3-1) varies according to the maximum allowable speed of
the track. The vehicle speed at which the VC/PB logic shifts its
mode of operation will increase up to a maximum of 30 mi/h in
proportion to increasing track speed.
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when the VC/PB logic is controlled by the M3 marker,
the primary breaker will close as soon after detection of the M3
marker as the "Minimum Breaker Open Time" timer will permit.
Figure 3-3, examples "B" and "C", illustrate this function. 1In
"B¥ the train is moving at 30 mi/h and has passed the phase
break within 4 seconds but has not yet reached marker M3. The
breaker will therefore remain open until marker M3 is passed.
Example "C" represents a train traveling at a speed of 60 mi/h or
more in which case both the M3 and M4 markers are passed within 4
seconds. The VC/PB logic will progress in accordance with the
marker sequence, however the breaker will remain open until the 4
second interval has elapsed.

It should be noted that the 4 second delay is also
slightly longer than the time required to reset or recharge the
circuit breaker for re-opening. The reset or recharge sequence
is necessary in order that the circuit breaker will be prepared
to trip in the event of a fault when it is reclosed. For this
reason there is also a minimum breaker open interval imposed by
the response time of the breaker mechanism and it is not possible
to reclose the breaker immediately after detecting the M3 marker
when traveling at high speeds.

Another separate timing function in the VC/PB. logic
‘serves to assess a possible failure to detect the M3 marker by
measuring a time interval of approximately 90 seconds (adjustable
from 30 to 120 seconds). If the relative location wvalue does not
progress past "2" in this interval as a result of sensing of M3
or recognizing the phase break (by no voltage), the VC/PB control
will reset to "0O" and register a type 2 fault. This time interval
is short enough to prevent the sensing of the M2 marker at the
next phase break from being misinterpreted as the M3 marker.
Such an error would result in reclosure rather than opening of.
the primary breaker at M2 before entering the second catenary
break, causing a power arc and possible voltage mismatch.

Circuit Breaker Closure Logic

In normal operation at speeds of 30 mi/h or more the
primary circuit breaker will remain open until the vehicle has
passed the catenary electrical break and detected marker M3. At
this point the VC/PB logic steps to location "3" and instructs
the primary circuit breaker to reclose subject to the following
mandatory and limited conditions to assure safety and protection
of the wvehicle:

Mandatory Conditions for Circuit Breaker Closure

. No type 3 fault may be present. (A type 3 fault is a
failure of the primary circuit breaker to open or
detection of an overvoltage on the main transformer.)

. The breaker reopening mechanism or circuitry must be
prepared to trip in the event of a fault on reclosure.
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.. The "Minimum Breaker Open Time" interval of 4 seconds
(plus or minus 0.5 second) must have elapsed since the
primary circuit breaker last opened in order to preclude
reclosure of the breaker prior to reaching the next VC
or PB when traveling between about 20 mi/h and 30 mi/h.
(This timing is not effective at speeds below about
20 mi/h, however overlapping protection is also provided
in the range up to 29 mi/h by the timing circuit which
looks for catenary power interruptions greater than
0.025 seconds in the interval between reclosure and
sensing marker M3. This overlap allows for tolerances
in the timing circuits and differences in marker spacing.)

. Voltage must be present on the pantograph and must be
satisfactorily identified as either "low" ( > 5 kV but
&£ 15 kV) or "high" (- > 15 kV). :

. The transformer tap changer and primary current measuring
devices must be configured for the proper voltage.

. There must not be a trainline command present to open
the primary breaker. (Any opening command will prevent
closure.) - :

. The local primary breaker opening switch on a particular’
vehicle must not be in the open position. (Any open
command will prevent closure.)

Limited Conditions for Circuit Breaker Closure

. The relative location logic and related timers must
progress to one of the following three conditions:

a. The relative location logic must change to-"3" -
indicating that the other side of the phase break
has been reached (Normal sequence).

or:

b. There has been an interval of 0.3 seconds with no
voltage sensed while the relative location logic
is still at 2" (which will allow primary circuit
breaker reclosure upon reaching live catenary).
(Normal sequence at speeds below 29 mi/h.)

or:

c. The relative location logic must reset to "0" by
manually resetting the control system. (Manual
override)

. The VC/PB control system must not be "locked out" by an

excessive count of type 2 faults. (Type 2 faults
involve errors in detecting M2 and M3 markers. A
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counter in the VC/PB logic will keep track of the
occurrence of type 2 faults. When the number of faults
exceeds a preset variable value, the primary circuit
breaker will be "locked out" in the open position
awaiting corrective maintenance.) .

. The VC/PB system must not have had a preset number of
type 2 faults since the last time the control was
reset, either locally or by the reset trainline. (The
number of unreset type 2 faults may be set at either 0
or 1.)

: It should be noted that the last three listed limited
protective functions involving the relative location values and
the count of type 2 faults can be overridden by the Manual Reclose
Circuit Breaker Trainline.. Operation of the manual controls will
be discussed later. Actuation of the manual close command while
moving into a catenary break could result in a power arc into the
catenary break but does not override any of the basic voltage
connection and other safety interlocks.

M4 Marker Response

The conclusion of the normal operating sequence is the
sensing of the M4 marker which resets the relative location wvalue .
to "0". The relative location value will also be reset to "O"
whenever the VC/PB reset trainline is energized or whenever the
primary circuit breaker close trainline is energized. Use of"
either manual command while moving in a phase break or voltage
change can result in a power arc into the catenary break.

. Failure to detect the M4 marker will result in the
relative location logic remaining in location "3". If the M1l
marker of the next phase break. is the next center marker which is.
detected, the relative location will reset to "0". Subsequent
detection of the M2 marker out of apparent sequence will step the
relative location to "2" and register a type 1 fault. The type 1
fault is indicated by the local indicator light on the VC/PB
control and in the operator's cab by energizing the VC/PB error
trainline.

Failure to detect both the M4 marker and the next M1
marker will result in the relative location value changing directly
from "3" to "2" and will also register a type 1 fault on the
local VC/PB control and in the cab.

The most serious failures which can occur are the two,
type 3 fault conditions involving failure of the primary circuit
breaker to open or an overvoltage condition. The response to a
type 3 fault will vary somewhat depending on the primary overload
protection arrangement on the locomotive or multiple unit cars.
The arrangement called for in m.u. car conversion specifications
requires operation of the pneumatic ground switch which grounds
the pantograph. After the substation circuit breaker opens, the
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pantograph is lowered to isolate the fault. This sequence of
fault protection is discussed in more detail in Section 4.

Newer locomotive designs do not incorporate a ground
switch. 1In this case the response to an overvoltage condition is
restricted to opening the primary circuit breaker. Failure of
the breaker to open has no automatic recourse.

Trainiine Controls

There are three basic trainline controls provided in
each operating cab which permit "ogening" and "closing" all
primary circuit breakers and "resetting" the automatic controls
of all cars. Lights indicating the status of the open and close
trainline switches and a trainline fault indicator are also
provided. The basic functions of the controls are as follows:

. Primary Circuit Breaker Open and Close Switch. This
control may use one or two switches but is arranged so
that all breakers may be opened in one step. To guard
against inadvertent operation closing the breakers, two
distinct steps are required for closing. The open
command immediately opens all breakers while the close
command will be subject to the following Mandatory
Conditions on a local car basis.

- No type 3 fault may be present

- The breaker reopening mechanism must be prepared
to trip in the event of a fault.

~ The "Minimum Breaker Open Time" interval of 4

' seconds must have elapsed.

- Voltage must be present on the pantograph and
identified as "low" or "high". .

- The transformer tap changer and primary current
measuring devices must be configured for the
proper voltage.

- There must not be a trainline command present to
open the prlmary breaker.

- The local primary breaker opening switch must not
be operated.

Provision is also made to seal the close switch. 1In
normal operation neither open nor -close trainlines are
energlzed and the 1nd1v1dual VC/PB systems function
independently.

. VC/PB System Reset. This is a trainline reset function
. which resets the relative location wvalue to "0" in all

operating units in the train, thus causing the primary
circuit breakers to close if the Mandatory Conditions
(listed above) are met. Resetting will cancel the
register of type 1 faults and reset type 2 faults up to
the preset value. Any VC/PB system which has been
locked out by an excess of type 2 faults or by a type 3
fault will not reset. Use of the reset switch requires
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functions:

°

caution because resetting between an M2 marker and the
catenary break will result in a power arc drawn into
the break.

The indicator lights in the cab have the following

Primary Circuit Breaker Open and Close Trainline Lights:
These lights will be lighted when the open or close
switches are in the respective positions. In normal
operation, neither command will be given and both

lights will be out.

Fault Light: The fault light will be lighted if any
operating unit in the train has experienced any of the
following fault conditions:

- a type 1 fault since last reset

- a type 2 fault since last reset

-~ a VC/PB lockout caused by an excess count of
type 2 faults or one type 3 fault

A lamp test switch will also be provided for checking-
the indicator functioms.

Local Controls

A

To facilitate diagnostic efforts on the road as well as

maintenance testing, the VC/PB control system on each operating
unit will have a control panel with the following local controls:

o

Primary Circuit Breaker Open Switch - Operation of this

momentary contact switch opens. the primary circuit
breaker and resets the minimum open time timer (4
seconds). The relative location logic continues to
function and will resume control after the switch is
released.

Primary Circuit Breaker Close Switch - momentary contact.
Operation of this switch resets the relative location
value to "O" and closes the breaker if the Mandatory
Conditions (discussed under the trainline close function)
are met. - ~

Reset VC/PB System. Operation of this switch also

resets the relative location value to 0 and will cause

the primary breaker to reclose if the mandatory conditions
are met. Resetting will cancel the count of type 1

faults and reset type 2 faults up to a predetermined
total. This switch will be sealed because operation
between an M2 marker and the catenary break will cause

a power arc to be drawn into the break.
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Reset Type 3 Fault. This switch resets the inhibiting
condition after a type 3 fault involving either failure
of the primary breaker to open on command or detection
of an overvoltage condition. It does not reset the
overload and protective relays which ground and lower
the pantograph. (These are discussed in Section 4 of
this paper.)

Set Count Of Type 2 Fault Counter. This control resets
the number of type 2 faults counted by the VC/PB logic.
The counter can count up to 10 faults and is also reset
by successful negotiation of a VC/PB sequence. This
count is not reset by the VC/PB system reset controls.

'~ Set Number Of Type 2 Faults Permitted Before Lockout.

This is an adjustable value from 1 to 10 which initially
will be set at 3. When the number of type 2 faults
exceeds this number, the VC/PB logic continues to
function normally except that primary circuit breaker
operation is locked out in the open position.

A display of lamps and counters is also provided to

monitor the key elements in the VC/PB logic. These generally
will include the following items: -

Status of commands to remove propulsion power and shed
auxiliary loads except lighting. .

Pantograph voltage measurement status, "zero', "low",
or "high".

Primary circuit breaker status, "open" or "closed".

Status of fault conditions.

- type 1 fault since last reset

- type 2 fault since last reset

- elapsed count of type 2 faults up to 10

~ inhibition of automatic primary circuit breaker
closure caused by a preset number of type 2 faults
since last reset or a total number of type 2
faults in excess of a predetermined value.

- type 3 fault

A lamp test circuit will also be provided for checking
all indicator light functions.

Original GE System

The original GE system for automatic VC/PB negotiation

differs principally in that it removes power and opens the primary
. breaker following detection of marker M1 and recloses the breaker
only upon detection of marker M3. The M2 and M4 markers serve
purely to provide redundant detection of markers M1 and M3.

There is no timing sequence to enable detection of the phase
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break itself since the original system was developed prior to the
imposition of the requirement to minimize auxiliary power inter-
ruption at low speed to prevent light flicker. Failure to detect
any marker will result in a VC/PB negotiation system logic fault
which will open the primary breaker and require manual resetting.

Like the modified system, the arrangement of wayside
markers in the original GE system is also symmetrlcal around the
phase break for bi-directional traffic but differs in that single
markers are utilized at each of the four marker locations rather
than a combination of single and double markers. Right and left
marker orientation with respect to the track center line distin-
guishes between the controlling markers (Ml and M3) and the
redundant or "check" markers (M2 and M4). Figure 3-4 illustrates
the marker arrangement and the negotiation sequence.

A tabulation of marker location distances has not been
developed for the original GE system. Since both systems must
consider the time required to remove propulsion and the panto-
graph/receiver relationship, the marker locations can be assumed
to be virtually identical.

A brief summary of the operating sequence of the orlglnal
GE.system follows.

Ml and M2 Marker Responses

Upon detection of the M1 marker, the propulsion system
reduces power in a jerk limited manner and all auxiliary loads
except lighting are removed then, after a one second delay, the
primary breaker is opened.

The M2 marker serves purely as a check to assure detec-
tion of marker Ml. Failure to detect the M1l marker will result
in a logic fault when M2 is detected and the primary breaker is
opened without the benefit of jerk limited propulsion power
removal. Failure to detect the M2 marker between Ml and M3 will
also result in a logic fault.

The M1 marker also starts a timer which is set to run
from 70 to 90 seconds, during which time the entire VC/PB sequence
must be completed. Failure to complete the sequence in this
interval will result in a logic fault.

M3 and M4 Marker Responses

The primary breaker remains open until the M3 marker is
detected at which point it will close after identification of
pantograph voltage, assurance that the transformer is configured
correctly and recharging of the breaker operating circuitry. The
voltage measurement and vehicle circuit configuration logic is in
effect at all times with redundant protection provided by an
overvoltage relay on the transformer secondary winding.
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CATENARY RUNNING RAILS

VC/PB SECTION
OF CATENARY

. NORMAL MARKER RESPONSE SEQUENCE

M1 — SHUT DOWN PROPULSION AND AUXILIARY LOADS. OPEN PRIMARY CIRCUIT BREAKER
{N 1 SECOND.

M2 — CHECK DETECTION OF M1 MARKER.

M3 — CLOSE PRIMARY CIRCUIT BREAKER AFTER ASSURING PROPER VOTLAGE
CONFIGURATION.

M4 — CHECK DETECTION OF M3 MARKER.

FIGURE 3 -4

GE VC/PB MARKER ARRANGEMENT
AND SEQUENCE



Failure to detect the M3 marker in sequence between M2
and M4 will result in a logic fault. Failure to detect the M4
marker after detecting the M3 marker within the 70 to 90 second
total time interval will also result in a logic fault.

Comparison

Tests have been run with upgraded Metroliners to deter-
mine the behavior of the propulsion and auxiliary loads when
subjected to the VC/PB operating sequence using both the modified
GE system in the vehicle modification specifications and the .
original GE system. Particular emphasis was placed on the point
at which the motor-alternator slows sufficiently to cause flickering
of the fluorescent lights. Light flicker is particularly annoying
to passengers, and the avoidance of this irritation has become an
important criteria in the design of vehicle auxiliary systems for
phase break negotiation.- The 15 mi/h speed permitted under a
"restricting” signal has been tentatively designated as the
slowest speed required for phase break negotiation without llght
flicker.

Figures 3-5 and 3-6 contrast the interruption in primary
power supply to the vehicle transformer caused by the time that
the -primary circuit breaker is open. Marker locations corresponding
to a high speed phase break were used and are shown along the
horizontal distance scale. The elapsed time from the first
marker is plotted vertically. The lines plotted for several
speeds have a gap which represents the time that the primary
breaker is open. The points at which light flicker occurs. are
indicated approximately 7 seconds after opening the primary
breaker. It should be noted that temporary auxiliary load shedding
modifications were 1ncorporated into the test Metroliner to
prolong the lighting.

Light flicker occurred with the original system when
negotiating phase breaks at speeds of 26 mi/h or less with complete
loss of lighting at 18 mi/h. In contrast, the modified system
.was able to operate satisfactorily at 15 ml/h with flicker noted
only in a 10 mi/h test. .

The two dashed lines across the:top 6f both Figures 3-5
and 3-6 represent the points at which the air conditioning system
and propulsion system are restored to full operation following
the interruption in vehicle primary power. The air conditioning
system is the last of the auxiliary loads to be reapplied to the
motor alternator following its restarting sequence. Restoration
of propulsion is also dependent on the M.A. restarting sequence
since the equipment cooling blowers are driven by the M.A. The
propulsion control is interlocked with the blowers to assure
adequate cooling air.

