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EXECUTIVE SUMMARY

A new system of ra ilro a d  e le c t r i f ic a t io n  has been stud ied  th a t 
req u ires only a s in g le  contact conductor as opposed to the conventional 
catenary system . P re lim in a ry  designs fo r  the vario u s components have 
been developed and are d escrib ed . These in clu d e  the t r a v e l le r  (th a t 
r id e s  on the co n tact co n d u cto r), the t r a v e l le r  arm and the supports fo r  
the contact conductor. V arious dynamic a n a ly s is  models were developed 
in c lu d in g  a s ix -d e g re e  of freedom model and a f in ite -e le m e n t  model to  
study the dynamic performance of the to ta l system. R e su lts  of the 
in te ra c t io n  of the components are presented fo r vario u s co ntact 
conductor diam eters and te n s io n s , fo r  d if fe r e n t  span le n gth s between 
supports and fo r  va rio u s v e h ic le  ( t r a v e l le r )  speeds.

As a r e s u lt  o f the p re lim in a ry  design s tu d ie s  and the dynamic 
a n a ly se s , the fo llo w in g  were concluded:

1. The m echanical loads determined by the dynamic a n a ly s is  are 
w ith in  the l im it s  of reasonable design p ra c t ic e . These 
loads are not in  thousands of pounds but in  the order of 
hundreds of pounds.

2. As expected, to minimize these loads the weight o f the 
assem bly and the sag angle of the co n du cto r must be low.
Sag angle  i s  minimized by high conductor ten sio n  and low 
conductor w eight.

s

3. Fu rth e r reduction of these mechanical loads can be e ffected  
by p ro v id in g  a t ra n s it io n  curve in  the conductor at the 
su p p o rts. The a rc  rad iu s and length  of the t r a n s it io n  are 
w ith in  the l im it s  of reasonable design p ra c t ic e .

4. V e lo c it ie s  above 50 MPH and la t e r a l d e f le c t io n s  of the con
ductor fo r  curved tra ck  se ctio n s were b r ie f ly  in v e s t ig a te d . 
These co n d itio n s  in crease  the mechanical lo a d s , but i t  i s  
b e lieved  a p roperly  designed conductor support and t r a n s i 
t io n  curve w i l l  o ffs e t  t h e ir  e f fe c t .

5. The p re lim in a ry  d e sign , the dynamic a n a ly s is  and the co st 
comparison in d ic a te  the concept i s  fe a s ib le  and the design 
i s  v ia b le .  The cost comparison in d ic a te s  the in s t a l le d  
co st of the low co st catenary system i s  le s s  than o n e -h a lf 
th a t of the conventional catenary system .

6. The design  and the re s u lts  t e c h n ic a l ly  j u s t i f y  proceeding 
w ith the p h y s ica l te s t in g  of the system . T e stin g  should 
in c lu d e  i n i t i a l  design te s t in g  of the co n tact conductor 
support and of the t r a v e l le r  wheel assem bly. Fo llow ing 
t h is  an outdoor f u l l - s c a le  la b o ra to ry  t e s t  with r a i l  
v e h ic le  speeds up to 50 MPH i s  required to  confirm  concept 
f e a s ib i1i t y .

n



PREFACE

On August 24, 1979 an u n s o lic ite d  proposal fo r  the Research and 
Development of the Elevated Conductor System fo r  E le c t r ic  R a ilro a d s  
(Phase I )  was subm itted jo in t ly  to the Federal R a ilro ad  A d m in istratio n  
and to the Department of Energy by the American E le c t r ic  Power S e rv ic e  
C o rp o ratio n . Th is  proposal d e scrib e s a new system of ra ilro a d  e l e c t r i 
f ic a t io n ,  the elevated conductor system , th a t i f  developed would reduce 
s u b s t a n t ia l ly  the high in i t i a l  co st and maintenance cost o f the conven
t io n a l e le c t r i f ic a t io n  system s. The estim ated sav in gs are b elieved  s i g 
n if ic a n t  enough to  warrant an in v e s t ig a t io n  of the te ch n ica l and opera
t io n a l f e a s i b i l i t y  o f t h is  new system . The elements of the elevated 
conductor system are described in the U .S. Patent No. 3,829,631 
(in c lu d e d  as Appendix A ).

The o b je c t iv e s  of the proposed research and development program
are:

Phase I

Phase I I

Phase I I I

To conduct a th e o re t ic a l dynamic a n a ly s is  su p p le
mented by la b o ra to ry  te s t in g  to demonstrate the 
te ch n ica l f e a s i b i l i t y  of the elevated conductor 
system and to determine the f in a n c ia l b e n e fits  of 
t h is  new system.

To make a p re lim in ary  f u l l  sca le  te s t  to 
demonstrate the operational f e a s i b i l i t y  o f the 
elevated conductor system.

1. To make a f in a l  f u l l  sca le  t e s t  of a l l  the 
fe atu res of the elevated  conductor system.

2. To e s ta b lis h  a p ra c t ic a l form fo r  the 
elevated conductor system.

3. To determine the usefu l l i f e  of the vario u s 
components.

4. To provide a f u l l - s i z e  working model of the 
elevated conductor system fo r dem onstration 
purposes.

5. T o .re f in e  the cost and f in a n c ia l b e n e fits .

Fundamental q uestions to be answered through t h is  research are:

1. Is  the elevated conductor system t e c h n ic a l ly  fe a s ib le ?

2. Can t h is  system be developed into  an o p e ra t io n a lly  and 
f in a n c ia l ly  fe a s ib le  ra ilro a d  e le c t i f ic a t io n  system?



B e n e fits  of t h is  to ta l research program are :

1. The te s t  f a c i l i t y  (Phase I I I )  w i l l  demonstrate to r a i l 
roads, e le c t r ic  power u t i l i t i e s ,  equipment m anufacturers 
and other p ra ctio n e rs  a s im p lif ie d  system of ra ilro a d  
e le c t r i f ic a t io n  th a t markedly w il l  reduce in s t a l la t io n  and 
maintenance co sts  from those of present d e s ig n s.

2. T h is  program w i l l  p rovide p re lim in ary  design and f in a n c ia l 
inform ation fo r  e s ta b lis h in g  t h is  s im p lif ie d  system of 
ra ilro a d  e le c t r i f i c a t io n .

3. The proven system w i l l  encourage ra ilro a d  e le c t r i f ic a t io n  
hence w i l l  reduce the n atio n a l demand fo r d ie se l f u e l - - '  
petroleum , e s p e c ia l ly  i f  the e le c t r ic  energy can be derived 
from energy sources other than petroleum , such as c o a l, 
nuclear or h y d ro e le c t r ic .

Funding, as ap p lied  fo r  the o r ig in a l p ro p o sa l, i s  fo r  Phase I 
o n ly --th e  th e o re t ic a l dynamic a n a ly s is  and the la b o ra to ry  t e s t in g .  The 
dynamic a n a ly s is  i s  to be done by B a t t e lle  Columbus L a b o ra to r ie s , the 
design and fa b r ic a t io n  of the components is  to be done by The Ohio Brass 
Company and the management of the p ro je ct  and the la b o ra to ry  t e s t  f a c i l 
i t y  i s  to be provided by American E le c t r ic  Power S e rv ic e  C o rp o ratio n .

On September 9, 1980 a co n tract e n t it le d ,  "A Low Cost Catenary
n  a l  w n *  p II i. i n r- r»i.i -» r*Ar\A f  a  «  f  i .i a  /Ja p p  r i  k a / J  i i a /Ja a  D k a c a  T r\ fD e s ig n -A n a ly s is "  was awarded fo r  the work described  under Phase I of 

the p ro p o sa l.