Vehicle Receiver Location

The location of wayside markers and vehicle receivers
must assure that every vehicle has sufficient time (at the maximum
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In either case some precaution will be required to
prevent operating with both pantographs raised since the distance
between the pantographs is great enough to bridge a VC or PB.
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4. VEHICLE PRIMARY OVERLOAD PROTECTION

Background

The philosophy of vehicle fault protection which is
currently used on the 25 Hz electrification is based on use of
the substation circuit breaker to interrupt the fault current and
then lowering the vehicle pantograph to isolate the condition.
This is done by applying a deliberate ground fault tc the catenary
by means of a pneumatic ground switch. The resulting current
surge trips the impulse breaker at the substation which remains
open for 15 to 30 seconds before automatically reclosing. During
this delay, the vehicle pantograph is lowered, isolating the
fault. If the fault is not cleared and the breaker trips upon
reclosure, it remains tripped until reset by supervisory control.

The philosophy applied to the new 60 Hz electrification
involves the addition of a vehicle primary circuit breaker which
not only provides transformer isolation while configuring the
transformer for the correct voltage, but serves to interrupt
fault conditions on the vehicle. The limited space available
prohibits installation of a vehicle circuit breaker of sufficient
capacity to handle all possible vehicle faults, particularly on
m.u. cars. A compromise solution is required.

The maximum possible fault current level of the new
electrification will approach 20 kA, (one 30 MVA transformer with
its secondary shorted). Depending on the location of the
vehicle and the impedance of the intervening catenary the fault
currents resulting from a vehicle fault could be as high a
17.2 kA. :

The circuit breaker arrangement of both the existing
25 Hz electrification and the new 60 Hz electrification are shown
in Figure 4-1.

with the present 25 Hz electrification, each section of
catenary is fed at both ends by two substations. Each of the
substation breakers is set to trip an impulse of 5000 A in 1/2
~cycle (0.02 second) and backup impedance measuring is also provided.
Typical faults occurring in the middle of the wcatenary section
are cleared by the breakers at both ends opening within 1 cycle
(0.04 second). In the case of a fault at one end of the catenary
section, the adjacent breaker will trip within 1/2 cycle while
the distant breaker will clear in 2 to 4 cycles (0.08 to 0.16
second). The current level from the distant breaker will be
substantially reduced by the impedance of the intervening catenary..

wWith the new 60 Hz electrification each section of the
catenary is fed from only one substation which is located at one
end of the section. All parallel sections of catenary fed from
the same substation are connected by tie breakers at the switching
station at the far end. This minimizes transmission losses and
results in a feed to any vehicle from both ends of the catenary
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FIGURE4 -1
CIRCUIT BREAKER ARRANGEMENTS
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section. By placing circuit breakers in series, a complex fault
detection system is necessary which requires the use of zone type
impedance measuring relays to permit selective isolation of
faults. For this reason the impulse breaker feature of the older
25 Hz system cannot be used.

The 60 Hz protective relaying operates in a timing
sequence which depends on the location of a fault in a catenary
section. Faults in the middle 70% of the catenary section lie
within zone 1 of the impedance measuring relays of the breakers
at both ends. The zone 1 relay response is "instantaneous" (0.01
to 0.02 second) and, combined with the breaker operating time of
0.007 to 0.008 second, produces a total trip time of 0.017 to
0.028 second. Figure 4~2 presents the response sequence of a
single wayside impedance relay and breaker. In the case of a
fault at one end of the catenary section, the fault will be in
zone 1 for the adjacent breaker which will trip "instantaneously"
in 0.017 to 0.028 second. The impedance measuring relay at the
far end of the section will "see" the fault in zone 2, which
comprises the distant 15% of the catenary section. Zone 2 involves
an additional relay delay of 0.10 to 0.15 second which will
result in a total distant trip time of 0.117 to 0.178 second.

Due to space limitations, it is difficult (or impossible)
to apply a high voltage circuit breaker of sufficient interrupting
capacity for the maximum possible fault current to the primary
circuit of each locomotive or m.u. car. Although the primary
current caused by overloads and other faults on the secondary
side of the vehicle transformer would tend to be limited by
transformer impedance, severe primary faults such as the failure
of the tap changer or roof mounted equipment ground downstream of
the breaker could develop a current in excess of the vehicle
breaker's capacity. Thus the substation circuit breakers must be
relied upon to interrupt the fault current under these conditions.

The older arrangement of using on a pneumatic ground
switch to "relay" a fault to the substation could assure this
function, however there is a serious objection to continuing the
use of this method because it introduces a full ground fault on
the substation transformer for every vehicle related fault,
regardless of its severity. The mechanical force produced by the
magnetic fields of the substation transformer windings under such
high current levels causes severe stress on the winding insulation
and clamping. However, this system insures the recognition of
vehicle faults and protects the vehicles from the serious damage
which could result from a low level primary fault.

The transformers used in the original electrification
have apparently not been degraded from this type of fault protec-
tion. They are approximately 40 years old and few have required
major repair work. It is also significant to note that the
occurrence of vehicle faults represents only a small portion of
the causes for substation breaker trips (1 in 7). Further, the
most common vehicle faults are ground faults resulting from
incidents such as pantograph damage. Because these faults occur
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FIGURE 4 -2

WAYSIDE IMPEDANCE RELAY AND BREAKER SEQUENCE

1 ST CATENARY SECTION

>
ZONE 1 ZONE 2
OF BREAKER “A” OF BREAKER “A"

2ND,PARALLEL CATENARY SECTION

FOR BREAKER “A™:
ZONE 1 — EXTENDS 85% OF THE LENGTH OF THE 1 ST CATENARY SECTION.

ZONE '2 — COVERS DISTANT 15% OF THE 1 ST CATENARY SECTION AND
: EXTENDS THROUGH TIE BREAKERS “B” AND “C” INTO THE 2 ND,
i ; PARALLEL CATENARY SECTION. THE PROTECTIVE RELAYS AT
“B“ AND “C” PROTECT THE 2 ND CATENARY SECTION
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on the catenary side of the vehicle primary breaker, the addition
of vehicle breakers will not protect the substations from such
faults.

The design criteria used for the transformers in the
older electrification reflected the abuse expected in the appli-
cation, and the transformers were "overdesigned" accordingly.
"New transformers will, for reasons of economy, follow established
commercial power equipment standards rather than special railroad
design and construction criteria. As a result, they can be
expected to be less suited to the existing type of fault protection.
It is therefore considered preferable from the standpoint of wayside
equipment to use a vehicle circuit breaker instead of a grounder.

A compromise in vehicle circuit breaker size to fit
space limitations can result in situations in which a fault
exceeds the breaker's capacity. Under the circumstances an arc
will be sustained through that breaker until the wayside breaker
interrupts the fault. This situation is comparable to commercial
power distribution practices for branch circuits and is also
followed by contemporary European railroad electrification systems.
In U.S. railroad electrification this arrangement is used on the
two experimental Conrail freight locomotives (GM6C and GM10B) and
on the Amtrak AEM7 and E60 locomotives. The Conrail experimentals
and the AEM7 are built by EMD and are equipped with ASEA air
blast primary circuit breakers. The E60 is by G.E. and has a GE
vacuum interrupter. ’

Some concern has been expressed for the potential
hazard of a catastrophic transformer fault on an m.u. car and the
tremendous amount of energy which might have to be dissipated in
the confined area under the car floor below the passenger compartment.
Presumably such a fault will be in excess of the interrupting
capacity of the vehicle circuit breaker. If the train is at the
extreme end of a catenary section there is a delay in wayside
breaker opening imposed by the sequence of operation of the
distant impedance measuring relays at the substation. For this
reason the pneumatic grounder is to be retained on m.u. cars as a
"belt and suspenders! approach to fault protection.

Fault Protection System | -

The fault detection circuitry which is planned for the
conversion of m.u. cars for operation with the new electrification
system is similar to that which is currently in use. An additional
relay will be provided to distinguish between faults within the
capacity of the vehicle circuit breaker and faults in excess of
this capacity. The planned circuit is based on use of the same
protective relay, the Pantograph Lowering Relay (PLR), which is
currently in use. A description of the basic PLR operation with
the grounder is included here.

. The PLR has a distinctive two step operation for sequen-
tially operating the grounder and then lowering the pantograph
after the fault current has been interrupted.
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An overload or primary fault on a locomotive or m.u.
car is first detected by the PLR by means of a current transformer
in the primary circuit. Activating the PLR first causes the
pneumatic grounder contact to strike the pantograph frame imposing
a dead ground on the catenary. The resulting ground current is
also measured by the PLR which retains the grounder against the
pantograph frame and delays lowering the pantograph until the
current drops to zero, indicating the substation breaker has
opened.

A mechanical latch which holds the moving contacts in
their normal operating position is released when the PLR has
moved to the fault position. After the current drops to zero
(substation breaker open), the PLR contacts travel past the
normal position to the tripped position, releasing the pneumatic
grounder and lowering the pantograph. Manual reset of the PLR to
its normal operating position is required.

The modified fault detection circuit for the conversion
of m.u. cars will add a second current measuring relay, the Fault
Current Relay (FCR), which is identical in design to the existing
PLR. The FCR is to be set to trip at the upper limit of the
vehicle circuit breaker's capacity and will serve to operate the
pneumatic grounder whenever a fault occurs which cannot reasonably
be interrupted by the primary circuit breaker. The PLR will
operate in much the same manner as with the older arrangement
except that it will operate the primary breaker instead of the
grounder.

In the case of the vacuum interrupter under consideration
for use on converted m.u. cars which has a rated interrupting
‘capacity of 4000 A, the FCR will be set at 3750 A,

The protective relay system for an m.u. car will be
arranged as shown in Figure 4-3. Primary current is measured by
a dual voltage range current transformer which surrounds the
cable connecting the transformer to the primary circuit breaker.
The ground current path from the pneumatic grounder also passes
through the current transformer, enabling the current measuring
relays to measure this fault current as well. A tap changer
relay, TCR, selects the proper current transformer tap to correspond
to the proper voltage - 25 kV, 60 Hz or either 11 kV, 25 Hz or
12.5 kV, 60 Hz. The TCR relay is mechanically "bi-stable" and
remains in position even when electric. control power is turned
off. The FCR and PLR current measuring relays and the THR thermal
overload relay are in turn connected across the current transformer.

In the event of an overload or other vehicle fault, the
PLR first picks up and energizes the vacuum interrupter trip
relay (TVIR) commanding the breaker to open. Upon sensing the
loss of primary current, regardless of whether the current was
interrupted by tripping the vehicle or wayside breaker (or both),
the PLR then drops to its tripped position energizing the panto-
graph down magnet valve (PDMV). This lowers the pantograph,
isolating the vehicle from the catenary.
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At the same time the FCR measures the fault current to
determine whether it exceeds the capacity of the breaker. If the
fault current is within this capacity, the FCR will not pick up,
and only the PLR operating sequence will occur. If the fault
current is excessive, both the FCR and PLR will pick up. The FCR
will activate the ground switch magnet wvalve (GSMV) at the same
time that the PLR is attempting to open the primary circuit
breaker. When the combined transformer fault and ground currents
fall to zero, both the PLR and FCR relays will drop out to the
trip position. The pantograph will then be lowered by the PLR
energizing the down magnet valve as previously described.

Both the PLR and FCR relays require manual reset within
the control enclosures.

Because the pneumatic grounder sequence requires a
minimum of 0.24 second, (Measurements taken on Metroliners obtained
PLR/grounder reaction times varying from 0.24 to 0.80 seconds.)
it is unlikely that the grounder will make contact before both
the vehicle breaker and the substation breakers have tripped.

The substation transformers will therefore not be subjected to
the severe jolt of a ground fault except in rare situations.
Because the FCR relay will release the ground switch magnet valve
as soon as the fault is interrupted, the pneumatic grounder may
not actually contact the pantograph frame. In the event that it
does make contact, the grounder will merely serve to discharge
any remaining capacitive charge in the catenary.

If a fault is in excess of the vehicle breaker's capacity,
an arc will be sustained through the breaker until either the
wayside breaker trips or the pneumatic grounder makes contact
with the pantograph.

Prolonged overloading on the primary circuit, at current
levels below the trip point of the PLR, will cause heating in the
thermal relay (THR). When the THR trips, the primary circuit
breaker is opened and a local thermal indicator warning light is
turned on. Manual reset of the THR is required within the control
enclosures. :

An additional complication to vehicle protection is
presented by vehicle faults involving pantographs, buss cables,
and insulators where the fault current does not pass through the
current measuring transformer. The wayside circuit breakers must
then be depended upon to detect and interrupt such faults.
Breakage of pantographs and entanglement with the catenary are
relatively common incidents and usually produce a ground fault
which is easily recognized by the substation protective relaying.

There remains a chance of a high impedance fault which
may escape recognition by both the substation and vehicle protective
relaying. Conditions of this sort are beyond the capabilities of
existing automatic overload detection systems and require human
intervention. Several alternatives are available to the crew.

The first is to attempt to lower the pantograph, thus breaking
the circuit. This will only be successful if the pantograph
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lowering mechanism is functional and if the catenary is high
enough to permit extinguishing the arc. A second alternative is
to radio the tower operator, who in turn must call the power
director and request shutdown of the catenary. In some locations
tower operators have a direct catenary control.

There is room for improvement in giving all tower
operators direct control of catenary breakers. This should be
given consideration in establishing operational criteria for
wayside control since it would provide a fault protection backup
for all circumstances including those involving vehicles. It
would also be possible to provide a local "panic button" in the
operating cab to operate the pneumatic grounder. There is however,
a level of complexity with alternate devices and controls which
may produce a greater chance of circuit failure than the original

problem.
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5. OVERVOLTAGE PROTECTION

Potential for Damage

The Philadelphia area presents a unique situation in
which a number of commuter lines will remain at 11 kv, 25 Hz
indefinitely after the basic NEC re-electrification change is
complete. A problem presented by this dual voltage territory is
the hazard of subjecting unconverted (11 kv, 25 Hz) cars to
overvoltage/overfrequency should they stray into 25 kV, 60 Hz
territory. This event could occur as a result of misrouting at
the two interlocking plants, Arsenal and Zoo, which control
traffic entering and leaving 30th Street Stationm.

There is also the chance of raising a pantograph on an
11 kV only car while in yard or shop areas (such as Wilmington
shops) with catenary energized at 25 kV.

The effect of overvoltage and overfrequency imposed by
subjecting the vehicles' 11 kV, 25 Hz primary circuit to 25 kV,
60 Hz has varying consequences. Presumably the condition would
last for only a few seconds before the PLR relay trips. The
double voltage condition is the most serious since it overstresses
insulation levels. The effect of both conditions on various:
types of devices is discussed here in general terms. Individual
vehicles can be expected to respond differently as the age. and
existence of weaknesses in insulation will have a significant
effect on their ability to survive.

The 15 kV lightning arrester can be expected to break
down under 25 kV and provide a low resistance path from the
pantograph to ground, however there is a distinct probability"
that the arrester could burn out without tripping the substation.
It should therefore not be relied upon for protection against
overvoltage (other than very short lightning transients).

The main transformer would experience limited risk
since the inrush and excitation currents would tend to be reduced
because of the higher impedance at 60 Hz, offsetting much of the
effect of doubled voltage. The transformer insulation would be
severely stressed at the higher voltage (the normal withstand
test voltage is only 1.75 times the working voltage) however it
is unlikely that this would cause damage if the exposure were
limited to a few seconds. Wire and cable insulation can also be
expected to withstand twice the working voltage for a brief
period.

Rotating machinery is relatively insensitive to brief
overvoltage conditions because the insulation test levels are
high and the machines are designed to handle high starting currents.
Series or compound wound commutating motors will accelerate to a
higher speed when the voltage is doubled. However, the load
characteristics of blowers and compressors will tend to hold
motor speed down with an increase in current.
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The older Silverliner I, II, and III m.u. cars have
induction motor driven auxiliary devices operating at 25 Hz.
Subjecting these motors to 60 Hz would cause them to attempt to
overspeed by a factor of 2.4, however the various loads would
limit the speed actually reached and high currents would be
drawn.