The e f fo r ts  of the fo llo w in g  people are acknowledged fo r 
fu rth e r in g  t h is  p ro je ct and p ro v id in g  te ch n ica l a s s is ta n c e :

Donald Ahlbeck 
W illa rd  K a ise r  
Robert Prause

B a t t e lle  Columbus La b o ra to rie s

M. F . Rowing 
Donald L . Herbert 
John R. Turk

The Ohio Brass Company
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METRIC CONVERSION FACTORS

Approximate Conversions to Metric Measures 9

Symbol When You Know Multiply by To Find Symbol -----—
8-----

LENGTH
in inches •2.5 centimeters cm -=
ft feet 30 centimeters cm
yd yards 0.9 meters m -----=
mi miles 1.6 kilometers km —

AREA — E
—

in2 square inches 6.5 square centimeters cm2
ft2 square feet 0.09 square meters m2
yd2 square yards 0.8 square meters m2 —
mi2 square miles 2.6 square kilometers km2. — =

acres 0.4 hectares ha 5— —
MASS (weight) — —

oz ounces 28 grams g
lb pounds 0.45 kilograms kg —

short tons 0.9 tonnes t 4 —
(2000 lb) —r:

VOLUME ——

tsp teaspoons 5 milliliters ml —
Tbsp tablespoons 15 milliliters ml 3 —
fl oz fluid ounces 30 milliliters ml —
c cups 0.24 liters i —
pt pints 0.47 liters i
qt quarts 0.95 liters i *—
gal gallons 3.8 liters i
ft3 cubic feet 0.03 cubic meters m3 2 —
yd3 cubic yards 0.76 cubic meters m3 __“

TEMPERATURE (exact) _

°F Fahrenheit 5/9 (after Celsius °c —— —

temperature subtracting temperature 1 - —

32) __~
*1 In. *> 2.54 cm (exactly). For other exact converaions and more detail tablet tea —
NBS Misc. Publ. 286. Units of Weight and Measures. Price $2.25 SD Catalog
No. C13 10 286. inches

23
Approximate Conversions from Metric Measures

22

21
Symbol When You Know Multiply by To Find Symbol

20 LENGTH

19 mm millimeters 0.04 inches in
cm centimeters 0.4 inches in

18 m meters c 3.3 feet «
m meters 1.1 yards yd

17
km kilometers 0.6 miles mi

16 AREA
15 cm2 square centimeters 0.16 square inches in2

m2 square meters 1.2 square yards yd2

14
km2 square kilometers 0.4 square miles mi2
ha hectares (10,000 m2) 2.5 acres

13
MASS (weight)

-12

-11 g grams 0.035 ounces OZ
kg kilograms 2.2 pounds lb
t tonnes (1000 kg) 1.1 short tons

-10

-9 VOLUME «

-8 ml milliliters 0.03 fluid ounces fl oz
i liters 2.1 pints Pt
i liters 1.06 quarts qt- 7 i liters 0.26 gallons gal
m3 cubic meters 36 cubic feet ft3

-6 m3 cubic meters 1.3 aubic yards yd3

-5 TEMPERATURE (exact)
-4 °c Celsius 9/5 (then Fahrenheit °F

temperature add 32) temperature
-3

°F
-2 °F 32 98.6 212

-40  0
1 1 1 l 1 i 1 l

40 30
1 I I 1 l l

I 120 160
* 1 1 i I 1 1

2001
1 1 1 1 |- l r i —  r 

-40  -20
1 I 1 

20
fl l 1 1 
140 60

i 1 1 
80 100

cm oc 0 37 °C
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1. INTRODUCTION

On September 9, 1980 a contract was awarded by the Federal 
Railroad Administration (FRA) to the American Electric Power Service 
Corporation (AEP) for "A Low Cost Catenary Design--Analysis". The ob
jective is to determine if the electrification system described in U.S. 
Patent No. 3,829,631 (see Appendix A) is technically feasible and more 
economical to build than conventional railroad electrification systems. 
The purpose of this new system is to improve railroad's operating effi
ciency and to encourage the application of a transportation system not 
dependent on petroleum. ■

To achieve the above stated objective, the contract identifies 
seven tasks listed below:

Task 1: Preliminary Design Analysis. Conduct a literature
search of the Railroad Research Information Service (RRIS) and 
other appropriate sources in order to preclude re-doing work 
already done and in order to broaden the contractor's technical 
knowledge base in this area. Conduct a preliminary theoretical 
dynamic analysis of a traveller in motion and its effect on the 
contact conductor and the supports for the contact conductor. 
Concurrent with this analysis, prepare a preliminary design of 
a traveller, the traveller arm and the supports for the contact 
conductor. Iterate the design and the analysis, as necessary, 
and identify areas requiring laboratory testing.

Task 2: Preliminary Concept Feasibility. Based on the results 
of Task 1, determine if preliminary analysis and design indi
cate concept feasibility and a viable design.

Task 3: System Design. Complete the design and fabricate the
traveller, the traveller arm and the supports for the contact 
conductor.

Task 4: Test Facility. Design and build a suitable laboratory
facility for dynamic testing the traveller, the contact conduc
tor, and the supports of the contact conductor. Conduct tests 
at various speeds of the traveller and at various dimension 
values, and observe, monitor, and record test results.

Task 5: Final Design Analysis. Complete the theoretical
dynamic analysis using laboratory results to supplement the 
analysis.

Task 6: TSC Hardware. Provide a second set of hardware
(traveller, traveller arm, plus short section of conductor and 
conductor support) to the Transportation Systems Center, 
Cambridge, Massachusetts, of the various components of the 
system for laboratory testing as necessary.



Task 7: Concept Feasibility and Cost/Benefits. Throuqh the
"dynamic analysis and the laboratory test results of Task 4, 
determine the technical feasibility of the traveller, the 
traveller arm, and the conductor support system to perform in 
an electrified rail system. Update cost estimate and conduct a 
cost/benefit analysis of the proposed system versus an equiv
alent existing conventional system. Present financial impacts 
that this new technology can have on railroad electrification.

Althouqh seven tasks were listed in the contract, funding was 
approved only for Tasks 1 and 2. Further, the contract stipulates that 
before work may commence on tasks 3-7 inclusive, a cost and technical/ 
management proposal must be submitted to and be approved by FRA. The 
contract also specifies that a final report shall be submitted at the 
completion of Tasks 1 and 2. This report covers only the work completed 
under Tasks 1 and 2.

For this work, subcontracts were let by AEP to Battelle 
Columbus Laboratories, Columbus, Ohio (Battelle) to conduct a theoret
ical dynamic analysis and to The Ohio Brass Company, Mansfield, Ohio 
(Ohio Brass) to prepare a preliminary desiqn. This work was started 
October 1, 1980 and was completed as of the date of this report.

The work proceeded essentially as described under Task 1.
First the literature search was conducted jointly by AEP, Battelle and 
Ohio Brass using the Railroad Research Information Service as the prin
cipal source. Then the preliminary design was initiated by Ohio Brass 
followed by the dynamic analysis conducted by Battelle. The preliminary 
design and the analytical results were iterated several times before 
selecting the design. The following sections will describe this work.
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2. LITERATURE SEARCH AND INTERFACE WITH OTHER PROJECTS

A literature search was made using the Railroad Research 
Information Service and through other technical information sources 
available to AEP, Battelle and Ohio Brass. The documents reviewed are 
listed in Appendix B.

No literature was found that provided information, analytical 
techniques or design techniques that are directly applicable to the work 
described herein. The system of railroad electrification being investi
gated under this contract is significantly different from past or 
present systems of railroad electrification.

A meeting was held with Alcoa, the contractor of the Aluminum 
Catenary System Project, to interface the projects. Both projects were 
described and discussed, but it was found that the same major differ
ences for the two projects exist as for conventional catenary systems 
vs. the catenary system under this project. However, the aluminum alloy 
contact conductor for the Aluminum Catenary System was recommended as an 
alternate contact conductor for this project. The aluminum alloy is 
6201T81 and support attachments may be swaged directly onto this 
aluminum alloy contact conductor.

There are no other known projects requiring interface.
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3. PRELIMINARY DESIGN

Basic System Requirements

Background

Since the beginning of electric traction, the transmission of 
electric power to the moving vehicle has been a critical function. To 
meet the reliability, safety and maintainability requirements as well as 
the electrical demand, many different systems of overhead power distri
bution have been tried.

For example, some early street railways had four wheel travel
lers riding on a pair of overhead wires. The mechanical connection, 
traveller current collector to street car, was also the conducting 
cable. A similar complete system was disclosed for electrifying buses 
in the U.S. Patent No. 1,817,093.

The original 1895 Baltimore and Ohio Railroad Howard Street 
tunnel electrification in Baltimore employed an overhead conductor of 
two Z-bars arranged to form a box shape with a slot in the bottom. A 
brass shoe held by a simple diamond shaped pantograph rides in this slot 
to pick up the current.

Both of these systems operated at low voltage, about 600 volts 
dc, and used heavy components. However, problems of corrosion, travel
ler mass and inertia, high currents, need for higher speeds and econ
omics directed overhead current collection development toward a catenary 
system. Underrunning current collecting shoes, supported by a panto
graph or a trolley arm arrangement from the top of the moving vehicle, 
pressed against the energized contact wire held over the train and 
parallel to the track by a c a t e n a r y electrification system. The contact 
wires generally have been copper or copper alloy and more recently the 
shoes have been a carbon compound.