The components which are most susceptable to damage
from an overvoltage condition are the power rectifiers and those
other solid state control devices which operate directly on the
secondary voltage from the transformer. The power rectifiers
include "“ignitron" mercury vapor rectifiers, which are often ugsed
as phase controlled rectifiers, as well as solid state, silicon
rectifier devices. All of these devices are sensitive to the
peak (instantaneous) inverse voltage to which they are subjected.
At some level above the rated p.i.v., solid state devices will
break down to a direct short. Because this is virtually an
instant destructive failure with solid state devices, there is no
time for fuses to function to protect them. Ignitrons have an
inherently high internal resistance and would probably survive
the resulting "arc back!" long enough for protective devices to
operate. .
Because of their higher cost, devices with p.i.v.
ratings high enough to withstand twice their normal working
voltage are not generally used, therefore a high incidence of
failure could be expected under double voltage conditions.

Vehicle Protection

The design of the VC/PB system offers inherent protection
against overvoltage in that the control logic requires three
basic checks before closing the primary circuit breaker:

1. Catenary voltage must be present and identified ("high"
© - or Ylow").

2. The main transformer tap changer must be in the correct
position (11 kV or 25 kV).

3. The current measuring transformer tap relay must be in
the correct position (11 kV or 25 kV).

Unmodified vehicles will not have a primary circuit breaker and
therefore will not have this level of protection.

Additional protection is provided on converted m.u.
cars by an overvoltage relay applied across one of the main
transformer secondary windings. Occurrence of an overvoltage
condition will cause the VC/PB logic to operate the pneumatic
ground switch directly. The resulting ground current will trip
the PLR and FCR relays and then lower the pantograph, as described
in Section 4 of this paper.
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A modification has been proposed to protect single
voltage (11 kV) locomotives and m.u. cars against overvoltage as
a result of misrouting. These vehicles could be equipped with
the VC/PB sensors to detect the presence of wayside markers
preceeding a‘'voltage change. The PLR relay could be operated by
-the signal from the VC/PB sensor and in turn tripped, operating
the pneumatic grounder causing the wayside circuit breakers to
open and the pantograph to be lowered. While this would not
prevent the train from entering the wrong route, it would inter-
vene to protect against overvoltage. No protection would be
provided against raising the pantograph against a 25 kV wire
under other circumstances.

‘while this arrangement is somewhat complex, it offers
the most secure protection short of adding a primary circuit
breaker and controls. By preventing even a brief exposure to
overvoltage, it protects passengers from risk due to a conse-
quential transformer fault or electrical fire. It does not guard
against errors made by yard crews or shop personnel in raising -
the pantograph to the wrong voltage. '

Another safeguard may be made available in conjunction
with the new NEC signal system. There is a proposed signal
arrangement for the NEC which would employ a special intermittent
signal system at each point of entry to the corridor. This
signal system would serve to activate the automatic train control
(ATC) apparatus when entering the corridor and deactivate the ATC
when leaving. Two-way data transmission between the vehicle and .
wayside would be provided by a high frequency inductive type
interface which would confirm activation of the ATC prior to
clearing the signal for the train to enter the NEC. The inductive
coupling would employ a short vehicle antenna and a long track
mounted antenna array.

‘ While only in a preliminary design stage at present .
such a system could be used to prevent unmodified vehicles from
"entering 25 kV territory by requiring that voltage capability as
well as ATC activation be confirmed before clearing the signal.

An alternate, but less effective proposal involves "no
voltage!" and "overvoltage" relays across one of the transformer:
secondary windings. The no voltage relay would open the propul-
sion and auxiliary circuit contactors upon loss of transformer
voltage which would occur in the insulated section of a catenary
break. The no voltage relay would have a delayed reclosure to
permit the overvoltage relay to determine whether the voltage was
excessive before permitting the auxiliary and propulsion contactors
to reclose. Sensing of an overvoltage condition would be used to
trip the PLR. :

Auxiliary devices such as the rectifier for DC motor
driven MA sets which do not have a contactor would be protected
by an additional SCR switch having sufficient blocking capacity
to prevent overstressing the fixed diodes in the rectifier bridge.
This arrangement could also serve to improve auxiliary load
regulation in normal service.
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The obvious drawback to such a scheme is that it permits
the transformer to be subject to excess voltage, even if only for
a short time, and risks a consequential fault.
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PANTOGRAPHS

Problems in high speed power collection for electric
trains in the Northeast Corridor first occurred with early Metro-
liner tests run at speeds up to 160 mi./hr. Serious deficiencies
with both the existing catenary construction and conventional
pantographs were identified which had not presented a problem
below 100 mi./hr. Similar problems have also been identified in
high speed train development testing and operatlon in other
countrles, and development programs addressing the subject have
been instituted in those countries as a part of continuing rail-
road development.

Foremost among initial Metroliner pantograph problems
and corrective action taken for each were:

1. Initial operation was with pantographs ralsed on all
cars. This resulted in excessive disturbance of the
catenary at maximum speed and loss of contact. This
51tuat10n was corrected by busing the cars in pairs,
and running with one pantograph per pair. This change,
of course, doubled the current per pantograph and
requlred that each pantograph collector shoe have three
lines of carbon rather than two. The corrective action
taken here halves the number of working pantographs and
increases their spacing, and is in accord with the
recommendations discussed 1n Section V.5 of this paper.

2. Aerodynamic correctlons were made in the collector shoe
assembly to minimize excessive uplift at higher speeds
which occurred after the adoption of the PRR standard
carbon type collector. This was done by the addition
of fairing which incidentally, added 2 lbs. of the
weight to the shoe assembly. This problem and corrective
action are discussed in Section V.3 of this paper.

As part of the Northeast Corridor Improvement Program,
the catenary system will be extended to Boston, and the existing
catenary west of New Haven will be modlfled for operating speeds
over 125 mi./hr. This will probably require advanced pantograph
de51gns Many of the IPEEP candidate tralns have new pantograph
de51gns which are intended for operatlon in this speed range
while retaining compatlblllty with ex1st1ng electrification
systems and the variation in contact wire height encountered in
these systems because of right-of-way clearances. These new
designs are worthy of consideration for U.S. application.

Alternatives to overhead w1re-pantograph power trans-
mission systems have been suggested, such as rigid conductor
(third rail) systems, and non-contact types of collection, as
exemplified by the plasma arc, or by capacitative or electro=-
magnetic coupling. However, w1th the current state of the art,
none of these systems are serious competitors of the catenary-
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pantograph system, and they will not be discussed further in
connection with the proposed high speed service.

The objective of this discussion is to provide a summary
of available pantograph designs for the IPEEP review. The report
will not attempt to make an analysis of pantograph behavior for
in-depth study, but will confine itself to a discussion of the

simple mechanics of pantograph operation and the hardware avail-
able from various manufacturers.

Before proceeding with the main topic, the character-
istics of the most commonly used catenary systems, and their

influence on and reaction to pantograph action will be briefly
discussed.



I - CATENARY SYSTEMS

Overhead contact systems for heavy traction applications
have commonly used simple, stitched or compound catenary sus-
pension, comprising a contact wire or wires, and one or more
suspension wires, supported in spans which typically are from 200
to 300 feet in length. Figure 1 illustrates these basic construc-
tions, and defines the nomenclature of catenary components.

Ideally, a catenary system should have a uniform stiff-
ness throughout its length. That is, the contact wire should
deflect uniformly when subject to the pantograph force, thereby
reducing pantograph vertical movement under level wire to a
minimum.

It is to more closely approach this ideal situation
that the more complex catenary constructions, such as stitched
and compound, are used rather than the simple.

Simple catenary has a tendency to be more stiff at the
supports than at mid-span, although this condition can be control-
led to some degree by varying dropper de51gn and spacing, by
1ncrea51ng mld-span sag, and by 1ncrea51ng tension. Introduction
of stitch wires at the supports will reduce stiffness at these
locations, but will add considerably to the number of catenary
components, and to the difficulty of making catenary adjustments.

The compound design, by introducing an auxiliary wire
immediately above the contact wire, accomplishes much the same
‘purpose as the stitch wires, but w1thout the introduction of many
separate segments. The auxiliary wire also adds to the current
carrying capacity of the catenary system. .

Either the introduction of stitch wires, or an auxiliary
wire, together with proper dropper design and spacing, and proper
sag will result in a catenary with approx1mate1y unlform stiffness
or compliance.

Composite compound-stitched designs have also been used
in a number of applications. i

With fixed tension catenary, as is presently used on
the Northeast Corridor, each length of catenary is fixed at its
_extremltles and adjusted to a predetermlned tension. Thus,
ambient temperature increase will cause catenary ten51on to
decrease, and temperature decrease will cause it to increase.

Constant tension catenary is commonly used overseas.
Lengths of up to about one mile of wire are usually tensioned at
both ends with a mid-point anchor. There are usually three spans
of overlap, the span in the mlddle being the overlap where the
pantograph rides on two contact wires 51multaneously, and the end
spans where the wire is sloped upward and to the side and attached
through an insulator to the tensioning equipment. For single and
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double track, the tensioning equipment usually is a relatively
simple weight and pulley arrangement attached to a pole. For
more than two tracks where bridge construction is used, the
weights are located in the columns of the bridge with cables
going up and around pulleys across the brldge, and then around
pulleys above each track to connect through insulators to the
corresponding sets of catenary wires. This results in a rather
complicated arrangement for four or more tracks.

Pneumatic-hydraulic tensioning devices are sometimes
used in lieu of weights, particularly where space is restricted.

The maintenance of optimum and uniform wire tension has
a very definite effect on catenary performance. The use of
weight or mechanlcal constant tens1on1ng devices is essential if
good performance is to be obtained at both extremes of ambient
temperature. However, fixed tension catenary of the type presently
installed in the Northeast Corridor can be adjusted to perform
acceptably over an approximate 50 degrees F temperature range.
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I1 - PANTOGRAPHS AND THEIR WORKING ENVIRONMENT

The pantograph is the link between the overhead contact
system and the power circuit of the vehicle through which the
power is transmitted. This power is collected through a rudi-
mentary form of contact consisting of a simple collector strip on

the pantograph sliding along a bare contact wire of the overhead
system.

The pantograph has to work at varying speeds, under
every climatic and wind condition, on varying stiffnesses of
overhead equipment which arise due to differences in equipment
design along a route (ten51oned vs. non-tensioned catenary, for
example), as well as various design features within each section
length (dropper spacing or wire size, for example). These factors,
. and the dlfferlng r1d1ng qualities of the vehicle at various
speeds result in widely varying dynamic conditionms, which affect
the contact force between the collector strip and the overhead
contact system. A positive force at all times is essential to
-avoid loss of contact and sparking, yet this force must be as low
as possible to ensure, 1n conjunction with the choice of -collector
strip material, the minimum wear of the overhead contact. wire.

It can be seen, therefore, that the apparently. simple .
device of the pantograph has to perform a very difficult task
indeed.

The main feature of a pantograph may be described as
follows and as shown on Figure 2:

1. A bottom frame is mounted to the vehicle through insula-
tors.
2. Above the bottom frame is a flexible Jointed framework

which presses the wearing contact surface against the -
contact wire of the overhead distribution system. This
framework must have sufficient rigidity to be mechan-
ically stable both laterally and longitudinally.

3. Operating springs which ensure that the force exerted
by the contact strip on the contact wire, over the
prescribed range, is within certain de51gn limits and
relatively constant at all working heights.

4, A control mechanism to enable the pantograph to be
raised or lowered.

5. A collector head or shoe fitted with collector strips
which have minimum wearlng effect on the contact wire
of the overhead distribution system, yet are able to
collect the required power without excessive overheating
and burning.
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Probably the simplest form of structure which satisfies
the above requlrements is the classic diamond frame pantograph
shown in Figure 2.

PantographS‘of this type are in universal use on boéth
d.c. and a.c. overhead contact systems in the United States and
overseas. Usage of this type of pantograph on Northeast Corridor
equipment is as listed on lines 1-7 and 15 and 16 of Figure 3.

In recent years, a number of other pantograph designs
have come into use. The most widely used of these designs is the
single arm type manufactured by the L. Faiveley Co. of France and
their licensees (General Electric Co. in the U.S.A.), and by
August Stemmann OHG of Germany (type BS-87).

Faiveley designs have been applied to much of the
Northeast Corridor equipment built in the past 15 years. This
design is illustrated in Figure 4, and usage of this design on .
Corridor equipment is listed on lines 8-11 and 17 and 18 of
Figure 3.

A modernized lightweight pantograph of the diamond
frame type is manufactured by Stemmann and 1s illustrated in
Figure 5. This pantograph is used on recent Corridor equipment
which did not receive the Faiveley design, as shown on lines 12-
14 of Fiqure 3.

Another modern variation of the basic diamond frame
pantograph is the crossed-arm pantograph illustrated in Figure 6,
and which is manufactured by the General Electric Co., Ltd. of .
Sreat Britain.

Two-stage pantographs have been de51gned by the L.
Falveley Co. of France, in cooperation with SNCF, for the TGV and
other high speed tests; and by the USSR Railway Admlnlstratlon of
Russia. Two-stage designs make possible the separation of the
compensation for deformation of the comntact wire from the compen-
sation for height variation of the contact wire. The first
function is assumed by a pantograph of short travel (0.3 to 0.4m)
(12 to 16 in.) fixed to the upper part of a pantograph of con- .
ventlonal travel which performs the second function. The Faiveley
design is illustrated in Figure 7 and the Russian design in
Figure 8. Tracking of the contact wire at high speeds is improved ‘
by these designs since only the low-mass short travel pantograph
must respond to small variations in contact wire height.

The Faiveley design is simply two independent pantograph
frames whose characteristics are selected so that they function
together in the desired manner. The upper and lower frames of
the Russian design are, however, connected by a pneumatic servo-
mechanism which causes them to maintain a correct relationship.

" The SNCF's use of the two-stage pantograph is not
dictated by their totally new high speed Southeast line, where
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Fig.

8 TC-IM 2-Stage Pantograph.
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catenary height will be maintained nearly constant. Rather, it

is to permit the new high speed equipment to be also used on the
older llnes where relatively poor catenary and track conditiomns

may exist.

Additional details of the several pantograph designs
may be found in the appendix.
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III - PANTOGRAPH - CATENARY INTERACTION

The moving pantograph deforms the trolley wire in the
contact zone, and a deformation wave propagates along the over=-
head catenary system. If the speed of the pantograph increases
until it equals or exceeds the wave propagation velocity (Vw),
the trolley wire will attain the properties of a rigid wire.
Under these conditions considerable forces arise between the
pantograph and contact wire which may lead to the destruction of
the pantograph, or the catenary, or both. Therefore, the wave
propagation velocity of the contact wire is the maximum speed at
which normal current collection may be attained. As a practical
matter, this speed reduced by approximately 20% can be assumed as
the maximum perm1551ble speed (Vp) for the movement of electrically
propelled vehicles, that is, Vp = 0.8Vw.

The deformation wave propagation velocity in the over-
head wire (Vw) may be determined quite precisely by the formula

Vw = V A
M

where
2 = total t5n51on in overhead wires, N(Newtons)
(kg'm/s”)
M = mass of one meter of overhead wires, kg/m

This equation is derived from the general relatlonshlp
for the propagation of -a longitudinal wave in a tensioned string.

_ It is seen that once the wire size is selected, the
value Vi is mainly influenced by the total tension of the catenary
Wwires. Thus2 for example, for a simple catenary consisting of a
bronze 65 mm“ catenary cable and a 107 mm” copper trolley wire
with a total tension of 19.6 kKN (4400 lbs.) (9.8 + §.8) and a
unit mass of 1.6 kg/m (1.1 1lbs./ft.), Vw is 399 km/hr (248 mph)
and Vp = 0.8 Vw = 319 km/hr (198 mph). Slmélarly, for a compound
catenary consisting of a steel-copper 95 mm catEnary cable, a
steel-copper 50 mm aux111ary wire, and a 100 mm“ copper trolley
wire with a total tension of 35.3 kKN (7940 lbs.) (15.7 + 9.8 +
9.8) and a unit mass of 2.16 ka/m (1.45 lbs./ft.), Vw is 461
km/hr (287 mph) and Vp = 0.8 Vw = 369 km/hr (229 mph).