With the recent economic application of solid state rectifiers 
on moving vehicles, high AC traction voltages became practical. For 
many applications a single contact wire at 25kV or 50kV will meet the 
current carrying and mechanical strength requirements. This single con
tact conductor may employ the new concepts disclosed in the U.S. Patent 
No. 3,829,631 (Appendix A). New materials, such as high-strength light
weight metals and polymers, can be used to reduce mass and provide 
desirable mechanical properties. This new concept described in the 
patent of a current collector traveller mounted on an extensible arm 
from the vehicle and clamped around a single contact conductor provides 
freedom for the contact conductor to move to either side or above the 
vehicle, thus permitting choice of location by lowest cost.

To conduct the theoretical dynamic analysis, as required under 
this contract, each element, pole to vehicle, was reviewed for available
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materials and possible design, and a choice or a range of choices was 
specified in order to conduct the analysis. The first dynamic analysis 
results were reviewed, and design changes and repeated analyses were 
made to determine the preliminary design a§ described herein.

Figure 3-1 shows a general arrangement of the subassemblies 
considered.

Contact Conductor

For 25kV or 50kV applications it was felt that short time high 
current demands for a traveller current collector would be limited to 
about 500 amp. Average current for one hour would be expected to be 
less than 200 amp. Mechanical requirements include conductor tempera
ture changes from -29 C (-20 F) to 65.5 C (150 F), wind loads of 383 Pa 
(8 lb/ft^), and combined ice and wind loading for heavy loading dis
tricts of 192 Pa (4 lb/ft^) and 12.7 mm (0.5 in.) radial thickness of 
ice. For low cost installation, support points spaced apart on the 
order of 50 m (164 ft) to 90 m (295 ft) are normal power utility distri
bution line practice. The material must be favorable for good current 
collection and must have strength characteristics permitting economic 
span lengths. The diameter of the conductor must be great enough that 
no significant electrical discharge or corona will occur at the maximum 
operating voltage which may be as high as 55kV-to-ground.

Traveller Wheel Assembly

This assembly engages the contact conductor and must continue 
to engage the conductor as it passes down the line. Critical points are 
at the conductor support especially for rail curves. The current col
lection from the contact conductor must be continuous and reliable. 
Minimum mass will help reduce mechanical forces at changes in conductor 
direction. It must have an arrangement to permit placing it on and 
removing it from an energized contact conductor.

Arm Assembly

This assembly provides the connection between the traveller 
wheel assembly and the rail vehicle. It may be used, if desirable, to 
maintain the wheel assembly in a relationship to the vehicle axis. It 
must function with the contact conductor as close as 914 mm (36 in.) to 
the vehicle and continue to function until fully extended, 4270 mm (14 
ft). It must provide a means of current conduction from the wheel 
assembly to the vehicle. At rest, extended horizontally and clamped on 
the contact conductor, the arm assembly may reasonably have a deflec
tion of 25 mm (1 in.). It must withstand the mechanical loading result
ing from speeds of 81 kph (50 mi/h) and potentially up to 162 kph (100 
mi/h).
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FIGURE 3-1. GENERAL ARRANGEMENT OF SUBASSEMBLIES FOR A LOW COST CATENARY SYSTEM.
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High Voltage Insulators

The insulators must meet the electrical requirements for 25kV 
and 50kV line-to-ground operation. Basic impulse insulation levels 
(BIL) chosen are 250kV and 400kV, respectively. For railroad applica
tions insulators having high resistance to impact damage are especially 
desirable. For the contact conductor support insulator, low stiffness 
will assist in reducing mechanical forces as the wheel assembly passes 
by a support point. Mechanical loads produced by the conductor and by 
the reaction from the moving wheel assembly must be withstood.

Contact Conductor Support

This device must meet the mechanical requirements of supporting 
the contact conductor at the conductor support insulator. The conductor 
shape and material is critical in this choice. The means to reduce any 
abrupt conductor direction change at the take-off (sag) angle also is 
important in reducing mechanical forces as the wheel assembly passes the 
support point.

Contact Conductor Design

Consideration was given to different materials and shapes for 
the contact conductor. First considered were round, grooved, Figure 9 
deep-section grooved and Figure 8 trolley wires as defined by ANSI/ASTM 
B9, B47, and B116. Also, the conductor types illustrated in the patent 
(Appendix A) were considered. Figure 4 of the patent shows a solid 
contact conductor of a figure-8 type cross-section. Figure 4a shows a 
stranded type contact conductor. A review of these conductor types 
indicates that these conductors would not be suitable for the low cost 
catenary system under study. The stranded conductor, because of the 
traveller wheels rolling on the outer layer of helical strands, will 
cause accelerated mechanical wear of the strands and the wheels. The 
figure-8 conductor or any non-round conductor will experienced aero
dynamic lift under wind conditions and may oscillate. This oscillation 
could result in operational problems and could cause metal fatigue at 
the supports.

Because of these concerns, it was concluded that the contact 
conductor must be of a solid (non-stranded), round configuration. 
Although contact conductors of tubular section or steel cladded with 
copper or aluminum may have applciation, it was decided to simplify the 
study and consider only solid, round conductors of copper or aluminum 
material. Subsequently, a nominal conductor size was chosen of 15.9 mm 
(0.625 in.) diameter solid hard drawn copper. Copper was chosen not 
only because this size will meet the current carrying requirements of 
short time demands of 500 amp, but also because of the long time experi
ence with current collection. Present state-of-the-art current collec
tion techniques can be applied with confidence.
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Since the wheel assembly must travel engaging the contact 
conductor continuous, a fixed dead-end electrification system, not a 
constant tension system, is the simplest construction. Also, for the 
selected size of hard drawn copper contact conductor, a span length of 
about 61 m (200 ft) represents an average span for practical applica
tions. Figure 3-2 illustrates the sag and tension curves for the 
temperature range specified. These values are calculated based on 
approximately half ultimate tension at -29 C (-20 F).

An illustration of a half span of the contact conductor is 
shown on Figure 3-3. The take-off (sag) angle at the support and the 
sag dimensions are identified. The sag angle at the support point of 
the contact conductor has been calcualted and is shown on Figure 3-4. 
This represents half of the total angle that the wheel assembly must 
pass at a tangent support point.

The contact conductor size selected will be free of any 
significant corona even under wet conditions when operating up to 55kV 
line-to-ground.

High Voltage Insulator Design

Contact Conductor Support Insulator

Of great significance in the study of a traveller current col
lecting system using a wheel assembly clamped on the contact conductor 
is the mechanical reaction as the wheel assembly passes the conductor 
support. The forces which occur must be within the capability of the 
system. The means to control the stress must be simple and economic 
compared to presently operating catenary systems. In contrast to former 
standard porcelain insulator assemblies which are relatively rigid and 
brittle, insulator assemblies using fiberglass reinforced plastics are 
now available that can provide spring constants at the wire support 
points that will markedly reduce the mechanical forces caused by the 
passage of the wheel assembly. These insulators have fiberglass rein
forced epoxy rods at the core to provide the mechanical strength with 
desirable deflection properties. These insulators also employ weather- 
sheds of a combination ethylene propylene copolymer (EPM) which provide 
the needed leakage surface characteristics required of high voltage 
insulators. These insulators are highly resistant to abuse such as 
stone throwing or rifle fire. They may be dropped on rails or other 
hard objects without damage. This style of insulator is now in regular 
production and is employed for general high voltage insulator 
applications.

The application of this insulator to the traveller assembly 
current collection system is best in the form of a horizontal line post 
shown in Figure 3-5 and Figure 3-6, when the contact conductor is along 
side the track. Not only is the deflection characteristic of the 
insulator helpful in reducing mechanical forces, but the insulator can
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be mounted toward the track, so that for a required pole clearance the 
traveller arm length will be a minimum value.

For the 15.9 mm (0.625 in.) diameter hard drawn copper contact 
conductor with 61 m (200 ft) spans, the resultant insulator load based 
on 12.7 mm (0.5 in.) radial thickness of ice and 192 Pa (4 lb/ft̂ ) 
wind velocity pressure is 2010 N (452 lb). Table 3-1 shows the 
characteristics of polymer horizontal line post insulators which meet 
the electrical and mechanical requirements for this wire and span for 
25kV and 50kV voltage ratings.

TABLE 3-1. CHARACTERISTICS OF REPRESENTATIVE POLYMER
HORIZONTAL LINE POST INSULATORS FOR 25KV AND 
50KV VOLTAGE RATINGS (LINE-TO-GROUND)

' Figure 3-5 Figure 3-6

Voltage Application, Line-to-Ground, kV 25 50

Basic Impulse Insulation Level, kV 250 400

Leakage Distance, mm (in.) 1270 (50) 2000 (79)

Maximum Design Cantilever Load, N (lb) 4270 (960) 2890 (650)

Stiffness, N/mm (Ib/in.) 140 (800) 43(245)

Insulator Support Assembly on Rail Vehicle

Similar styles of high voltage insulators are available for 
supporting the traveller assembly from the rail vehicle roof. Made of 
the same materials as the contact conductor support insulators, these 
insulators have the advantages of resilent reaction to sudden forces, 
high mechanical strength and excellent electrical properties. Also 
present is resistance to abuse such as stone throwing or rifle fire, 
which is a significant advantage for reliability and maintainability.