A major problem of high-quality current collection at
high speeds is to extend the service life of contact wires and
pantograph contact strips. This depends on the parameters of the
catenary and the pantograph, and the matching of these parameters.

Tests carried out in the USSR with carbon strips have
shown that when the force of a pantograph against the contact
wire is less than 40 N (9 lbs.), the number of momentary separa-
tions between contact shoe and contact wire increases noticeably,
W1th an accompanylng increase in average contact resistance, and
in generated radio interference. Accompanying these phenomena is
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a considerable increase in arc burning (electrical wear) of the
contact wire and pantograph contact strips due to sparking.

- Conversely, an excessive contact force, while it will decrease
electrical wear, will increase mechanical wear by as much as a
factor of two. Intermediate, there is an optimum pressure level
at which overall wear will be minimized.

To ensure stable contact force, it is necessary that
the catenary have a uniform elasticity and a uniform mass through-
out the span length, and the following characteristics should be
avoided:

1. It should not have abrupt changes in contact wire
slopes due to large sags in the span or different
heights of suspension at the poles.

2. It should also not have an abrupt decrease in elasticity
anywhere in the span or concentrated masses in the
contact wire, i.e., "hard" spots.

3. The pantograph should have a small mass interacting
with the contact wire and a good amplitude-frequency
characteristic. :

4, The "catenary-pantograph" system should be free of any
resonant oscillations of the component masses of the
system.

5. The natural frequencies of the pantograph should not
coincide with any frequencies of the vehicle on which
it is mounted.

Simple and compound catenarles have a maximum elasticity
in the middle of the span, and a minimum at the pole supports.
The elasticity of the catenary depends on the span length, the
tension in the wires, the location and spacing of the droppers,
and the sag of the contact wires.

Wwith a high contact force on the contact wire it is
possible that one or several droppers of the catenary may become
unloaded and this will lead to a change in the" elasticity of the
catenary and its dependence on the pressure of the pantograph.

Since the elasticity of the catenary changes along the
span, the pantograph will perform periodic vertical osc1llat10n
when moving with a frequency

Fr = _Vr
L
where Fr = frequency of pantograph. vertical oscillation
Vr = velocity of pantograph in m/sec.
L = length of span in meters
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That is, the frequency of vertical oscillation is equal to the
number of spans traversed per second.

Moving from one span to the next, the pantograph force
acts agalnst the catenary with a frequency Fr. Under the action
of this force the wires of the catenary perform vertical oscilla-
tions.

At low speeds, the pantograph forcing frequency Fr is
considerably less than the natural frequency of the catenary Fn
and the oscillations of the catenary when the pantograph passes
are small. As the speed increases, the frequency Fr increases,
and as it approaches the natural oscillation frequency of the
catenary Fn, the quality of current collectlon deteriorates.

The speed of the pantograph at which the amplitude of
‘the catenary vertical oscillations maximize is called the critical
speed Vcr. _

Assuming in Fr = Vr that Fr = Fn and Vr = Vcr, the
L
expression for critical speed is
Vcr = (L)(Fn)

. After the pantograph exceeds the critical speed the
amplitude of vertical oscillations of the catenary decreases and
the quality of current collection is improved.

. The free oscillation frequency of the catenary may be
closely approximated by the formula
Fn = K ]

L M
where

= the coefficient determined by the design of the catenary
supportlng unit; with spring droppers K = 0.46; with simple
droppers K = 0.50.

L = span, in meters 2
B = total tension in catenary, N (kg 'm/sec.”)
M = mass of 1 meter of catenary, kg/m

Combining the last two formulas,
Vcr = K |}§

M

and it can be seen that once the wire size has been selected,
the critical speed at which resonance begins depends mainly on
the total tension in the catenary.

2 Thus, for example, for a simp}e catenary composed of a

65mm bronge catenary cable and a 107mm“ contact wire hav1ng a
total tensicn of 19.6 kN (4400 lbs.) and mass per meter of 1.6 kg
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(1.1 1lbs./ft.), the critical speed Vcr is 1992(124 mph) km/hr.

For a similar simple catengry but with a 70mm“ steel-copper
catenary cable and a 100mm“ contact wire having a total tension

of 29.4 kN (6610 lbs.) and mass per meter of 1.54 kg (1.0 lbs./ft.),
the critical speed will be 248 km/hr (154 mph).

For a compound catengry consisting of a 95mm? steel-
copper gessenger cable, a 50mm“ steel-copper auxiliary cable, and
a 100mm“ bronze trolley wire having a total tension of 42.2 kN
(9490 lbs.) and a mass per meter of 2.16 kg (1.45 1lbs./ft.), the
critical speed will be 251 km/hr (156 mph). '

From these examples it is seen that the critical speeds
for typical catenaries are practically equal to the maximum
speeds of contemporary electric vehicles, or in other words, the )
catenary and pantographs operating on an electrified high speed
line are likely to be at or near resonance. Therefore, in order
to avoid violent and uncontrolled oscillations, the design of the .
catenary and its tension should be carefully selected so that the
critical speed is at least 15% greater than the maximum service
speed.

Pantograph-catenary contact performance near resonant
speed is improved if viscous dampers are applied to the catenary
and/or pantographs. For ease of maintenance, it is preferred
that dampers be applied to the pantographs only. Here they are
more readily accessible for servicing, and are limited in number.

Multiple pantograph operation on one train has been
found to be detrimental to good current collection at high speed,
with the quality of collection deteriorating with the passage of
each successive pantograph. That this condition arises is not
surprising, since, as previously mentioned the critical speeds of
typical catenaries are not far removed from the maximum speeds of
contemporary electric vehicles, and the passage of each successive
pantograph will tend to force the vibration initiated by the
first. For acceptable collection performance, experience has
shown that for a given consist of vehicles the number of operating
pantographs should be kept to a minimum, and that as a general
rule these pantographs should be spaced by at least a span length.

Demonstrating this condition, a dynamic performance
computer study of three pantographs operating on the Washington-
New York catenary in the 65 mph to 150 mph speed range and the =
10 degree F to 110 degree F temperature range showed the following:

1. The first pantograph had power contact loss of less
than 2% over all speeds and temperatures. (Satisfactory)

2. The second pantograph showed power contact loss of 2%
to 5% over approximately 9% of the speed and temperature range
(intermediate) and power contact loss of 5% or greater over
approximately 2% of the speed and temperature range. (Unaccept-
able)
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3. The third pantograph showed power contact loss of 2% to
5% over approximately 11% of the speed and temperature range
(intermediate) and power contact loss of 5% or greater over
approximately 2% of the range. (Unacceptable)

All of the less than satisfactory power collection
conditions occurred in the temperature ranges below 35 degrees F
or above 90 degrees F, and at speeds above 95 mph.

When the Japanese Tokaido line was constructed for
operation with MU vehicles (up to sixteen cars with eight panto-
graphs), a composite compound catenary with damping was installed.
This construction proved to have a large vertical amplitude of
vibration, as well as a tendency to be displaced laterally by
wind loading. Later Shinkansen lines were buil§ with a heavy
compound catenary under greater tension (500 mm“ total cross
section, 53.9 kN2(12,1OO lbs.) total tension), and the original
catenary (230 mm“ total cross section, 29.4 kN (6,600 lbs.)
total tension) on the Tokaido line is now being replaced with
this type. The Japanese apparently are satisfied that heavy
compound catenary, highly tensioned, is one answer to the problem
of current collection with multiple pantographs.

The Tokaido line experience parallels that on the
Northeast Corridor when the route was being prepared. for the
original Metroliner operation. At that time2 the high speed
tricks had a mixture of 4/0 (212 MCM)(107 mm“) and 336 MCM (170
mm“) contact wire. It was found necessary to completely replace
the light contact wire with the heavier wire on the high speed
tracks in order to obtain satisfactory catenary performance. In
addition, it was necessary to adjust wire slopes, junctures
between wire sections, and wire tension.

British Rail obtains satisfactory operation. of 12 car
high speed multiple unit trains by raising only four pantographs
per consist and by remarshalling the cars to give maximum distance
between pantographs. Current is collected satisfactorily up to
100 mph without spurious no-voltage relay operation.

Decreasing the number of operating pantographs on
multiple unit trains has side benefits also. -Train alr resistance
is decreased as the number of pantographs is decreased, as is
wire wear, which is proportional to the number of pantograph
passes.
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IV - PANTOGRAPH DESIGN CONSIDERATIONS

In determining the design parameters of a pantograph,
the following requirements must be considered:

1. The prdyision of a point of electrical contact between
the moving vehicle and contact wire;

2. The minimum disturbance of a lightly damped overhead
catenary system;

3. The function of dissipating kinetic energy and so
reducing oscillation of the pantograph/overhead-system

Pantograph design is aimed at the best compromise ‘which
will comply with all of these sometimes conflicting demands. In
order to cause the least disturbance to the overhead equlpment
the pantograph mechanical 1mpedance should be as low as possible
and the contact force kept to a minimum. The basic parameters.to
be considered are mass, elasticity and damping. The impedance
characteristic is dependent on the magnitude of these parameters
and can be modified by variation of their values and mechanical
configuration.

The pantograph mass is made up of the effective mass of
the main frame and the mass of the head. There is a limit to the
possible reduction in mass of the structure in order to retain
sufficient rigidity to support the contact strips within the
required range. There are also constraints on the materials of
which the contact strips are composed. As inertial impedance is
proportional to mass, every effort must be made to achieve minimum
mass in order to attain maximum contact point acceleration for a
given contact force.

Elasticity is introduced into the pantograph structure
at the secondary suspension and in the contact strips, to reduce
high frequency mechanical impedance by minimizing the mass that
is required to follow the contact point trajectory.

Damping can be 1ntroduced into the pantograph structure
between the base and the main frame and between the main frame
and the pantograph head, to reduce resonance of the pantograph
mechanism and to assist in reducing the amplitude of oscillations
in the overhead system. Frame damping is limited to about 25% of
critical by the large changes in forces which would otherwise
occur when the pantograph is ascending or descending contact wire
gradients. It has been found beneficial to arrange the damping
dlfferentlally, so that there is a much higher rate when the
pantograph is descending than when it is ascending, since heavy
damping when ascending will cause a reduction of the mean contact
force and an increased possibility of contact loss. The consequent
reduction in electrical erosion on rising wires 1is expected to
outweigh the increase in mechanical wear on falling wires.
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Aerodynamic forces acting on the pantograph members can
also produce a net vertical resultant force at the point of
contact, changing the contact force and hence affecting current
collectlon These forces generally increase as the square of the
air speed and so become much more significant at hlgher speeds.

If the normal mechanically~-produced contact force is substantially
reduced by a negatlve aerodynamlc force, then loss of electrical
contact is a-distinct possibility. However, experience has shown
that a significant positive increment is also undesirable and the
dynamic performance of the pantograph under the wire suffers.

The aerodynamic lift characteristic should therefore be as near
neutral as possible for all wind speeds and operatlng heights.

It should also be symmetrical for either direction of travel.
Further, any aerodynamic uplift forces contributed by the main
frame and the head of the pantograph should separately be as
small and as nearly equal as possible, so that the secondary
suspension is in the middle of its design range throughout.

A non—symmetrlcal pantograph such as the Faiveley
de51gn does not exhibit symmetrical aerodynamic characteristics.
Figure 9 shows the actual lift forces measured on Faiveley panto-
graphs operating with knuckles leading and with knuckles trailing.

It is also 1nterest1ng to note that seemingly 1n51gn1f1-
cant changes in shoe conflguratlon can produce very 31gn1f1cant
changes in aerodynamic uplift force on the shoe, as illustrated
in Figure 10. (Figures 9 and 10 from "Test Results of GE- -Faiveley
Pantograph for High Speed Operation". R.T. Gray, General Electric
Co., Dec. 1967.)

_ Mounting of pantographs to vehicles is generally straight-
forward. The bottom frame 1s supported on insulators which are
attached to the vehicle roof as close as possible to a tzuck
center line, in order to minimize lateral displacement on curves.
Clearance requirements between energized and grounded parts of
the vehicles for common voltages are:

50KV 21"
25 KV 10-1/2" _
12.5 kv 7"

An exceptlon to these simple roof mountlngs is found
when the vehicle is of the tilt-body type. On this equipment,
the pantograph may be supported on a truck mounted framework so
that it will remain approximately on the vertical center line of
track regardless of car body position. An alternative to this
arrangement is used by ASEA of Sweden on the X-15 test vehicle
and is shown in Flgure 11. Here the pantograph is fixed to a
roof-mounted slewing mechanism which is linked to the trucks
below the tilting arrangement. Thus, tilting of the car body
will cause the pantograph to slew against the tilt and remain on
the vertical center line of truck. A similar arrangement, except
that the roof-mounted slewing mechanism has the form of a parallelo-
gram, is used on the British APT.
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While not actually a design consideration, the importance
of adequate service testing cannot be overemphasized. After the
pantograph is de51gned and prototypes are constructed, there must
follow a service testing period during which the de51gn is perfec-
ted and its performance fine~-tuned. This testing must be done
under service conditions and under the catenary where the panto=-
graph will ultimately operate. Furthermore, both pantographs and
catenary must be thoroughly broken in before uniform and stable
test results will obtain. Collector shoe wear rate tests can be
particularly deceiving in this regard. A good performance
record under one set of conditions and one catenary system does
not insure that a pantograph will operate under another set of
conditions and another catenary. :
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V_ - SUMMARY -

RECOMMENDATIONS CONCERNING PANTOGRAPHS

Mass of the moving part of the pantograph

a.

The mass of the collector shoe and of the articulated
system (moving parts) of the pantograph should be as
small as possible.

Weight reduction in the articulated system implies a
small operating range of the pdntograph, which is
feasible on new lines through the installation of
overhead catenary equipment of reduced and practlcally
constant height.

If constant catenary height cannot be realized, the
influence of the mass can, if necessary, be reduced by .
adopting a two-stage current collecting device separating
the compensation functlon for contact wire distortion

from that for contact wire height variation.

The first function could be accomplished by a pantograph
with small operating range (12" to 16") mounted on the
upper part of an articulated system having a sufficient
operating range to handle the second function. 1In the
case of the Northeast Corridor, this second function
will require a travel of 11 ft.

The movements of the two stages may be independent.

The respective characteristics of the upper and lower
pantograph assemblies should be studied so as. to clear-
ly separate the functions by taking into account the
masses and inertia inherent in the constituent parts.
Lower and upper stage damping does not appear to have
any effect on dynamic performance.

Collector shoe springing

a.

This should be studied so as to correctly "uncouple',
for movements of small amplitude, the mass of the
collector shoe from that of the articulated system.

Upward contact force

a.

There is occasion to experimentally determine the
optimum value of the static and aerodynamic upward
force which ensures correct current collection and
minimum contact wire lift. The coeff1c1ent of 1lift
should be as nearly neutral as possible, in order to
minimize the effects of very strong head-winds or
cross-winds.
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Position of pantographs on vehicle

a.

The position should be chosen so as to place the panto-
graphs away from aerodynamlc disturbances due to.
vehicle-body configuration. However, a location at or
adjacent to a truck center must be retained to minimize
lateral displacement of the pantograph on curves.

Number of pantographs in use

a.

When several pantographs are simultaneously working,

the quality of the contact deteriorates increasingly
from first to last pantograph. Moreover, the mechanical
wear of the contact wire is directly proportional to

the number of pantograph passages.

Consequently, it is recommended to limit the number of
pantographs working on a same trainset to 1 or 2,
avoiding in the latter case close spacing. Bus coupllng
through the train is necessary when the number of
working pantographs is limited.

Additional recommendation

a.

For the purpose of reducing energy consumption at high
speed, the aerodynamic drag of the pantograph should be
as low as possible. Pantograph structure should be
streamlined and reduced in cross section insofar as is
possible without detriment to other pantograph functions.
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APPENDIX
DETAILS - PANTOGRAPH TYPES

- Diamond Frame Pantograph

This is the oldest form of pantograph in use, and until
twenty years ago it dominated the field of heavy electric traction.
A typical pantograph of this type is pictured in Figure 2. Usage
of this type of pantograph on Northeast Corridor equipment is as
shown on lines 1-7 and 15 and 16 of Figure 3, which also gives
working height dimensions.

Arrangement and operation of this type of pantograph is
shown schematically in Figure 12. ,

Lower and upper pantograph frames 3 and 4 support the
collector shoe 6 through links 5 and are supported on the bottom
frame 1, which is electrically isolated from the vehicle structure.
Lower frames 3 are pivoted about shafts 2, these shafts being
acted upon by springs 7 through cranks 9, causing pantograph to
rise, and collector shoe 6 to touch trolley wire. A link 12
working through cranks 11 equalizes rotation of shafts 2 and
causes pantograph to rise symmetrically. An air cylinder 8
working on crank 10 affixed to one shaft 2 and against springs 7
allows pantograph to be lowered.

Metallic wearing strips, typically mild steel, were
originally used on the collector heads of these pantographs, but
carbon wear strips have generally been substituted in recent
years. Carbon wear strips offer the advantages of longer service
life, reduced wire wear, and reduced static interference with
radio and telephone communications.

. Other characteristics of these pantographs, as used in
Corridor service are as follows:

Speed range 0-100 mph

Current capacity 1000 amps.

Total weight 1000 1bs.

Upper & lower frame weight N.A.

Collector head weight 344 (3 lines of carbon)
Collector head welght 31# (2 lines of carbon)
Contact force 28#

Damping Not used

While this type of pantograph has reasonable bi-
dlrectlonal characteristics because of its symmetrical construction,
its aerodynamic characteristics are poor because of the large
surface area of its frames. Likewise, the large inertia of its
heavy frames cause it to have poor tracking characteristics at
high speed. This type of pantograph is not a candidate for new
installations.
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Modified Diamond Frame Pantograph

A contemporary modification of the diamond frame panto-
graph is manufactured by August Stemmann OHG of Germany, their
type de51gnat10ns BS-134 and Bs-167. This type of pantograph is
illustrated in Figure 5, and schematically its operation is the
same as that of the conventional diamond frame type shown in
Figure 12. Usage of this type of pantograph on Northeast Corridor
equipment is shown on lines 12-14 of Figure 3. i

Because of its symmetrical construction, this panto-
graph has good directional and aerodynamic characteristics, and
because of the reduction in number of frame members, its drag is
reduced as compared to the conventional diamond frame type.

‘ Other characteristics of this pantograph as used in
Corridor service are as follows:

Speed range 0-150 mph
Current capa01ty 600 amps
Total weight 700 1lbs.
Upper & lower frame weight N.A.
Collector head weight 31# (2 lines of carbon)
Collector head weight 36# (3 lines of carbon-
Metroliner)
Contact force 28%
' Damping Not used

This pantograph is a candidate for use in high speed
service.

Single Arm Pantographs

‘ This type of pantograph has come into prominence in the
last twenty years. Although not the only manufacturer of this
type of pantograph, the name of L. Faiveley Co. of France has
become synonymous with the type, and a typical Faiveley pantograph
is illustrated in Figure 4. Usage of this type of pantograph on
Northeast Corridor equipment is as shown on lines 8-11 and 17 and
18 of Figure 3, which also gives working helght dimensions.

Arrangement and operation of this type of pantograph is
shown schematically in Figure 13. The articulated system is
composed of two arms 12 and 13. They form joints at points 2 and
3 of the frame and points 7 and 8 of the terminal bracket 17 and
collector shoe frame 16. The points 2, 3, 7, 8, and 11 are
located so that, when arms 12 and 13 rotate respectlvely in their
joints, the curve of point 11 is a straight line almost perpen-
dicular to the bottom frame 1.

Counterbalance springs 5 act on the rotatlng shaft 2
through cranks 4 to raise the pantograph. Pantograph is lowered
by applylng alr pressure to lowering cyllnder 6 which turns
rotatlng shaft 2 through crank 4. 1If specified, a damper 19 may
be installed to snub rotation of shaft 2.
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. The collector shoe is equipped with carbon wearing
strips, the number of strips used being dependent on the current
requirements of the particular vehicle.

_ Other characteristics of these pantographs as used in
Corridor service are as follows:

Speed range 0-125 mph

Current capacity 1000 amps

Total weight ' 725 1bs.

Upper & lower frame weight 240 lbs.

Collector head weight 31# (2 lines of carbon)

Collector head weight 34# (3 lines of carbon)

Collector head weight 36%4 (3 lines of carbon-

, Metroliner)

Contact force , 25%# - 28#%

Damping Not presently used,
optional

Damping, when used, is in the 2.5 to 4.0 1lb. sec./ft.
range, double acting.

Since the single arm pantograph is non-symmetrical,
contact force during high speed operation may be greatly affected
by direction of operation, with higher forces usually being
assoc1ated with a leading knuckle. However, if close attention
is given to collector shoe configuration, the directional effect
can be compensated.

The Stemman BS-87 pantograph is similar in design and
concept to the Faiveley single arm pantograph, the most noticeable
difference being that the lower arm 12 and thrust arm 13 (see
Figure 13) are transposed in position. Its characterlstlcs are
comparable to those of the Faiveley.

Both the Faiveley and Stemmenn BS-87 pantographs are
candidates for use in high speed service.

Another design of single arm pantograph which may be a
candidate for Northeast Corridor service is the Brecknell Willis-
& Co. (England) "Hugereach" design which is marketed in the
United States by the Ringsdorff Corporation. A prototype of the
"Hugereach" design has not yet been constructed, although similar
pantographs of smaller size are in service overseas and on transit
properties in this country.

The Brecknell Willis design is illustrated in Figure 14
and shown schematically in Figure 15.

The "Hugereach'" pantograph consists principally of a
bottom frame 1, a lower arm 7, upper arm 11, and collector shoe
12. The lower arm 7 is p1n-301nted to the bottom frame at 3 and
to the upper arm 11 at 8. Equallzer bar 6 (which physically is
‘located inside lower arm 7) 1s pin-jointed to the bottom frame at
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Brecknell Willis Pantograph

Fig. 14
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2 and is connected to the upper arm 11 through roller chain 10

and cam 9 (which is part of upper arm 11). With clockwise rotation
of lower arm 7, upper arm 1l 1s caused to rotate counterclockwise,
causing collector shoe 12 to rise vertically on a line perpendic-
ular to the bottom frame 1. Lower arm 7 is rotated clockwise by
sprlng 4 to raise the pantograph, and counterclockwise by lowering
cylinder 5 to lower the pantograph. Note that pivot 13 is so

near to wire height that no virtual pivot or parallellng mechanism
is required at the collector shoe. The collector shoe is equipped
with two lines of carbon wearing strips.

Other characteristics of these pantographs are as fol-.

lows:
Speed range 0-125 mph
Current capacity 700 amps
Total weight ’ 350 1bs.
Upper & Lower frame weight 66 lbs. :
Collector head weight 31 1lbs. (2 lines of carbon)*
Contact force 15 lbs-25 1bs
Damping Hydraulic

* Standard Northeast Ceridor collector head

Two-Stage Pantographs

For very high speed service (over 125 mph) a two- -stage
pantograph becomes an attractive alternative. By separating the
function of compensation for contact wire deformation from the
function of compensation for contact wire height variation,
better tracking characteristics are possible. The first function
is assumed by an upper stage of short travel and low inertia,
while the second function is assumed by a lower stage of conven-
tional travel.

The two-stage pantograph of the L. Faiveley Co., their
type AM DE, which is i1llustrated in Fig. 7, appears to have many
desirable characteristics which make this pantograph a candidate
for Northeast Corridor service, and one which will ameliorate
many of the problems associated with high-speed power collection
once it has been adequately developed. Service experience with
.this pantograph under American conditions does not presently
exist.

This type of pantograph is 1llustrated in Figure 7, and
schematically each of the two stages is arranged as shown in
Figure 13.

Characteristics of this pantograph (as proposed for
U.S. service) are as follows:
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Speed range 0-175 mph

Current capacity 800 amps
Height range 10t'=2"
Effective mass-collector head 26 lbs.
Effective mass-lower frame 75 1bs.

Effective mass-upper frame, ~
at base 15 lbs.

Effective mass-upper frame,
at apex 11 1bs.
Contact force 16 1bs.

Damplng is provided on both upper and lower stages,
with the "down" damping on the lower stage being hlgher than the
"up" damping.

Aerodynamic characteristics of this pantograph should
be favorable, although they have not been confirmed by service
experience account a prototype pantograph of American configura-
tion is still in the design stage.
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PART 6. ANALYSIS OF ENERGY CONSUMPTION OF
- FUTURE PASSENGER TRAINS

Richard A. Uher



1.0 EXECUTIVE SUMMARY

Energy consumption of future passenger trains (such as those in prototype
and operational stages of development in North America, Europe and Japan, and -
which might be expected tc.be used with modification on the upgraded version
of the Northeast Carridor {NEC), and other selected corridors) waS_revfewed

using train performance simulation. In addition, a parametric analysis of both

Tocomotive-hauled and Muitiple-Unit (MU) passenger trains was conducted on the

NEC. Variations of energy consumption and schedule time were estimated with
train weight, maximum speed, speeds in curves and train resistance. The ranges
of the parameters were selacted to cover those types of trains which would be

expected to operate in the corridor within the next 10 to 15 years.

Because of a lack of propulsion system data, estimates of energy consumption
at the rail were made for several electric trains on the NEC. These include the
British Advanced Paséenger Train (APT), the German ET403,‘the Ttalian ET401, the
Japanese 961, and the French TGVPSE. Estimates of energy consumption were made
for the "as built" version of the trains and a version which was modified for
North American operétion- The trains were configured to be approximately equiva-
lent in seating to an eignt and six car upgraded Metroliner (MET), respectively.
Figure 1.1 summarizes the results for the tré{ns modified for North American
operation and equivalent to eight car MET seating. The following conclusions
refer to the figure. )

1. The shortest schedule times in bo;h corridor segments are exhibited
by the ET401 and the APT, which have tilt capability and can negotiate curves
at higher speeds (6 inch vs. 3 inch unbalance). The effect of tilt capability
on schedule time is more significant in the New York-Boston segment because of

the larger number of curves.
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2. Because of light weight con;truction techniques, reduction in cross
section and articulation, the APT and TGVPSE have lower energy consumption than
the remaining trains.

3. Energy consumption on a seat-mile basis is higher on the New York-
Boston corrfdor segment because of the larger number of required slowdowns
due to curves. |

Estimates of fuel consumption were made for several non-electric passen-
ger trains for selected corridors in the United States. Both present (éx%sting
conditiqns) and hypothetical upgraded versions of‘the New York-Buffa]o,'(NY-BU),
Chicago-Detroit (CH-DE), Los Angeles-San Diego (LA-SD), and Vancouver-Portland
(VA-PO) routes were used as the basis fof energy consumption and schedule time
estimate for the AMTRAK (F40PH-AMCOACH) train, the AMTRAK Turboliner (TURB), the
SPY2000, the British High Speed Train (HST), and the Canadian LRC. A summary of
the results .is shown in Figure 1.2 for each train consist, which was equivalent
in seating to the AMTRAK (F40PH-AMCOACH) train with four cars and one Tocomotivez‘
The HST was modified for North American Operation. The following conclusions are
valid:

1. The LRC, which has tilt capability, can improve schedule speed on the
Los Angeles-San Diego and Vancouver-Portland. corridors, but not significantly on
the Chicago-Detroit and New York-Buffalo corridors.

2. The HST, which is also of lightweight construction, is penalized severely
using.AMTRAK seating policy and structure modifications to meet U.S. safety standards.

3. Although the Turboliner is a low-weight train, the use of thevturbine
engine, with its high idle fuel consumption, causes its energy consumption to be
significantly higher than the other trains.

4. Both schedule speed and energy consumption are quite dependent on the
characteristics of the route (profile, alignment and speed restrictions) as well

as the characteristics of the trains.
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A parametric analysis of the effect of train weight, maximum speed, train
resistance and speed in curves bn energy consumption for MU and Tocomotive-hauled
tfains,which could be expected to run in the future on the NEC, was completed. Speed
restrictions for curve unbalance from 3 to 12 inches were developed, and maximum
speeds were varied from 120 to 160 MPH for MU-trains and from 120 to 140 MPH for
Tocomotive-hauled trains. The MU-train weight was varied between 410 and 610 tons
for six cars, while the Tocomotive hauled train.weight was varied between 310 and
570 tons for a locomotive with six coaches. This range of weights is reasonable for
trains of the future, which may 6} may not have tilt in curving capability.

Energy consumption at the pantograph is plotted as a function of train weight
in Figure 1.3 for various speeds for both type trains on the NEC. All trains have

400 seats. The pfopu]sion system is a phase control rectifier DC drive.

The following conclusions can be drawn as a result of this parametric
analysis:

1. As expected, enefgy consumption increases with train weight in the NEC.
This increase ranges between_0.0Q-O.T] WH/seat-mile/ton.

2. The increase in energy consumption with maximum speed is different in
the corridor segments. It ranges from 0.3-0.45 WH/seat-mile/MPH in the NY-B0
segment to 0.7-1.05 WH/seat-mile/MPH in the NY-WA segment. The reason for the
small increase in the NY-BO section is because of the many speed restrictions
due to curves. }

3. Energy consumption may increase or decrease with increase of speed-in
éurveé in the range from 3 to 12 inches of unbalance depending on the perturbation of
kinetic energy suppliied compared to increased train resistance because of highef
curve speeds. The energy variation seems to be less than 7 WH/seat-mile over

. all ranges of unbalance and for all weights and maximum speed.
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4. The variation of energy consumption with changes in aerodynamic train
resistance ranges from 0.3 to 0.4% chaﬁge in energy consumption per ﬁercent
change in aefodynamic train resistance on the NY-BO corridor segment and from 0.4
to 0.5% change in energy consumption per percent change in aerodynamic train resis-
tance on the NY-WA corridor segment. This value is independent of maximum speed
within these limits, and independent of the manner in which aerodynamic train re-

sistance is changed (i.e., streamlining, cross section changes, consist size

changes). The values are good over a range of t 30% in train resistance change.



2.0 INTRODUCTION

The purpose of this report is a compreheﬁsive review of energy consumptions
of advanced pagsenger trains on selected routes in the United States. This
review was accomplished by simulating particular trains on these selected routes
and estimating both their performapce and energy consumption.

Section 3.0 covers the basic metﬁodo]ogy used for the energy consumption
estimates. A basic review of the train equations of motion used in the simulator,
sources of train resistance and resistance formulae, grade and curve forces,
and power and energy use in both electric and non-electric trains is presented.
This section also considers the energy end use in the propulsion system itself
and discusses the source of the indices generally used for energy consumption

“efficiency measures. |

Section 4.0 reviews ehergy consumption of future passenger trains, which
are .in prototype and operational stages of development in North America, Europe,
and Japan, and which might be expected to'be used with modification on the up-
graded version of the Northeast Corridor (NEC) and other se]ectéd corridors.
Although some of the enefgy estimates were completed as part of the Improved
Passenger Equipment Evaluation Program (IPEEP) train systems review, more detailed
information on energy is presented on "as built" aé well as modified versions
of the trains. Section 4.1 covers the energy consumption of advanced electric
trains on the NEC, both the New York-Boston and New York-Washington segments.
Section 4.2 covers the énergy consumption of advanced non-electric trains on
four promising corridors.

In Section 5.0, a parametric analysis of the effects of weight, maximum
speed, train resistance and speeds in curves on energy consumption is discussed.
Both MU-trains and Tocomotive-ﬁauled trains are considered.

A summary of the principle results of this study appears in Section 1.0.



3.0 ENERGY COMPUTATION METHODOLOGY

3.1 THE EQUATION OF MOTION OF A TRAIN

A simplified diagram of the Tongitudinal forces acting on a train in motion
is shown in Figure 3.1. The forces are indicated by arrows and are labeled |
numerically.