Where clearance permits, these insulators may be mounted 
vertically on the car roof, and tilted or horizontal installations may 
be used where necessary. Designs suitable for 25kV and 50kV are shown 
on Figure 3-7. Characteristics are listed in Table 3-2.

The traveller assembly drawing, Figure 3-13, shows two of these 
insulators mounted side by side on the vehicle roof in line with the 
axis of the car. The lower frame of the traveller assembly, which 
includes the pivot and equalizer assembly, is mounted directly on the 
top caps of these insulators.
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FIGURE 3-7. 25kV AND 50kV INSULATOR SUPPORT ASSEMBLIES AT RAIL 
VEHICLE.
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TABLE 3-2. CHARACTERISTICS OF POLYMER STATION POST 
INSULATORS SUITABLE FOR SUPPORTING THE 
TRAVELLER ASSEMBLY ON THE RAIL VEHICLE

Figure 3-7

Voltage Application, Line-to-Ground, kV 25 50

Basic Impulse Insulation Level, kV 250 400

Leakage Distance, mm (in.) 1140 (45) 2060 (81)

Maximum Design Cantilever Load, N (lb) 8900 (2000) 5340 (1200)

Stiffness, N/mm (Ib/in.) 840 (4800) 198 (1130)

Contact Conductor Support Design

Since the conductor is to be of round section, a challenging 
problem is a method of supporting this conductor--or more specifically, 
a method to attach this conductor to the support and still allow passage 
of the traveller past the support point. Figure 3-8A is a cross-section 
of a round conductor with traveller wheels shown by dashed lines. Based 
on the general proportions of the conductor and the wheels, it was 
decided arbitrarily that a sector 120 degrees above and below the con
ductor would be reserved for the traveller wheels and that a sector of 
60 degrees right or left would be reserved for the attachment to the 
support.

Two methods of providing attachment to solid copper or aluminum 
conductors were investigated. One method is by soldering, brazing or 
welding and the other is by swaging. The Copper Development Association 
advises that welding would destroy the hard-drawn properties of the cop
per conductor, but with proper controls soldering or brazing may be used 
and still preserve the hard-drawn properties. Swaging also may be util
ized to form the attachment for copper conductors, but this may require 
a more ductile alloy to avoid fracturing the copper.

The Aluminum Association advises that welding, soldering or 
brazing of 6201T81 aluminum alloy suitable for use as contact conductor, 
would destroy its heat-treatable strength properties. Swaging of 
6201T81 aluminum alloy conductor is possible.

Figure 3-8B is a cross-section of a copper or aluminum con
ductor after swaging to provide an attachment point. The total cross- 
sectional area is the same as Figure 3-8A and the two 120 degree sectors 
for the traveller wheels must be maintained with the.same radius

16



FIG. C FIG. E

FIGURE 3-8. CONTACT CONDUCTOR ATTACHMENTS AND SUPPORT ASSEMBLY
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(c) as the original round shape. In Figure 3-8C a bolted or swaged 
clamp is added to provide an attachment to the support assembly. The 
clamp and the swaging operation must be limited to the 60 degree sectors 
of the contact conductor.

Figure 3-8D is a cross-section of a copper conductor after a 
secondary support member has been soldered or brazed to the conductor. 
Again the 120 degree sectors for the traveller wheels must be left 
untouched. Figure 3-8E shows the clamp for the attachment to the sup
port and this must be confined to the 60 degree sectors.

The control of forces which occur when the traveller wheel 
assembly passes the support point depends most significantly on the 
conductor support design. The conductor sag angles involved for the 
normal tangent span are summarized on Figure 3-4. As the conductor 
temperature increases, the sag and sag anqle increase. The angle 
changes from about one degree at -29 C (-20 F) to over three degrees at 
60 C (140 F). In order to provide a smooth transition at the insulator 
support, it is desirable to have the conductor supported at a proper 
radius of curvature. This can be accomplished by the design of a 
mounting tab attached to the conductor using the methods described 
before.

The mounting tab or support should be long enough to equal di
mension L on Figure 3-3 so that the conductor take-off is tangential to 
the clamp support. Figure 3-9 shows a method of conductor support to 
provide this. A tapered strap support is shown joined to the conductor 
to provide a gradual change in conductor slope at the support. The 
means of support must be resilient enough to meet the changes in tension 
and sag angle caused by changes in temperature.

A second method of support providing a more direct solution is 
shown in Figure 3-8F. With this assembly the contact conductor is sup
ported only for the distance necessary to maintain the radius of curva
ture R. If the span between supports is large (greater sag anqle) more 
of the support arc is required. If the span between supports is small 
(less sag angle) less of the support arc is required. This support 
assembly with its conductor attachments can be designed to meet the 
support point criteria established by the dynamic analysis.

The dynamic analysis is used to define possible dimensions for 
length L and radius R of Figure 3-3. Further study and design testing 
is recommended to develop both of these conductor support methods 
described herein.

Wheel Assembly Design

The wheel assembly must continuously engage the contact con
ductor as the rail vehicle moves the wheel assembly along the conductor. 
The current collection from the conductor must function reliably and the 
mechanical reaction forces must be within the capabilities of the 
system.
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The Patent describes an assembly with two pairs of grooved 
wheels and sliding contacts pressed against the contact conductor to 
hold the wheel assembly in engagement with the conductor and to estab
lish electrical contact. This design principle is shwon in Figure 3-10. 
Type A uses wheels as the current collector. Since experience has indi
cated that sliding current collectors of suitable materials may have 
better current collection than that of rolling collectors, Type B shows 
two pairs of carbon shoes spring mounted in holders to clamp around the 
conductor and to collect the current. Type C shows a combination of 
wheels to serve as guides and shoes to collect the current.

Type A Wheel Current Collector

This assembly incorporates cast bronze collector wheels to 
guide the traveller assembly and to collect current from the conductor. 
Bronze is specified because of the electrical conductivity needs. This 
current collection method subjects the wheel and conductor to arcing and 
to erosion of the material. Higher currents can be collected with 
shoes. Type A assemblies also are relatively heavy. This produces high 
reaction forces on the conductor as the assembly passes through the 
support points. The high inertia of rapidly rotating wheels will cause 
tracking problems as the contact conductor changes direction.

Type B Shoe Current Collector

This design utilizes a set of holders with carbon inserts to 
collect from the contact conductor. It offers an improved current 
collection method when compared with a wheel type arrangement. It also 
provides a minimum mass assembly. The difficulty with this design is 
that it must rely on sliding contact between the insert holder and the 
conductor to guide the assembly. This will present problems with wear, 
especially at the support point where the contact conductor changes 
di rection.

Type C Shoe Collector With Guide Wheels

This design incorporates carbon inserts to collect the current 
from the contact conductor and low mass wheels to guide the assembly 
along the wire. It utilizes the best feature of the wheel collector and 
the shoe collector. The superior current collection feature of carbon 
inserts and the superior guiding feature of a grooved wheel are used. 
Since the wheels do not collect current, they can be made of a minimum 
mass metal or non-metalic material to minimize the inertial and reaction 
forces. This was the design selected for the project.

Figure 3-11 shows this assembly as finally developed. Details 
of this assembly are described below:
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FIGURE 3-10. COMPARISON OF VARIOUS TRAVELLER WHEEL ASSEMBLY DESIGNS.
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FIGURE 3-11. TRAVELLER WHEEL ASSEMBLY.





1. Shoe Collectors. These are an opposing pair of shoes 
resiliency mounted midway between the two pairs of guide wheels.
Holders are designed to guide shoes, of a standard carbon compound, 
uniformly against opposite sides of the contact conductor. Constant 
force springs are used so that pressure against the conductor is 
unchanged as the carbon shoes wear. Since the shoes are relieved of the 
mechanical guidance function, the shoe size is based on meeting an 
assembly current carrying rating of 500 amp for short durations and 200 
amp continuously. The brush life depends on many factors including the 
actual current demand, conductor and weather conditions, pressure on the 
conductor and occurances of loss of contact. Life well in excess of one 
thousand miles operation is reasonable.