Tractive effort is transmitted to the vehicle as the reactive force of the
wheel against the rail. It can only be supplied from powered cars. The
locomotive shown in the figure is a powered car. In passenger operations using
rail, it is possible to have every car powered, in which case many more axles |
would be driven. This train configuration, referred to as multiple unit
operation (MU), is generally capable of higher accelerating rates than locomotive
hauied.

Braking effort is normally transmitted to the vehicle as the reactive
force of the wheel against the rail, however, in a direction opposite frcm that
of tractive effort. Generally all cars in the train have the capability of
providing braking effort. Braking effort is usually divided,info two éategories,
dynamic and friction. -Friction braking is applied by rubbing two surfacés to
create the force ({tread on wheel/disc pad on disc), while dynamic is“épp1ied
without surfaces in contact (electromagnetic, hydraulic or gas dynamic).

Those forces which oppose the motion of the train and act through the
wheel other than braking effort are rolling train resistance, curve resistance
and grade resistance. The aerodynamic portion of train resistance, which_is an
effective force generated because of the motion of the train through the air
and the action of the wind on the train, acts on the total vehicle (rathe;'than

just through the wheels).
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Coupler forces are developed as the result of the motion of the train.

They are very complicated forces and it is by means of the coupler that the
forces of traction, braking, and train curve and grade resistance are transmitted
from véhic]e to vehicle. Because of variation of forces from vehicle to vehicle,
coupler forces also include short time force oscillation induced by the dynamics
of train motion.:

The equivalent mass of the train includes the real mass plus the effects of
rotating parts which include wheel and axles, gear units, motors etc. The reason
that rotating parts must be included is that the torque to keep them rotating,
and to change their speed of rotation is captured from the forces applied to
train motion.

Unless it is desired to study the details of train motion for the purpose
of train handling, the‘equation of motion in the figure may be applied to the
train as a whole rather than to each vehicle independently. When this is done,
as is the case in most train performance calculations, the following assumptions -

' are made:

1. Dissipation of energy in the couplers (draft gear) is part of train
resistance. |

2. Curve and grade lengths are large compared to train length or that

curve and grade magnitudes are small.

3.1.1 Train Resistance -
Rolling resistance can be attributed to four principal causes. These
sources are shown pictorially iﬁ Figure 3.2. |
1. Ballast, subsoil, tie and track hysteresis, which is the alternate
stressing and releasing of these components as the wheels, trucks, cars and

train pass over them.
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SOURCE OF ROLLING RESISTANCE:

Suspension . Journa) Draft Gear
stem ring
System ieﬂ_'.’w L ongitudinal

Damping Lubricant Hysteresis Oscillations:
Viscosity Damping

Rolling Resistance Equation (Davis Formula):

Where: rq © speed independent coefficient, proportional to a term
' which varies linearly with the weight plus a term
which depends on a number of axles.
ry = term due to dynamic effects and proportional to the weight

FIGURE 3.2 ROLLING PORTION
OF TRAIN RESISTANCE
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2. Damping and hysteresis effects on the car itself, which are caused by
suspension system damping, by flexing of car components or cargo movement (for
example, the sloshing of o1l in tank cars). Flat wheel spots and rail irregu-
larities- all produce the oscillatory motion of truck hunting and car pitching,
rocking and rolling, which must be damped.

3. Journal bearing friction, which is another form of hysteresis as
bearings and journals are alternately loaded and unloaded because of wheel-axle
turning and dynamic loading.

4. Draft gear frictional damping which reshits from longitudinal oscil-
lations between the cars which is caused by traversal of grades and curves, .
speed changes, wind load changes and variations in tractive effort caused by thé
operator or random effects in the prime mover.

Experimental measurements of train rolling resistance have tended to verify

(1)

the Davis formula, shown also in the figure.
Figure 3.3 presents the formula generally used for aerodynamic resistance.
Again, this is part 6f the Davis formd]a. | 1
Figure 3.4 1ists the values of the coefficients rer ™ of the rolling
resistance and rz'of'the aerodynamjc resistance usually qéed for North American
locomotive-hauled and MU-passénger trains.

Detailed discussions of train resistance appear in reference 2. (Section 6.0)

and are not reapeated here.

3.1.2 Grade and.Curve Forces

On level ground with straight track, the only forces which oppose train
motion are those due to train resistance. Two other forces thch,develop as a
result of train.motion are grade forces and curve forceé. The sources of grade

forces are shown in Figure 3.5,
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BASIC FORMULA FCR AERODYNAMIC DRAG:

Ton = 7 (V¥ )2
r = COEFFICIENT WHICH DEPENDS ON DETAILED,
CONSTRUCTION OF TRAIN AND ITS VEHICLES
)} = SPEED OF THE TRAIN
Yy = COMPONENT OF WIND SPEED PARALLEL TO

AND OPPOSING MOTION OF TRAIN

THE COEFFICIENT T> DEPENDS UPON MANY FACTORS I[NCLUDING

. THE NUMBER OF CARS IN THE TRAIN

1
2. CROSS SECTIONAL AREA OF TRAIN
3. DEGREE OF STREAMLINING

4

. DEGREE OF TUNNEL ENCLOSURE WHEN TRAIN
MOVES THROUGH RESTRICTED SPACE,

FIGURE 3.3 AERODYNAMIC PORTION
OF TRAIN RESISTANCE

6-14



MU-OPERATION

LOCOMOTIVE-HAULED QPERATION

=
1]

Vehicle Weight (tons)

=3
W

)
)

Number of'Ax]es per Vehicle

LEAD CAR TRAILING CARS

T.3W + 29n

0.045W

0.0024A - 0.00034A

LOCOMOTIVE

TRAILING CARS
1.3W + 29n
0.03W

0.0024A 0.00034A

= Vehicle Cross Sectional Area (;q. ft.)

FIGURE 3.4 VALUES OF TRAIN RESISTANCE

FORMULA COEFFICIENTS
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FIGURE 3.5 CURVE AND GRADE
FORCES
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Grade forces can oppose or help the motion of the train, whereas curve forces

always oppose the motion.

3.1.3 Specific Forces

If the equation of mofion illustrated in Figure 3.1 is divided by the weight
of the train, the terms on the left hand side of the equation§ are named specific
forces (specific.tractive éffort, specific braking effort, specffiq train
resistance, etc.). The right hand side of that equation is just proportional
to the acceleration (or deceleration) of the train. Specific forces are some-

times used to characterize train motion.

3.2 POWER AND ENERGY USE

The calculation of energy consumptionAin rail passenger systems depends'on
a detailed know]edge'of th the traction system utilizes the input power to provide
work to move trains and provide a clean, comfortable environment for the

passengers.
3.2.1 Mechanical Power at Wheels

This power may be positive or hegative depending on whether tractive or
braking effort is being applied.

3.2.2 Auxiliary Power -
The auxiliary power may be divided into two parts:

1. P

M S required power for the equipment necessary to provide
tractive and braking effort.

2. PAc = required power for durability of cargo or comfort of
passengers.

The total auxiliary power is the sum of the two parts.



3.2.3 Total Power Required for Diesel Propulsion
| P Pu/plFae V) Pa/
The power consumption PD can be directly converted to a fuel consumption
rate if the BTU content of the fuel is known. The quantities n and Tap 2re
efficiencies for conversion of mechanical and auxiliary power to prime mover -

chemical power, respectively. These can either be measured or calculated.

3.2.4 Total Power Required for Electric Propulsion

At the vehicle power collector:

Pe = Pu/Te(FsV) + Palngg | ’
This represents power consumption at the.1ine. The railroad operation is
interested in power consumption at the metering point or the point at which it
‘is billed for the energy. Thus at the metering'point:
Peu = Pg/77(X)

where nT(X) represents the efficiency of transmission from the metering point
through the electric network and catenary to the position of the train drawing
power, PE. |

Unless a comparison is being made between diesel and electric propulsion in
terms of energy conéumption, there is no need to determine fuel consumption at

the power plant.

3.2.5 Energy Calculation

For AC traction systems, there is reactive power which is generated by the
traction vehicles, which contributes'to the losses in the power transmission and
distribution system, and which produces a power factor which is less than one. Compu-
tation of energy chafges may include both factors.

(KYA)p = KW-PF = P PF

* ﬂD(FA,V) means that " depends on FA and V (is a function of FA and V).
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19

Energy is just power summed (or, more properly integrated) over time since

the mechnical power (PM), the auxiliary power (PA) and total power (P., for

D’
diesel propuision or PEM’ for electric propulsion) are really functions of time

as the train moves along the rail. Thus the energy consumed between time t0 and

t. is
F
te
E‘i =f P].dt for P1.>O
t° i=Mor AorDor EM

Only positive values of Pi are included in the summation because we are interested

in energy consumed.

3.3 ENERGY END USE A

The energy used to transport passengers and freight by rail can be divided
into several parts depending on its end use. These parts are:

1. Kinetic

2. Aerodynamic Train Resistance

3. Rolling Train Resistance

4. Propuision Losses

5. Auxiliaries

6. Power Distribution System Losses.
Figure 3.6 shows typical energy budgets for three modesﬁof rail transportation.

The kinetic energy developed during train motion is usually dissipated in
braking. It is the only energy "pool" which can be tapped for reggneration.
Thus, it is easily seen from the diagram why rapid transit systems are excellent
candidates for applying regeneration, while high speed passenger and slow

freight are not. -
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FIGURE 3.6 ENERGY BUDGET FOR TYPICAL
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3.4 ENERGY CONSUMPTION PERFCRMANCE INDICES
- Energy consumption performance indices are measures used by the rail oper-
ator to gauge the energy productivity of the service provided. These indices
can be energy-based power, demand-based or energy-cost-based. Requirements for
such indices are that they:
1; Are easily measured and accumulated,
2. Have some meaning in terms of energy productivity,

3. Remain fairly constant gauges of energy productivity even with varying
schedules and passenger loading,

‘4, Be predictable.
Indices which have generally been ysed are quotients‘qbtained by dividing total
energy consumption, average power demand or total energy cost by vehicle-miles,

passenger-miles, passengers, .ton-miles or tons.

INDEX = NUMERATOR (Energy, Demand, Cost Based)
DENCMINATOR (Passenger, Vehicle, Cargo Weight)

Figure 3.7 lists the indices which can be constructed. Those which are circled
are most commonly used. Energy cost indices may depend on both energy consumption
and power demand.

Indices which contain vehfc1e-mi1es or ;eat—m11es in the denominator are gen-
erally referred to as technical or structural indices because theyvrefer to the
equipment used, while indices which contain paésengerfmijes, passengers, tcn-miles
or tons in the denominator are referred to as operational indices. This latter
type of index is a measure of system utilization from the energy viewpoint.

Certain energy consumption performance indices. are referred to as energy ef-
ficiency. It is defined as BTU/ton-mile for freight and BTU/passenger-mile for
passenger traffic. The reciprocal of these two quantities 1s sometimes referred

to as energy intensiveness.
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4,0 ENERGY PERFORMANCE RESULTS OF IPEEP TRAIN REVIEW
As part of the IPEEP train review program, the energy performance of modern
foreign and domestic passenger trains was estimated using a train performanée

(3-4) The electric trains were simulated on the upgraded version of the

simulator.
Northeast Corridor from Boston-Washington. Non-electric trains were simulated on
both the present and hypothetically upgraded versions of the New York-Buffa1p,
Chicago-Detroit, Los Angeles-San Diego and Vancouver-Portland corridors. De-

scriptions of the right of way along all corridors are contained in Reference 3.
4.1 ELECTRIC TRAINS - NORTHEAST CORRIDOR

4.1.1 Corridor Information

The profile, alignment and speed restrictions used for the upgraded version
of the Northeast Corridor (NEC) were those established by the NEC Office of FRA.
The elevation and speed restrictions for the New York-Washington (NY-WA) and
New York-Boston (NY-BO) sections of the NEC are shown in Figures 4.1 and 4.2,
respectively. Speed restrictions for both three and six inches of unbalance on
curves are shown. Trains with tilt body equipment were simulated using the six
inch unbalance speed 1ﬁmits, while the other trains were simulated using the three
inch unbalance 1imits. In all cases, the six inch unbalance speeds met the one-
third rule against vehicle oyerturning} The maximum speed for both cases is
120 MPH.

Station stops are also shown on the elevation diaé}ams. In all simulations,
dwell time at station stops was 75 seconds. Rail travel time specified by lew is

2 hours, 40 minutes between NY-WA and 3 hours, 40 minutes between NY-BO. Other

important NEC data are shown in Figure 4.3.
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4.1.2 Train Information
Six train types were simulated on the NEC:
1. The Upgraded Metroliner, an Multiple unit train with all axles powered.
2. The German ET403, an Multiple unit train with all axles pdwered.

3. The Italian ETR401, an Multiple unit train with half axles powered The
train has t11t body equ1pment

4. The Japanese 961, an Multiple unit train with all axles powered.

5. The French TGV-PSE, a high speed, articulated train with twelve axles
powered.

6. The British APT, a high speed, articulated, tilt body train with one or
two power cars. All axles (four) on the power cars are powered.

More detailed descriptions of the trains (1-6, above) can be obtained from

Reference 5.

The specific tractive efforts for all trains which were configuré& to be
equivalent in seating to an eight car upgraded Metroliner and modified for North
American Operation are shown in Figure 4.4. Modification for North American
Operation consisted of structural and interior work necessary to comply'with FRA
safety standards, AMTRAK comfort criteria and compatibility with NEC operation.

The specific train resistance ipformation for the trains are shown in
.Tab1e 4.1. The total train resistance for all the trains at 120 MPH, the maximum
NEC speed, varies from a low value of 10,000 1bs. for the APT to a high value of
13,650 1bs. for the upgraded Metroliner.

The auxi]iéry power requirements for the trains are listed in Table 4.2. These
range from a low of 1.01 KW/seat for the ET403 to a high of 1;78 KW/seat for the
ETR401. Braking rates for all trains were arbitrarily set at 1.§ MPHPS.

4.1.3 Energy Performance Summary
Both the schedule time and the energy consumption of the eight car Metroliner
equivalent consists of the trains modified for North American Operation are summa-

rized in Figure 4.5.

6-27



SPECIFIC TRACTIVE EFFORT (LBS/TON)

160

140

120

100

80

60

40

20

{ ET453

ETR 40| )
METROLINER
J96] | _
TGV PSE TN \APT\\ ‘
AN
20 | 40 60 80 100 120

SPEED (MPH)

FIGURE 4.4 SPECIFIC TRACTIVE EFFORT VS. SPEED FOR ELECTRIC TRAINS
EQUIVALENT TO EIGHT CAR METROLINER SEATING. MODIFIED FOR
NORTH AMERICAN OPERATION

6-28



6¢-9

TABLE 4.1 SPECIFIC TRAIN RESISTANCE FOR ELECTRIC TRAINS
WITH EIGHT CAR METROLINER EQUIVALENT SEATING
AND MODIFIED FOR NORTH AMERICAN OPERATION

COEFFICIENT
TRAIN LOADED WEIGHT FRONTAL CROSS LY " s ) tp @ 120 MPH

(TONS) SECTION (SQ. FT.) L.BS/ TON LBS/TON/MPH LBS/TON/MPU LBS/TON
METROLINER 742 120 2.65 .045 . .00073 18.4
APT 592 90 2.96 .030 .00072 16.9
£T403 760 118 2.83 .045 .00059 16.7
ETR401 710 86 3.26 .045 ' .00059 17.2
J961 606 145 2.83 .045 .00076 19.2
TGVPSE 643 88 2.74 .030 .00069 16.3

-+
1

R Y‘O + Y‘]V + Y‘ZV




TABLE 4.2 AUXILIARY POWER REQUIREMENTS FOR ELECTRIC TRAINS
WITH EIGHT CAR METROLINER EQUIVALENT SEATING
AND MODIFIED FOR NORTH AMERICAN OPERATION

TRAIN NUMBER OF AUXILIARY POWER (KH).

SEATS POWER (KW) SEAT (SEAT)
METROLINER 544 860 1.58
APT 528 608 1.15
ET403 540 535 1.01
ETR401 554 984 1.78
961 520 740 1.42
TGVPSE 524 560 1.07
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[t is interesting to note that the schedule time in the NY-WA section of the
corridor varies by only eight minutes among all of the trains (2 hours, 30 minutes,.
to 2 hours, 38 minutes). This appears to indicate that any appreciable reduction
in schedule time wi]f require higher maximum speed limits.

In the NY-BO section of the corridor, sfhedd]e time among the trains vary by
17 minutes (2 hours, 52 minutes to 3 hours, ¢ minutes). The best time performance
is provided by the APT and ETR401 which have tilt capability.

| No consistent data.were available on propulsion system efficiency among all
of the trains. Therefore, the energy consumption quoted in Figure 4.5 is the sum
of mechanical energy at the rail plus auxiliary energy.

‘Tab]e 4.3 1ists the parameters which are most crucial for energy consumption
determination along with mechanical energy at the rail displayed as WH/seat-mile
and’NH/ton-mi1e for both sections of,ihe NEC. A plot of wH/ton-mi1e vs; specific
traiﬁ resistance at 120 MPH is also shown in Figure 4.6 associated with the table.
The reasons the energy consumption does not increase smoothly with increasing
specific train resistancé are:

‘1. The schedule speeds of all trafns are different. All other things bé{ng

equal, a schedule speed increase of 1% results in an increase in traction

energy consumption of from 2 percent‘to 3 percent.

2. Tilt trains have less slowdowns and these are of smaller magn1tude than
non-tilt trains.

vIn the NY-WA section of the NEC, the TGVPSE has the smallest per ton-mile
eneréy consumption and specific train resistance but, it also hés the Towest
schedule speed. Both the APT and ETR4Q1, which have high schedule speeds and
nearly the same specific train fesistance, show 10Q’energy consumption on a th-
mf]e base. / . '

The effect of ti]f train performance is enhanced in the NY-BO section of the
NEC, which has many more curvés. Schedule Speeds of .both tilt trains are the

highest, yet the APT has the lowest energy consumption on a ton-mile basis. Again,
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TABLE 4.3 ENERGY CONSUMPTION ANALYSIS FOR ELECTRIC TRAINS
WITH EIGHT CAR METROLINER EQUIVALENT SEATING
AND MODIFIED FOR NORTH AMERICAN OPERATIONS

£E-9

NEW YORK - WASHINGTON !I : \ NEW YORK - BOSTON
| Y e || R | S et o) | S GO, | soong s | oo convrion ey | e corenin,
TOTAL | AUXILIARY TRACTION ) TOTAL AUXILIARY | TRACTION
MET 544 142 18.43 87.3 87 - 18 69 sl 15.7 95 21 74 " 54
APT 528 592 16.92 87.3 64 13 51 46 79.1 ) |1 52 46
£7403 540 760 16.72 67.8 ' 19 1] 68 48 76.5 -] n 75 83
ETR401 554 no 17.16 89.0 79 20 89 4% . © 80.5 . a7 22 65 H
1961 520 606 ) 19.18 86.2 16 16 60 51 74.8 . 82 19 63 54
TGVPSE 524 643 16.25 85.1 67 n 54 “ : h 3. 7 15 58 47
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the TGVPSE with the lowest schedule speed'has low energy consumption on a ton-mile

basis.

On a performance basis and seat-mile energy consumption basis, thé APT
performs as well as any train in both sections of the NEC.

A discussion on the relation of schedule speed and tilt épeed restrictions
to energy consumption is contained in Section 5.0. |

Table 4.4 shows an expansion of the information on energy consumption for the
six trains reviewed to six and eight car Metroliner seating equivalent. for both,
as built in‘country of orféin and as modified for Nofth American Operation. Both

schedule time and energy consumption are shown for both sections of the corridor.
4.2 NON-ELECTRIFIED CORRIDOR TRAINS

4.2.1 Corridor Information

The non-electrified trains were simulated on the New York-Buffalo (NY-BU),
Chicago-Detroit (CH-DE), Los Angeles-San Diego (LA-SD), and Portland-Yancouver
(PO-VA) corridors. Two versions of the rail right of way on each corridor Qere
considered. The first-version was the corridor rail in its present conditicn, and
the second version was a hypothetical upgraded corridor where the track, inter-
locking, etcetera, were improved to.a condition such that no speed restrictions,
except those for curves, were required.

Figures 4.7-4.10 show plots of speed restrictions -and elevations on the
présent and hypothetical upgraded routes for each of the corridors. Speed
restrictions fof three and six inches of unbalance on curves are shown.

Trains with tilt body equipment were simulated using the six inch ana]ance spead
Timits, whi1é the 6ther‘trains were simulated using the three inch unbalance
limits. In all cases, the six inch unbalance speeds met the one-third rule against
vehicle overturning. The station stops, which have a train dwell time of two

minutes, are also shown on the elevation diagram.
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ZASE CASE TRAINS
Six ({6) Car Metroliner

Eight (9) Car Mstroliner

ET403 (SERMAN)

Six (5) car Equivalent as
Built

gight (8) Car Zquivalent as
Built

orain as Operated in Origin
Countzy

six {6) car Etquivalent for
North American Cperation

Eight (8) Car Egquivaleant for

North American Operation

TSV-PSE (FRENCH)

Six (6) Car Equivalent as
Built

Eight (8) Car Equivalent as
Auile

Train as Operated in Origin
Countzy

Six (6) car Zquivalent for
North American Oparation

Eight (8) Car Zguivalent for
North American Operation

APT" ' (ENGLAND)

Six (6) car Equivalent as
Built

Zighit (8) Car Equivalent as
Built

Train as Operatsd in Origin
Country

six {6) Car Equivalent for
North Amarican Operation

Eight {8) Car Equivalent for
North American Operation

ZTR401 (ITALY)

Six (6) car Equivalent as
Built .

2ight (8) Car Equivalent as
‘Built , S
Train as Operated in Origin

Country

Six (6) car tquivalent foF
North American Operation

Z2aght (8) Car Equivalent for
North American Operation

961 (JAPAN

Six {6) Car Eguivalent as
Suilt

Eight (8) Car Equivalent as
3uile

Train as Operated ia Origin:
Country

Six. (6) Car Equivalent for
North American Operation

Exghz (3) Car Zguaivalent for
Noreh American JOperation

TABLE

4.4 NORTHEAST CORRIDOR

ELECTRIFIED TRAINS

. SCHEDULE TIME SCHEDULE TIME| WATT HOURS WATT FODURS
TRAIN TRAIN ARTICU=- TILT NUMBER OP HRS : #IN HRS:MIN PER SEAT MILE PER 3EAT MILE
CONSIST :g;ga'r LATED PASSENGERS NY-WASH NY-B0STON NY-~WASH ) NY~-23CSTON
5 W 557 o No 400 2:34 3:04 92 99
8 M 732 No No 544 2:34 4:04: 87 9§
8 M s57 No o 420 2:13 302 78 Y
10w 658 %o No 540 2:33 3:01 75 s
oM a7 No . No 198 2:33 3:02 88 9
s 506 No Ho 420 2:33 3:03 82 1l ’
10 M 760 % Ho ‘ 5'46 2:33 3:02 79 28
2-9 527 Yes No' 420 2:36 3:06 73 80
PRY 504 Yes No 524 2:38 3:08 6 n
2-8 488 fes No 'ass 2:35 S:as 79 86
2-3 559 ) Yes No 420 2:37 3:07 76 2
n 643 Yes No 528 2:38. 3:09 67 73
N

5-2-4 473 Yes Yes 420 2:32 2:53 68 7
6-2-5 538 Yes Yes 528 2:13 2:55 61 &

Not Oetermined) Not deter- Yes Tes Not determined - - . -

mined

5-2-4 521 Yes Yes a20 2:3 2:54 n -
§-2-5 592 . Yes Yes 528 2:28 2:56 54 67
10Mm 488 No Yes 456 2:30 2:52 74 8) .
2m ) 585 No Yes 554 2:30 2:52 72 30
s 19 fo Yes 179 2:30 2:52 2 89
16 W 592 No Yes 456 :n 2:52 81 89
2m ne No Yes 554 2:31 2:53 79 81
6 M 27 No No 368 ' o2:36 3:05 a0 g6
] 568 No No 520. 2:36 3:08 74 89

Hot Deur;ined Not deter- Mo No Not deterwmined - - - -

nined

6 W 4s5 No %o 368 2:26 3:03 a2 Py
8 506 No o s20 2:36 3:06 76 82

636




3

SPEED RESTRICIION
{MILES PER HOUR)

N
' h v".!g IMILES) = = -~
UPGRADED HYPQTHETICAL

1

SPELD NESTIICHION
(MILES PER HOUR)
[ 8
= )

— CONVENTIONAL TRAN

0 == TILTING TRAIN 16 IN. UNGALANCE)
- Cunve
) STATIOM
* amoGa
[-] - - :
'] 10 0 3009 0
MILEPOST IAMLES)
- 14
tuFkaALO
;b
AOCHESTEA
-
2 sob
- L]
Q<
33 yhica  STnacuse
-
3
3 «0p
<
-
=
20
-
0P
b 0 00 x0 0

MILEPOST (MILES)

FIGURE 4.7 SPEED RESTRICTIONS AND ELEVATIONS
BUFFALO-NEW YORK CORRIDOR

6=37



SPEED RESTIMICHION
{MILES PER 1HOUR)

—— CONVENTIONAL TRAIN
~—— T TING TRAIN 18 IN. UNBALANCE) -

-] 100
WILEPCST (MILESH 20 300

" UPGRADED HYPOTHETICAL

SPEED NESTIMCTION
(MILES PER HOUR)

. cuave
= t sTaTION
* smoGs i CONVENTIONAL TRAN
: TS TILTING (8 1N UNSALANCE]
% - 300
MILEPOST (MILES)
PRESENT
1000 b

ONCAGD

ALYIIUDE
IFT.ABOVE SEA LEVEL)

SETROIT

0 100 200 200
MILEPOST (MILES) :

FIGURE 4.8 - SPEED RESTRICTIONS AND ELEVATIONS
CHICAGO-DETROIT CORRIDOR

6-38



SPEED RLSIAICTION

(MILES PER HOUR)

ALTIUNE

SPLED HESTIIGION
MILES PER HOUNRY

el
3]

T

o

T304 a0

T I Y Ty

L
: :-- .y
- & :‘T"_:- s=SIZITII T

CONVENTIONAL TRAIN
===== TILTING TRAIN {5 IN. UNBALANCE}

0 100 150
WILEPOST (MILES)

UPGRADED HYPQTHETICAL

b !
L
p i
“n
3
i | 1
i . -l ’
= o
—— CONVENTIONAL TRAM
sme TILTING TAAIN (8 IN. UNSALANGD
Qe Q o lﬂ;
WILEPOST IRILES)
s00p
b
S o
-
>
-
-
<
-
u)i b SANTA ANA
2 1AM 0I8GO
2 OCRANIng
- MOS ANGELES
<
x0
-
L] 0 -] %0

HILEPOST (MILES)

FIGURE 4.9 SPEED RESTRICTIONS AND ELEVATIONS

LOS ANGELES-SAN DIEGO CORRIDOR

6-39



SPEED NESTIMICTION
IMILES PEN 1IOUN)

Nt MU
i T fi
St SRR
i ni f i
; PL’—‘I i
wf) j] ﬂ
! | :
A |
— COMVENTICNAL TRAN A

S TILTING TRAIN (8 IN. UNSALANCE)

o0 20 300
I LEPOST (MILES)

UPGRADED HYPOTHETICAL

A o ConvenTIONAL TRAIN
T TILTING TRAIN 18 IN. UNSALANCE)

=rZirh
e E'l
..C‘-.’-#::\

®FSZ T2 L.
Ty i E o4

_-___._-____-_.
- -
T S 31
: - -

&

SPEED RESTINCTION
{MILES PER 1HOURA)

PR e r—~OJ

g

[] 100 ) 200 )
MILEPOST IMILES)

PRESENT

ALTITUDE
IF1. ABOVE SEA LEVEL)

xQ
MILEPOST (MILES)

FIGURE 4.10 SPEED RESTRICTIONS AND ELEVATIONS
VANCOUVER-PORTLAND CORRIDOR

6-40



Figure 4.11 shows curvature and other physical characteristics of the
corridor. With the exception of the LA-SD route, all routes have maximum speed

1imits of 79 MPH because they lack cab-signalling or automatic train stop equipment.

4.2.2 Train Information
Five train types were simulated:

1. F40PH-AMFLEET - An F40PH diesel-electric locomotive hauling four Amfleet
cars. -

2. Turboliner Train - A five car unit train with a turbine power unit on
each end.

3. The Canadian LRC - A locomotive-hauled, high-speed, tilt body train
consisting of four coaches. '

4. The British HST - Two diesel-electric locomotives and six cars operating
in push-pull configuration.

5. The American SPV2000 - An MU-train utilizing diesel-mechanical propulsion
systems.

Four of these trains were simulated on each of the corridofs (bbth present and
deated versions).v

More detailed descriptions of the trains (1-5 above) can be obtained from
References 3 and 4.

The specific tractive efforts for all trains which configured to be equivalent
in seating to the F40PH-AMFLEET and modified for North American operation are
shown in Figure 4.12. Only the HST required modification for North American

i

Operation.

The specific train resistance information for these trains is listed in

Table 4.5.
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FIGURE 4.12 SPECIFIC TRACTIVE EFFORT VS. SPEED FOR NON-ELECTRIC
TRAINS EQUIVALENT IN SEATING TO FOUR CAR AMFLEET HAULED
BY F40PH LOCOMOTIVE
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TABLE 4.5 SPECIFIC TRAIN RESISTANCE FOR NON-ELECTRIC TRAINS
WITH FOUR AMFLEET CAR EQUIVALENT SEATING AND
MODIFIED FOR NORTH AMERICAN OPERATION

=9

- COEFFICIENT .

TRAIN LOADED WEIGHT |  FRONTAL CRosS | " " rp o, |t @8O0 M

(Tons ) SECTION (SQ.FT.) | (LBS/TON) = | (Les/Ton/meH) | (Lps/ron/me®) |  (LBS/Tow)
FAOPH-AMFLEET - 374 154 2.85 030 00155 15.2
TURBOLINER 324 67 3.09 030 00077 10.4
LRC 336 103 3.03 030 00086 10.9
HST 444 61 3.39 .030 00066 10.0
SPY2000 276 125 2.98 045 00096 12.7

tR =7 + r]v + r2v2




Auxiliary power requirements for all trains are listed in Table 4.6. It is
interesting to note that on a per seat basis the electric trains auxiliary power
(see Figure"4.2) is a factor of two higher than the non-electric trains.

Table 4.7 lists the fuel consumption data for all of the prime movers of the
trains simulated. It is clear from this table that the Turboliner will consume
sign{ficant]y more fuel than the diesel engine power vehicles.

Braking rates for all trains were arbitrarily set at 1.4 MPHPS for all

simulations.

4.2.3 Energy Performance Summary

Both schedule time and energy consumption of the four car Amfleet seating
equivalent consist of the trains modified for North American'operation on the
present version of the corridors are summarized in Figure 4.13. The only
‘'significant betterment of schedule time is the LRC train on the VA-PO corridor.
This is attributed to the higher speed capability in curves because of the tilt
equipmént.

On a per seat-miie basis, energy consumption is largest for the Turboliner
and smallest for the SPV2000.

Table 4.8 presents energy consumption information for all of the non-electric
trains on both updated hypothetical and present corridors. The energy consumption
is divided into the auxiliary and the traction portions on a seat-mile base, as
well as the traction portion on a per ton-mile base.