2. Guide Wheels. Drawing layouts were made showing the fit of 
the wheels on 15.9 mm (0.625 in.) diameter wire at support points. 
Judgment suggested that wheels smaller than 150 mm (6 in.) diameter may 
have difficulty in providing guidance. The value of light weight in 
reducing reaction forces suggest the use of polymer materials. The most 
attractive material is polyether urethane with a hardness of 90-95 Shore 
A durometer. It has the desirable characteristics of stability, abra
sion and wear resistance, and may be reinforced with fibers. Although 
data sheets suggest as much as one order of improvement in abrasion 
resistance over other polymers, performance comparisons will require 
actual tests. This design will permit the use of a replaceable rim if 
desirable. Various types of rolling and sleeve bearings were reviewed. 
For the best life expectance ball bearings are recommended.

3. Rubber Torsional Bushings. Rubber torsional units are 
employed to press the wheels against the contact conductor. This 
arrangement gives fast response to wheel/conductor dynamics with the 
advantages of light weight and damping. The physical size shown will 
provide about 169 N-m (i500 lb-in.) torque on each set of wheels.
Design testing of scissors action vs. clamping action is recommended.

4. Metal Components. The arms and yokes are shown in sections 
suitable for aluminum alloys similar to 6061-T6 or 356.0-T6. Pins and 
studs may be of plated medium carbon steel or stainless steel.

5. Rubber Isolator. The wheel assembly is mounted on the yoke 
of the traveller arm assembly through a pair of rubber isolators to 
reduce the mechanical forces which occur when the wheel assembly travels 
past the conductor support. The design shown will have a spring con
stant of about 17.5 N/mm (100 1b/in.).

Traveller Arm Assembly Design

Many alternate arrangements for the traveller arm assembly were 
considered. An extensible arm was given primary consideration to con
nect the traveller wheel assembly on the contact conductor to the rail 
vehicle. A flexible, leash-like connection was not seriously reviewed 
because of electrical clearance and current carrying requirements and
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because of the limited amount of mechanical restraint which could be 
placed on the wheel assembly.

A study was made to determine a reasonable length requirement 
for the arm. The minimum requirement is 914 mm (36 in.). The maximum 
is set by the extreme location expected for the contact conductor. 
Appendix C tabulates the variables which determine the conductor 
location for both tangent track and three degree curve track. With an 
added allowance, the maximum separation of the contact conductor from 
the top of the insulator support assembly is 4270 mm (14 ft). The 
design study is based on this range of arm length.

Two possible assemblies are shown in Figure 3-12 - the single 
arm and double parallelogram arm. Both of these designs will follow the 
contact conductor when being pulled by the rail vehicle. When reversing 
direction the arms must be reset. As conductor/vehicle spacing changes, 
the arm angle to the vehicle axis changes and the wheel assembly accele
rates on the contact conductor relative to the vehicle. The single arm 
assembly must have a joint yoke at the wheel assembly, that is free to 
move plus or minus 90 degrees. Because of the parallelogram action with 
the double arm, this joint for the double arm assembly requires only 
limited movement, perhaps plus or minus 15 degrees.

A third assembly is shown in Figure 3-13, a diamond pantograph. 
For this design, no special action is required to reverse direction. As 
conductor/vehicle spacing changes, the velocity of the wheel assembly 
remains the same as the vehicle and only limited movement is required of 
the yoke to wheel assembly joint.

Possible materials include fiberglass-reinforced plastic rod or 
tube, aluminum alloy tube and steel tube. Careful consideration was 
given to each. The fact that an additional electrical conductor must be 
added to the fiberglass reinforced material and that mechanical joints 
became somewhat more complex led to the rejection of this material. The 
light weight of the aluminum alloy tube and its good electrical conduc
tivity resulted in its choice for preliminary design of the traveller 
arm.

Table 3-3 summarizes characteristics of the possible traveller 
arm configurations with aluminum tube. From these comparisons it was 
decided to proceed with use of the diamond pantograph Figure 3-13 for 
further system dynamic analysis.

For the pantograph design the arms are required to move uni
formly as the pantograph extends. This is obtained by a pivot and 
equalizer assembly at the base of the pantograph. The equalizer con
trols uniform extension of both arms, and the pivot permits a full 180 
degree periphery movement as the contact conductor changes from one side 
of the vehicle to the other. Bearing joints require special attention 
to meet the deflection characteristics in Table 3-3 and shunts are 
required to provide the electrical continuity around the joints.
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FIGURE 3-13. POSSIBLE ARM ARRANGEMENT FOR THE TRAVELLER ASSEMBLY
(DIAMOND PANTOGRAPH).
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TABLE 3-3. COMPARISON OF CHARACTERISTICS OF TRAVELLER ARM ASSEMBLIES

Single Arm Double Arm

Vehicle direction reversal Must be reset Must be reset

Traveller wheel assembly velocity
compared to vehicle velocity when changes changes
conductor/vehicle spacing changes.

Joint design - Arm yoke to the 
traveller wheel assembly

Must be free Needs limited
nearly + 90 deg. movement

+ 1 5  deg.

Mass of Aluminum Tubular Arms Alone

31.75 mm (1-1/4 in.) 0D x
1.65 mm (0.065 in.) thk

5.08 mm (2 in.) 0D x 4.05 kg
1.65 mm (0.065 in.) thk (8.95 lb)

Deflection

Arm horizontal supported at each end 22.4 mm
(0.88 in.)

Cantilever Stress

44.5 N (10 lb) force at contact conductor 64710 kPa
(9385 psi)

8.1 kg 
17.9 lb)

22.4 mm 
(0.88 in.)

32358 kPa 
(4693 psi)

Diamond Pantograph

No attention needed

same

Needs limited 
movement 
+ 1 5  deg.

3.8 kg 
(8.3 lb)

16.8 mm 
(0.66 in.)

84305 kPa 
(12227 psi)



Summary - Preliminary Design

The traveller assembly system has been studied and requirements 
have been enumerated. Assemblies have been reviewed in detail and 
suitable materials have been identified. Possible designs have been 
described and areas requiring further development have been identified. 
Characteristics of these designs have been estimated and these data have 
been used in making dynamic analysis of the system. Further refinement 
of the proposed designs was made possible by the results of the dynamic 
analysis.
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4. DYNAMIC ANALYSIS

Analysis Models

Single Degree of Freedom Simulation

The traveller system consisted of a wheel assembly with two 
sets of flanged wheels riding on the conductor, Figure 4-1. The wheel 
assembly was attached to a yoke assembly through two yoke bushings. It 
was recognized that the greatest potential dynamic problem would occur 
at the pole insulator where the traveller motion changed from its 
maximum upward velocity to its maximum downward velocity, Figure 4-2. 
The shorter the time interval over which this velocity change was 
required, the greater would be the force between the traveller system 
and the conductor. Therefore, a worst case scenario was assumed, i.e., 
the traveller system experienced a step input in velocity equal to the 
conductor's vertical velocity change at the insulator.

For this analysis it was assumed that the conductor was pin- 
attached at the insulator. The change in vertical velocity at the 
insulator can be derived from the equation of a catenary (see Appendix 
D, Section 1). It was next assumed that a single degree of freedom 
(1-DOF), base-mounted, mass/spring/damper system, Figure 4-3, was

FIGURE 4-1. TRAVELLER/CONDUCTOR CONFIGURATION
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FIGURE 4-2. GEOMETRY OF SIMPLE CATENARY

excited by an initial change in base velocity (the conductor to which 
the traveller was attached). The displacement solution to the initial 
condition problem is derived in Appendix D, Section 2. The maximum 
force between the traveller and conductor will occur at the first peak 
displacement, and was assumed equal to the product of the displacement 
and stiffness of the traveller. This force is given by

p H

r _ pttcTSV fKW] (4_i )
o 4T L g J

where

p= weight density of conductor material, 87,400 N/m̂  
(0.322 lb/in.3) for copper 

d = diameter of conductor, m (in.)
S = pole span, m (in.)
V = forward velocity of traveller (rail vehicle), 

m/s (in./s)
T = tension in conductor, N (lb)
K = effective stiffness between conductor and traveller, 

N/m (lb/in.)
W = effective weight of traveller, N (lb) 
g = acceleration of gravity, 9.80 m/s^ (386 in./ŝ )

FIGURE 4-3. BASE-EXCITED 1-DOF MASS/SPRING/uASHPOT MODEL
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It can be seen from Equation (4-1) that for a worst case situa
tion (step change in velocity) the maximum force between the conductor 
and traveller system can depend on seven independent variables. Actual
ly, the conductor tension and diameter would probably be dependent,
i.e., maintain the greatest possible tension in the conductor without 
overstressing it. If a larger diameter conductor were used, the con
ductor tension would increase in proportion to the area to maintain a 
constant prestress. Density is another variable that is not entirely 
independent of conductor diameter and tension. If aluminum conductor 
were used because it has a lower density than copper, the tension may 
have to be decreased so as to not overstress the conductor, or the 
diameter increased, to provide sufficient electrical conductivity. Pole 
span depends on the maximum sag allowed between poles, and that value 
depends on the conductor density, diameter, and tension (Equation D-2 of 
Appendix D). Therefore, although the force derived in Equation (4-1) 
considered the variables p, d, T, and S to be independent, "real world" 
constraints would dictate changes in one or more of these variables if 
any other one was changed.

The real significance of Equation (4-1) is that the term 
p7rd2S/4T defi nes the total change in slope of a simple catenary at its 
support, see Appendix, Equation D-3. Therefore, to reduce forces the 
slope of the conductor should be minimized.

The other three variables in Equation (4-1), V, K, W, are 
independent and not a function of the conductor. They indicate that for 
a specified maximum speed of the rail vehicle: (1) the weight of the
traveller system should be as light as possible, and (2) the stiffness 
in the traveller system should be as low as possible.

In the design of the traveller system two stiffnesses were 
defined. The first one was between the yoke assembly and the wheel 
assembly; the second was between the wheel and conductor, Figure 4-1.
The yoke bushing stiffness was initially designed based on Equation 
(4-1). But to keep the forces low between the wheel and conductor would 
require a low wheel radial stiffness, which would mean unacceptable 
wear, and wheel flanges that could not sustain a lateral load in curves. 
Therefore, Equation (4-1) could not be used to design wheel stiffness.

Although Equation (4-1) was useful for indicating general 
trends of several parameters of the traveller/conductor system, it could 
not account for the effects of. multi-degree of freedom response, wheel 
spacing, nonlinearities in the insulator/conductor stiffness and a more 
gradual change in vertical velocity at the insulator.

Six Degree of Freedom Simulation

The six degree of freedom simulation (6-DOF) provided a 
detailed model of the traveller's vertical dynamics, and a reasonable 
approximation of the insulator/conductor*s vertical dynamics. The
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degrees of freedom were the vertical and pitch motion of both the yoke 
and wheel assemblies, and the vertical motions of the effective 
insulator/conductor mass under each wheel (Figure 4-4). Simple 
calculations were used to approximate the mass and inertia of the yoke 
and wheel assemblies, and the mass of the insulator, but the effective 
mass of the conductor depended on how it was excited. The effective 
mass of the insulator/conductor was assumed to be one half the mass of 
the insulator plus top hardware, plus 508 mm (20 in.) of the conductor. 
This value was varied in the parametric study, to determine its 
sensitivity.

FIGURE 4-4. 6 -DOF MODEL FOR T R A V E L L E R / C O N D U C T O R
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The effective stiffness of the insulator/conductor was a second 
parameter that was difficult to establish. As explained in the Appendix 
D, Section 3, the stiffness of the conductor was determined by assuming 
it was a tensioned beam, pin-attached at the insulators. The conductor 
stiffness was then added in series to the actual stiffness of the 
insulator to provide an effective stiffness of the insulator/conductor. 
This stiffness varied with the distance of each wheel from the 
insulator.

The solution of the six differential equations of motion (given 
in Appendix D, Section 3) was accomplished by a computer program using 
4th order Runge Kutta numerical integration techniques. Each solution 
was a time history of the motions and forces generated in the 
traveller/conductor system. The maximum forces were automatically 
determined by the computer program along with the time at which they 
occurred. The excitation was the changing displacement of the con
ductor, which was modeled as a catenary with a circular transition at 
the insulator (see Appendix D, Section 3 for details). The length of 
the transition was the most critical parameter in the system, and must 
be maintained to insure reasonably low forces between the wheels and 
conductor.

Finite Element Simulation

The 1- and 6-DOF models discussed previously, required several 
simplifying assumptions which did not represent the actual physical 
hardward, especially the 1-DOF model. It was not known previously that 
the results from the simple models would be adequate in their 
approximation of the dynamics of the system. In addition, even the
6-DOF model did not model the total conductor length between poles or 
the traveller arms, so that effect was unknown. To verify the results 
of the simplifying assumptions in the 6-DOF model, and to determine 
bending stresses in the conductor, a finite element approach was used.

In general, finite element techniques are specifically useful 
for systems that contain a large number of degrees of freedom. The 
unique aspect of finite element methods is that it is not necessary for 
the user to develop any equations; only the geometry, the element 
properties, and the loading conditions must be defined.

The finite element code, which can be simply defined as a 
transformation between the loading conditions on the system and the 
resulting dynamic motion, establishes the equations of motion. The 
actual continuous structure, in this case the conductor and traveller 
arm, is replaced by an equivalent mathematical model made up of discrete 
elements having known stiffness, damping, and mass properties which are 
expressible in matrix form. The elements are considered as building 
blocks which, when fitted together in accordance with a set of rules 
derived from the theories of solid mechanics, provide the properties of 
the actual system under the assumptions utilized in the generation of 
the discrete elements.
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The first step in a finite element analysis is to discretize
the continuous system into a finite number of elements. The geometry of
the conductor, including the transition, was modeled by pretensioned 
trusses (no bending stiffness) and with weightless beams (with bending 
stiffness) in the vicinity of the transition. The pole, insulators, 
clamp, and arms of the traveller were also modeled with beam elements.
Spring and damping elements were used to model the yoke bushing, while a
special follower element was used to model the wheels that followed the 
conductor. The model was three-dimensional.

The advantage of the finite element code is its capability to 
model details of the system. On the other hand, the finite element 
model has the disadvantage of being very costly to execute, especially 
for a high frequency, transient problem. The particular model used in 
this analysis had 303 degrees of freedom.

Single Degree of Freedom Simulation for Curved Track

Although the primary objective of this study was a dynamic 
analysis of the traveller/conductor system on tangent track, a prelimi
nary analysis was made to investigate the forces exerted on the 
traveller/conductor system for curved track. The objective of this 
analysis was to determine the magnitude of the lateral flange forces at 
the pole. Assuming that the traveller system can be modeled as a 1-D0F 
model experiencing an instantaneous change in lateral velocity at the 
pole, the lateral force (see Appendix D, Section 4) is given by

r _ ves rKwp 
o 57.3d |_gj (4-2)

where

V = forward velocity of traveller (or rail vehicle), 
m/s (in./s)

6 = degree of curvature [based on 30.48-m (100-ft) chord], deg 
S = pole span, m (in.)
K = effective stiffness between conductor and traveller,

N/m (lb/in.)
W = effective weight of system, N (lb) 
g = acceleration of gravity, 9.80 m/s^ (386 in./ŝ ) 
d = chord length, 30.48 m (1200 in.)

Equation (4-2) assumed a worst case condition, i.e., an 
instantaneous change in lateral velocity at the pole (no transition). 
Similar to Equation (4-1) for the maximum vertical force, Equation (4-2) 
can be used to give the maximum lateral force as a function of five 
independent variables. It will give the maximum lateral force in the 
yoke bushing or at the wheel flange.
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Analysis Results

Parameter Definition

The major results of the dynamic analysis were provided by a 
parametric study using the six degree of freedom, time domain model. 
After several iterations of the design, as suggested by the analysis, a 
nominal set of traveller/conductor parameters was established. It is 
expected that these values will closely approximate the initial fabrica
tion of the system. However, changes will undoubtedly occur during 
testing and development. To provide information on changes in force 
levels, caused by changes in design, each parameter was varied. In 
several cases the lowest or highest value of a particular parameter may 
be somewhat beyond realistic values, but in these cases the results of 
the parametric study established a limit.

The nominal parameters and their variations are listed in Table 
4-1. The nominal value given for conductor tension is not the actual 
tension that would be expected under normal temperature conditions, but 
it is the lowest tension expected under extremely high temperature con
ditions. As shown by Equation (4-1) the maximum forces developed in the 
system are inversely proportional to conductor tension. Since the de
signer has no control on atmospheric conditions, the worst-case tension 
was taken as nominal. The parametric study did, however, consider lower 
and higher values.

Parametric Study

Based on the variable limits given in Table 4-1, a series of 
time domain computer runs were made with the six degree of freedom 
(6-DOF) model. Each run computed the maximum forces in the yoke 
bushing, at each wheel/conductor interface, and in the insulator for 
each wheel passing through the transition and beyond. The results of 
those maximum values were plotted for each parametric variation. As 
mentioned previously, it is unlikely that some of the parameters could 
be changed without changes in other parameters, which would result in a 
cancelling effect. Nevertheless, each parameter was varied indepen
dently to indicate trends.