Figure 4.14 displays the eneréy consumptipn (on a per ton-mile basis) of the
trains on all versions of the corridors. It should be noted that there is a wide
variation in energy consumption of a particular train depending on the corridor
considered. It is also apparent that because of the poor energy efficiency of
the Turboliner, it has significantly higher fuel consumption than the other trains,

even when noting its relatively low specific train resistance.
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TABLE-4.6 AUXILIARY POWER REQUIREMENTS FOR NON-ELECTRIC TRAINS

WITH FOUR AMFLEET CAR EQUIVALENT SEATING AND
MODIFIED FOR NORTH AMERICAN OPERATION

TRAIN NUMBER OF AUXILIARY POWER ( K )
SEATS POWER (KW) "SEAT (SEAT)

F40PH-AMFLEET 312 138 '0.44

TURBOLINER 300 214 0.71

HST 306 211 0.69

LRC 312 200 0.64

SPV2000 304 171 0.56
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TABLE 4.7 FUEL CONSUMPTION INFORMATION FOR PRIME MOVERS

OF NON-ELECTRIC TRAINS (GAL/HOUR)

AUXTLIARY

TRAIN IDLE AND BRAKING POMER
FAOPH (LOCOMOTIVE) 39.83 31.1 + 0.0503/HP 0.0675/KW
TURBOLINER 50.6 50.6 + 0.0555/HP 0.129 /KW
HST 13.65 13.65 + .0507/HP .0680/ KW
LRC (LOCOMOTIVE) 26.2 26.2 + .0559/HP .0658/ K
SPV2000 (ONE CAR) 6.32 6.32 + .0843/HP .0735/KH
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TABLE 4.8

TABULATION OF ENERGY CONSUMPTION FOR NON-ELECTRIC TRAINS ON ALL CORRIDORS

6%-9

NEW YORK-BUFFALO (PRESENT) NEW YORK-BUFFALO (UPGRADED-NYPOTHETICAL)
Sp. Train Energy Consumption Energy Consumption
Tratn | seats | Welght | Resistance || Sch.Speed GAL/1000 Seat-Miles GAL/1000 fl o0y s;ced GAL/1000 Seat-Miles GAL/1000
? | (tons) | @ 80 Men (HPH) }"Z'a'cm:‘ (MPit) , i ;g
(1bs/ton) Total Aux. Traction Total Aux. Traction L
F40PN N2 374 15.16 61.06 4.5 0.5 4.0 1.3 66.97 4.6 0.4 4.2 3.5
TURBO 300 324 10.43 60.98 6.2 1.5 4.7 a.4 66.87 6.0 1.4 4.6 4.3
nst 306 444 10.02 61.15 4.5 0.8 3.7 2.6 67.08 4.5 0.7 3.8 2.6
LRC 312 336 10.94 62.73 4.0 0.7 3.3 IR 69.10 4.0 0.6 34 3.2
spv2000] 304 276 12.73 61.24 1.5 0. 2. 3.1 67.28 .7 0. 1.1 3.4
CHICAGO-DETROIT (PRESENT) CIICAGO-DETROIT (UPGRADED-HYPOTIET ICAL )

FAOPH 54.17 1.5 0.6 3.9 1.3 62.00 4.9 0.5 1.4 )
1URBO 54.07 6.6 1.7 4.9 4.5 61.86 6.4 1.5 4.9 4.5
nst 54.17 4.1 0.9 3.8 2.6 62.28 4.9 0.8 a1 2.8
LRC 54.92 4.2 0.8 3.4 3.2 62.84 4.3 0.8 3.5 3.3
SPV2000 54.28 34 0.8 2.6 2.9 62.42 .9 0.7 3.2 3.5

LOS ANGELES-SAN DIEGO (PRESENT) LOS ANGELES-SAH DIEGO (UPGRADED-NYPOTMETICAL)
Faori 56.18 5.6 0.5 5.1 4.3 61.84 5.5 0.5 5.0 4.2
TURBO 57.66 7.3 1.6 5.7 5.3 61.84 7.0 1.5 5.5 5.1
HsT 58.99 5.9 0.8 5.1 3.5 62.75 5.7 0.7 5.0 3.4
LRC 60.95 5.0 0.7 4.3 4.0 69.19 5.0 0.6 4.4 4.\
$PV2000 - 58.99 4.9 0.7 4.2 4.6 63.05 4.8 0.7 4.1 4.5

VANCOUVER-PORTLAND (PRESENT) VANCOUVER-PORTLAND (UPGRADED-NYPOTHET ICAL)
FaoP ! 26.22 5.4 0.6 4.8 a.0 49.57 5.4 0.6 a.8 4.0
TURBO 46.22 1.9 2.0 5.9 5.5 49.49 1.6 1.9 5.7 5.3
st 46.40 5.7 1.0 1.1 3.2 49.70 5.6 0.9 4.7 3.2
LRC 49.42 4.9 0.9 4.0 3.7 55.97 4.5 0.8 3.7 3.4
SPV2000 46.47 4.3 0.9 3.4 1.7 49.85 A2 0.8 1.6 40
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5.0 PARAMETRIC ANALYSIS OF ENERGY CONSUMPTION AND PERFORMANCE ON THE NEC

The profile for the upgraded veérsion of the NEC was selected for conducting a
parametric ané]ysis of the effect of weight, maximum épeed, train resistance and
speeds in curves on energy consumption and scheduie performance.

Speed restrictions for 3" and 6" unbalance on curves for the NEC with a
maximum speed of 120 MPH were shown in Figures 4.1 and 4.2 in the previous section.
Sbeed restrictions were a}so developed for 3" and 6" of unbalance on curves with
maximum speed 1imits of 140 and 160 MPH and, for 9" and 12" of unbalance on curves
with maximum speed 1imits of 120, 140 and 160 MPH; The speed restrictions for the
ten new profiles were developed using the following rules:

1. At no time could the speed 1imit exceed the unbalance speed on curves
indicated (i.e., 3", 6", 9" or 12").

-~ 2. Speed limits could be raised (to 140 and 160 MPH) only if they were
originally 120 MPH and the unbalance speed on curves was not exceeded.

Car weight, maximum speed and curve unbalance were selected to cover a range
6f foreseeable future trains and do not represent approved values for safe
application. For example, the one third rule for safety against oQérturning would
limit curve unba]ance to approximately 7". However, by varying thé‘uﬁbalance

condition, the effect of ti]t-body}equipment could be studied.

The parametric analysis was applied to both MU-car and Tocomotive-hauled
equipment. Although no auxiliary power consumption was used for these runs,
propulsion system effeciencies typical of phase-controlled rectifier-0C drive

traction units, similar to the upgraded Metroliner or AEM7 locomotive, were used.

5.1 MULTIPLE UNIT TRAINS

The parametric analysis of MU-trains was accomplished using a six car train
with single car weights of 68, 85 or 102 tons. This range of weights (68-102 tons/
car) was selected to incorporate the lightest weight European and Japanese self-
propelled cars and the largest weight cars to which a tilt Capabi]ity'has‘been

added. -
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The self-propelled car, which is used as the basic unit, utilizes a Metroliner
type propulsion system. This is certainly a good assumption, since a propulsion
system with significantly more capability would not be expected to fit under the
car.

The specific tractive effort vs. speed curves for the three MU-trains (of
different weights) are shown in Figure 5;1. Train resistance was estimated using
the Davis formula, and the information is shown in Table 5.1.

Train performance estimatés for these three MU-trains were made with maximum
speeds of 120, 140 and 160 MPH at 3";'6", 9" and 12" of unbalance on curves. Fouf
intermediate’stops were included in the Mew York-Washington (NY-WA) section of the -
NEC and three intermediate stops in the New Yérk-Bosfﬁn (NY-BO)-section; Dwell
time was 75 seconds/stop. |

Figures S.ZVand 5.3 show schedule time and energy consumption plotted against
curve unbalance for the three MU-trains considered on the NY-WA and NY-BO corridor
sections, respectively. Variation with maximum épeed is also shown. Note the-

. difference in the slope of the curves for the two corridor sections. In the NY-WA
section, there are fewer curves,so that increasing speed on curves by increasing
permitted curve unbalance has 1ittle efféct on schedule time, while the opposite is
true. in the NY-Bo section. However, increasing speed on the NY-BO corridor, because of
much more pronounced effect on schedule time than on the NY-BO corridor, because of
Tess slowdowns due to fewer curves. A
Energy consumption, as expected, increases with-both weight and maximum speed.
" Energy consumption may be higher or iower with increased curve unbalance permitted,.
.depending upon the perturbations of kinetic energy supplied composed to the
increased train resistance at higher speed.

Figure.5.4 presents a different aspect of the energy consumption analysis by
energy consumption vs. schedule time for the various unbalance speeds, train weights

and maximum speeds for both corridor sections.
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SPECIFIC TRACTIVE EFFORT (LBS/TON)
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TABLE 5.1 SPECIFIC TRAIN RESISTANCE INFORMATION
FOR THE MULTIPLE-UNIT TRAINS USED IN THE PARAMETRIC ANALYSIS

- COEFFICIENT .

TRAIN FRONTAL CROSS ro r r to @ 120 MPH
WEIGHT/CAR SECTION )
(TONS) (sQ. FT.) (LBS/TON)  (LBS/TON/MPH)  (LBS/TON/MPH®) (LBS/TON)
68 110 , 3.00 .045 0.0066 . 24.44
85 ' 110 3.00 .045 0.0053 20.92
102 . 110 3.00 - .045 0.0044 18.57
2
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To test the sensitivity of the results to the zerodynamic portion of the train
resistance assumed, the train resistance was varied by ¥ 20% over the nominal case
for the 85 ton train at a maximum speed of 120 MPH on the New York-Washington
segment of the Northeast Corridor. The results are shown in Table 5.2.

This represents a T 6y change in energy consumption per ¥ 20% change in the
train resistance due to aerodynamic drag.

Another interesting comparison is the schedule time and energy consumption if
there were no speed restrictions and the train ran on level-tangent track between
Boston and Washington. This would represent some ideal lower 1imit schedule time.
Table 5.3 shows these curves for top speeds of 120 and 160 MPH with the same number
of intermediate stops as indicated. |

It is interesting to note that adding or subtracting a stop of 75 seconds, or
1.25 minute dwell time, is worth i.5—2.6 minutes on the New YorkaWaéhington segment
and 1.5-2;7 minutes on the New York-Boston segment, therefore, adding or subfracting
a stop could mean an increase or decrease in the schedule time of 1.5-2.7 minutes.,'
The lower value is the result of speed restrictions in s;atiOn areas, which canlbe as’

Tow as 15 MPH.

5.2 LOCO-HAULED TRAINS

The parametric analysis of locomotive-hauled trains was accomplished using a
locomotive hauling six passenger cars. Three total train weights were used: 310
450 and 570 tons. This range of weights was selected to-incorporate a range of
locomotive weights from 100-150 tons and passenger car weights in the range from
35-70 tons. Table 5.4 shows the make-up of the ;hree consists used in the analysis.

, The range of weight of the passenéer cars cover the range of weights of domestic

and foreign vehicles available for the future.

vThe locomotive, which is similar to the AMTRAK AEM7, has the same tractive

effort-speed curve for all three consists. Specific tractive effort curves are

shown in Figure 5.5;
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TABLE 5.2 EFFECT OF SCHEDULE TIME AND ENERGY
CONSUMPTION ON TRAIN RESISTANCE

New York - Washington

Aerodynamic Portion

of Train Resistance Schedule Time (min) Energy Consumption (KWHPCM,
| Nominal + 20% 151.7 6.07

Nominal 151.7 5.72

Nominal - 20% 151.6 5.39

TABLE 5.3 LEVEL TANGENT TRACK RUN COMPARISON
WITH NO SPEED RESTRICTIONS

MAXIMUM SPEED

120 MPH 160 MPH
Schedule Time Schedule Time :
Corridor Segment {min) KWHPCM (min) KWHPCM
New York-Washington 124.9 - 5.06 100.0 7.45
Mew York-Boston 125.2 4.87 98.9 7.20
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TRAIN TYPE

Light
Intermediate

Heavy

TABLE 5.4 WEIGHTS OF THREE LOCOMOTIVE HAULED
CONSISTS USED IN ANALYSIS

LOCOMOTIVE WEIGHT PASSENGER CAR
(TONS) (TONS)
100 35
150 50

150 70

6~60

CONSIST WEIGHT
(TONS)

310
450
570
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Train resistance was estimated using thé Davis formula and this information
~is shown in Table 5.5,

Train performance estimates were run for the three 10comot1ve—hau1ed’trains
with maximum speeds of 120 and 140 MPH at 3", 6", 9" and 12" unbalance on curves,
Four intermediate stops Qere included in the NY-WA corridpr section and three
intermediate stops in the NY-BO section. Dwell time was set at 75 seconds/stop.

Figure 5.6 and 5.7 summarize the schedule time and energy consumption plotted
as a funéfion of curve unbalance for the NY-WA and NY-BO sections of the corridor. .
The results are vary similar to the MU-train analyzed in the previous section,
since the Tocomotive has high performance capability. Again, because of the large -
number»of curves'in.the NY-BO segment,'thé curves of schedule time have much
steeper slopes than in the case of the NY-WA segment.

Figure 5.8 shows energy consumption vs. schedule time for the various unbalance
speeds permitted, train weights andAmaximum speeds for both corridor segménts.
Energy consumption increases with maximum épéed and weight, and may increase ar -
decrease with curve unbalance permitted, depending upon the perturbatibns of kinetic
energy supp]ied éompared to the increaééd train resistance at higher speed.

A parametric analysis was done on the effects of train resistance on energy
consumption using the Tocomotive hauled train on the NY-B80 and NY-WA segments of
the corridor. The 3" curve unbalance speed restrictions were used with maximum
speeds of 120 and 140 MPH. The results are presented in Figure 5.9. The same
-analysis was aléo,comp]eted with level, tangent track in the two corridor segmeﬁts
wfth no speed restrictions. The results are é]so displayed in Figure 5.9,

The principal difference between the NY-BO and NY-WA results using the jevél,
tangent track profile is the additional stop from maximum speed in the NY-WA saction.

With the 3" unbalance speed restriction profile, the NY-BO energy consumption
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TABLE 5.5 SPECIFIC TRAIN RESISTANCE INFORMATION FOR THE
LOCOMOTIVE-HAULED TRAINS USED TN THE PARAMETRIC ANALYSIS

. - COEFFICIENT .

TRAIN WEIGHT FRONTAL CROSS SECTION ry r r, t, @ 120 MPI

(TONS). (SQ. FT.) (LBS/TON) (LBS/TON/MPH) (LBS/TON/MPH®) ~ (LBS/TON)
310 140 3.91 045 0.0020, 38.3]
450 140 3.10 045 0.0014 28.52
570 140 2.72 .045 0.0011 23.95

2

tR = ro + r]v + rzv
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increases more slowly with increasing aercdynamic train resistance than dces that
on the NY-WA segment because more of the energy consumption is due to slow downs

(kinetic energy perturbations) on former segment.
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APPENDIX
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OF THE PASSENGER TRAIN EQUIPMENT REPORT

ADVANCED -PROPULSION SYSTEMS AND PROPULSION SYSTEM REQUIREMENTS.

"Review of Advénced Propulsion Systems," R.A. Uher and J.W. Marchetti,
March 1979.

"Propulsion System Requirements," R.A. Uher, March 1980.

PROPULSION SYSTEM COMPONENTS AND FUTURE TRAIN ENERGY CONSUMPTION.

"Traction Motor Dr1ves," Louis T. K]auder and Associates, September
1979.

"Review of Modern S1ip Detection and Control Systems for Electric
Locomotives and Multiple-Unit Cars," Transportation Research Insti-

tute, Carnegi-Mellon University, September 1979.

"On-Board High Voltage Switchgear for M.U. Cars and Locomotives,"

Louis T. Klauder and Associates, May 1979.

"NEC Vehicle High Voltage Protection and Switching Control," Louis
T. Klauder and Associates, February 1980.

'"Pantographs," Lou1s T K]auder and Assoc1ates, January 1979

"Analysis ‘of Energy Consumpt1on of “Future’ Passenger Trains," Trans-

‘portation Research Institute, Carnegi-Mellon University, July 1979.
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October 1977. :
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J.A. Hadden, August 1979. -

"Government Versus Self-Steering Radial Tracks for High Speed
Passenger Trains," G.R. Doyle, Jr., August 1979.

"Considerations for the Selection of Wheel Profiles for High-Speed
Passenger Trains,” J.A. Hadden, December 1979.
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Motor Drives," Louis T. Klauder and Associates, November 1978.
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J.A. Hadden, G.R. Doyle, J.C. Kennedy, and D.R. Ahlbeck, January
1980.
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D.R. Ahlbeck, December 1979.
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