Where appropriate, the results in the following figures were 
compared to the results obtained from the 1-DOF model, Equation (4-1). 
Since Equation (4-1) assumed a zero wheel spacing and transition length 
and a rigid insulator, the comparison will show that Equation (4-1) gave 
conservative force magnitudes and predicted some of the trends quite 
well for the yoke bushing force. Because of the transition length in 
the conductor, however, Equation (4-1) cannot be used to predict wheel/ 
conductor forces.
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T A B L E  4-1. VAR I A B L E S  FOR 6 -DOF P A R A M E T R I C  STUDY

Variable Nominal Minimum Maximum

Yoke assembly weight, N*(lb) 40.0 (9.00) 22.2 (5.00) 133 (30.0)

Wheel assembly weight, N (lb) 53.4 (12.0) 22.2 (5.00) 133 (30.0)

Insulator/conductor weight, N (lb) 66.7 (15.0) 22.2 (5.00) 133 (30.0)

Yoke bushing stiffness, N/mm (Ib/in.) 17.5 (100) 8.75 (50.0) 70.0 (400)

Wheel/conductor stiffness, N/mm (lb/in.) 875 (5000) 175 (1000) 5250 (30,000)

Insulator stiffness, N/mm (lb/in.) 52.5 (300) 17.5 (100) 280 (1600)

Conductor diameter, mm (in.) 15.9 (0.625) 12.7 (0.50) 25.4 (1.00)

Conductor tension, N (lb) 8900 (2000)** 4450 (1000) 44,500 (10,000)

Pole Span, m (ft) 61.0 (200) 15.2 (50) 122 (400)

Wheel spacing, mm (in.) 280 (11.0) 150 (6.00) 610 (24.0)

Transition length, mm (in.) 510 (20.0) 0.00 (0.00) 1520 (60.0)

Vehicle speed, kph (mph) 81 (50.0) 16 (10.0) 145 (90.0)
3 3Conductor density, N/m (lb/in. ) 8.74 x 104 (0.322) --not varied--

*
** N = Newtons (1.0 lb = 4.448 N). 

Assumes 54 C (130 F) temperature.



Effect of Yoke Assembly Weight

The effect of varying the yoke assembly weight is illustrated 
in Figure 4-5. As the yoke assembly weight increased, the maximum force 
in the yoke bushing increased rapidly at a slightly decreasing rate.
The maximum forces at the wheel/conductor interface and at the insulator 
increased somewhat, but the effect was not significant. The yoke 
bushing force, based on the 1-DOF model, indicated greater magnitudes, 
but a similar trend to the 6-DOF model.

Effect of Wheel Assembly Weight

When the wheel assembly weight was increased, Figure 4-6, the 
maximum wheel/conductor interface forces increased rapidly, but the yoke 
bushing force actually decreased. The maximum forces on the insulator 
also increased with wheel asembly weight but not as rapidly as the 
wheel/conductor forces. The 1-DOF model of Equation (4-1) predicted a 
wheel/conductor force of 4090 N (920 lb) for the nominal conditions, 
clearly much higher than forces predicted by the 6-DOF model. The 
reasons for the high force value given by Equation (4-1) were the high 
wheel/conductor stiffness, and the lack of a smooth transition in the 
conductor at the insulator. Equation (4-1) is not a good expression for 
determining wheel/conductor forces for the real system with a finite 
slope transition and flexibility at the pole suspension point.

Effect of Insulator/Conductor Weight

A variation in the effective weight of the insulator and 
conductor section did not have a significant effect on the maximum 
forces in the yoke bushing or at the wheel/conductor interface, Figure 
4-7. However, increasing the insulator/conductor weight did decrease 
the force in the insulator (greater inertia to move). The 1-DOF model 
can not be used to predict the effect of insulator/conductor weight.

Effect of Yoke Bushing Stiffness

Figure 4-8 illustrates the maximum force changes with varia
tions in the yoke bushing stiffness. Although there was a generally 
increasing trend in force with stiffness, the yoke bushing stiffness did 
not have a great effect unless the stiffness value was very low. Again, 
the 1-DOF model gave conservative results, but in this case it was over
ly conservative and could not be used as a good indication of trends.
The poor comparison was due to the nonzero transition length in the 
6-DOF model. The results in Figure 4-8 indicate that the yoke bushing 
stiffness can be increased without adversely affecting force levels.
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248

Yoke Assembly Weight, kg (lb)

FIGURE 4-5. EFFECT OF YOKE ASSEMBLY WEIG H T  ON YOKE BUSHING, WHEEL/
CONDUCTOR, AND INSULATOR FORCES, 1 Kg = 9.8 N
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Wheel Assembly Weight, kg (lb)

FIGURE 4-6. EFFECT OF W H E E L  A S S EMBLY WEIGHT ON YOKE BUSHING, WHEEL/
COND U C T O R ,  A N D  INSULATOR FORCES, 1 Kg = 9.8 N
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FIGURE 4-7. EFFECT OF I N S U L A T O R / C O N D U C T O R  WEIGHT ON YOKE BUSHING, WHEEL/
CONDUCTOR, AN D  INS U L A T O R  FORCES, 1 Kg = 9.8 N
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248

(0) (57) (114) (171) (228) (286) (343) (400) (457)
Yoke Bushing Stiffness, N / m m  (Ib/in.)

FIGURE 4-8. EFFECT OF YOKE BUSHING STIFFNESS ON YOKE BUSHING, WH E E L /
CONDUCTOR, AND INSULATOR FORCES
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Effect of Wheel/Conductor Stiffness

The wheel/conductor stiffness was a major problem during the 
design and analysis iterations. The 1-DOF model indicated that the 
maximum force at the wheel/conductor interface was 4090 N (920 lb), 
based on the nominal values given in Table 4-1. It was this high value 
that dictated the use of a smooth transition at the insulator. If the 
transition were indeed smooth and long enough, the force developed at 
the wheel/conductor interface should be independent of the wheel stiff
ness. The reason for this assertion is that if the transition time was 
large, the system would respond gradually rather than undergo a large 
transient.

Figure 4-9 does show that the maximum forces developed were 
nearly independent of the wheel/conductor stiffness. The value of 875 
N/mm (5000 Ib/in.) was chosen as the nominal value because the maximum 
wheel/conductor interface force was developed at that stiffness. The 
important conclusion to be drawn from Figure 4-9 is that the wheel 
stiffness can be a very high value without producing large forces. This 
conclusion was not consistent with Equation (4-1) because the 1-D0F 
model did not model the transition.

Effect of Insulator Stiffness

Figure 4-10 shows that the stiffness of the insulator has a 
small effect on the yoke bushing and wheel/conductor forces and a 
moderate effect on the force generated in the insulator. The 1-D0F 
model assumed a rigid insulator, so it did not apply to this parameter.

Effect of Conductor Diameter

Based on Equation (4-1) it can be seen that the maximum forces 
developed are proportional to the square of the conductor diameter 
because the conductor weight, and therefore, the transition approach 
angle (Equation D-3) are proportional to the diameter squared. As 
mentioned above, it is probably not reasonable to change the conductor 
size without a proportional change in tension. However, Figure 4-11 was 
developed to show the independent effect of conductor diameter. If 
nothing else, it does show that the conductor diameter (transition 
approach angle) has a very significant effect on maximum forces in the 
yoke bushing, wheel/conductor interface, and insulator--note the change 
in scale for the force levels compared to previous figures.

The 1-D0F model overestimated the yoke bushing force levels by 
50 to 70 percent, which provided a good conservative value that followed 
approximately the same trend as the 6-DOF model.
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2 4 8

FIGURE 4-9. EF F E C T  OF W H E E L / C O N D U C T O R  STIFFNESS ON YOKE BUSHING, WHEEL/
C O NDUCTOR, AN D  INSULATOR FORCES

43

Fo
rc

e,
 l

b



Insulator Stiffness, N/mm (Ib/in.)

FIGURE 4-10. EFFECT OF INSULATOR S T I F F N E S S  ON YOKE BUSHING, W H E E L / C O N D U C T O R ,
AND INSULATOR FORCES
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Conductor Diameter, mm (in.)

FIGURE 4-11. EFFECT OF CON D U C T O R  DIAMETER ON YOKE BUSHING, W H E E L / C O N D U C T O R ,
AN D  I N SULATOR FORCES
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Effect of Conductor Tension

The effect of changing the conductor tension independent of the 
conductor diameter is shown in Figure 4-12. As indicated in Equation 
(4-1) the force was inversely proportional to the tension. Increasing 
tension decreases the conductor slope, Equation D-3. Again the 1-DOF 
model provided a conservative approximation to the yoke bushing force.

Effect of Constant Prestress

It has been mentioned several times that larger diameter con
ductors would carry a greater tension to maintain a constant prestress. 
According to Equation (4-1), if the ratio of conductor tension to cross- 
sectional area was held constant, there would be no change in force 
level. Because the 1-DOF model did not consider several of the para
meters included in the 6-DOF model, the 6-DOF model was run to determine 
the effect of increasing conductor diameter while maintaining constant 
prestress. The results are shown in Table 4-2. As predicted by the
1-DOF model, the yoke bushing forces remained nearly constant, as did 
the wheel/conductor forces. The small increase in these forces with 
increased diameter can be attributed to the increased stiffness of the 
conductor (bending stiffness is proportional to the fourth power of 
diameter). The effect was similar to the increase in insulator 
stiffness shown in Figure 4-10.

On the other hand, the insulator force increased significantly 
when the conductor diameter increased at constant prestress. Again, the 
effect was similar to an increase in insulator stiffness, see Figure 
4-10; i.e., a stiffer system will exert a greater force because it 
cannot move out of the way.

One factor that was not included in the constant prestress 
study was the variation in effective insulator/conductor weight due to 
the change in conductor diameter. As shown in Figure 4-7, increasing 
the effective weight of the insulator/conductor at constant line tension 
and diameter, will cause a small increase in wheel/conductor force, 
little change in yoke bushing force, and a significant decrease in 
insulator force. The increase in insulator force due to increased 
conductor diameter would be partially offset by the decrease due to 
increased conductor weight.

Effect of Pole Span

Equation (4-1) indicates that the yoke bushing force is 
linearly proportional to pole span (slope at conductor). As seen in 
Figure 4-13, the 6-DOF model predicted yoke bushing force to be a linear 
function of pole span. The wheel/conductor and insulator forces were 
also linear functions of pole span.
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4-12. E F F E C T  OF CONDUCTOR TENSION ON YOK E  BUSHING, WHEEL/
C ONDUCTOR, AND INSULATOR FORCES
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TABLE 4-2. FORCE COMPARISON WITH CONSTANT CONDUCTOR PRESTRESS

Tension
N

(lb)

Diameter 
• mm 
(in.)

T/d22 
N/mm 9 

(lb/in. )

Yoke Bushing Force 
N

(lb)

Wheel/Conductor Force 
N

(lb)

Insulator Force 
N

(lb)

5693 12.7 35.3 411 431,516 180, 218
(1280) (0.50) (5120) (92) (97, 116) (41, 49)

8896 15.9 35.3 425 443, 534 231 , 294
(2000) (0.625) (5120) (95) (100, 120) (52, 66)

12810 19.1 35.3 436 454, 552 281, 364
(2880) (0.75) (5120) (98) (102, 124) (63, 83)

22774 25.4 35.3 455 467, 574 367, 476
(5120) (1.0) (5120) (102) (105, 129) (83, 107)



Pole Span, m (ft)

FIGURE 4-13. EF F E C T  OF POLE SPAN ON YOKE BUSHING, W H E E L / C O N D U C T O R ,  AND
I N SULATOR FORCES
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Effect of Wheel Spacing

Wheel spacing could not be analyzed by the 1-DOF model, but its 
effect was investigated by the 6-DOF model as illustrated in Figure 
4-14. As might be expected, an increase in wheel spacing did decrease 
the yoke bushing force somewhat. But the wheel/conductor and insulator 
forces did not show any strong trend with wheel spacing, except that the 
wheel/conductor force increased substantially at small wheel spacing.
The nominal wheel spacing used appeared to be close to optimal for 
reducing wheel/conductor forces.

Effect of Conductor Transition Length

Conductor transition length was defined as the total length of 
the conductor on both sides of the pole that did not follow a catenary 
shape. For simplicity the transition length was specified as a circular 
arc. The reason that a transition length was deemed necessary was to 
reduce the large transient forces generated at the wheel when the con
ductor made an instantaneous change in slope at the insulator connec
tion. Although it was intuitive that the conductor should have a smooth 
transition at the insulator, it was not known how long the transition 
should be or how significant the effect would be.

Figure 4-15 illustrates the effect of transition length on the 
forces generated in the system. The effect on the wheel/conductor force 
was dramatic. A 1000-mm (39.4-in.) transition reduced the force level 
by an order of magnitude. However, most of the gain was produced by a 
508-mm (20-in.) transition. For ease of fabrication, that value was 
chosen as nominal. It is of particular interest to note that the yoke 
bushing and insulator forces had only a slightly decreasing trend with 
increasing transition length.

Equation (4-1) can be used to compare the 1-DOF model results 
with that shown in Figure 4-15 at zero transition length. For the force 
in the yoke bushing the 1-DOF model predicted 707 N (154 lb), approxi
mately 50 percent greater than the 6-D0F model at zero transition 
length. The 1-DOF model predicted 4090 N (920 lb) for the wheel/- 
conductor force, approximately 25 percent greater than the 6-DOF model. 
In this particular case the 1-DOF model results gave a moderately con
servative force level for zero transition length, and the 6-DOF model 
demonstrated its own necessity and the necessity of a transition length.

Effect of Vehicle Speed

Vehicle speed was the one parameter of the system over which 
there was no control, except to set a limit. Based on Equation (4-1) 
the yoke bushing force should increase as a linear function of vehicle 
speed, and as shown in Figure 4-16, it did. However, the forces at the 
wheel/conductor interface increased more rapidly while the force at the 
insulator increased less rapidly.
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Wheel Spacing, mm (in.)

FIGURE 4-14. EFFECT OF W H E E L  SPACING ON YOKE BUSHING, W H E E L / C O N D U C T O R ,
A N D  I N S ULATOR FORCES
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Conductor Transition Length, mm (in.)

FIGURE 4-15. EFFECT OF C O N D U C T O R  T R A N SITION LENGTH ON YOKE BUSHING, WHEEL/
CONDUCTOR, AND INSULATOR FORCES
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4 9 5

Vehicle Speed, kph (mph)

FIGURE 4-16. EFFECT OF VEHICLE SPEED ON YOKE BUSHING, W H E E L / C O N D U C T O R ,
A N D  INSULATOR FORCES
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Curved Track

A w o rst-case , p re lim in a ry  a n a ly s is  of the la t e r a l fo rce s  in 
curves i s  given by Equation (4 - 2 ) .  Using the nominal va lues given in  
Table 4-1 and a cu rvature  of 1.0 degree, the maximum yoke bushing fo rce  
was 210 N (47 lb ) ,  and the maximum wheel/conductor in te r fa c e  fo rce  was 
1200 N (270 lb ) .

While the yoke bushing fo rce  was not unreasonably h ig h , the 
wheel/conductor in te r fa c e  fo rce  was e x c e s s iv e , because i t  would have to 
be re s is te d  by the wheel f la n g e s . These re s u lts  d ic ta te d  th at the wheel 
would have to be constructed  of a r e la t iv e ly  r ig id  m ateria l so th at the 
fla n ge s could take the la t e r a l fo rce s  in the cu rves, and th at the c ir c u 
la r  t r a n s it io n  of the conductor at the in s u la to r  would be necessary in 
the la t e r a l d ire c t io n  as w ell as in the v e r t ic a l d ir e c t io n .  Even with 
the in co rp o ratio n  of these two su ggestio n s in to  the d e s ig n , there is  a 
p o s s ib i l i t y  that the wheel f la n g e s  w i l l  not take the la t e r a l load w ith 
out an u n r e a lis t ic  v e r t ic a l preload on the wheels. I f  t h is  s itu a t io n  
o ccu rs, i t  may be necessary to co n sid er a three-wheel arrangement at 
each end of the wheel assem bly.

A sketch of the three-w heel concept is  compared to the two- 
wheel concept in F igu re  4 -17 . I f  a three-wheel arrangement i s  used, the 
la t e r a l force at the in s u la to r  w il l  be reacted in the ra d ia l d ire c t io n  
of the w heels, rath e r than a g a in st the fla n ge s of the w heels.

2 - Wheel Concept 3 -Wheel Concept

FIGURE 4-17. COMPARISON OF 2-WHEEL AND 3-WHEEL CONCEPTS
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Finite Element

Three principal results were obtained from the finite element 
simulation: the time histories of the yoke bushing forces, the wheel/ 
conductor forces, and the bending stress in the conductor. The first 
two results are compared to the 6-DOF model and are presented as a 
verification that the 6-DOF model gave reasonably accurate results. The 
third result, bending stress in the conductor, was not available from 
the 6-DOF model. The results of the finite element simulation are based 
on the nominal parameters listed in Table 4-1, and the design of the 
diamond pantograph described in Section 3.

Yoke Bushing Force. Figure 4-18 shows the time histories of 
the forces developed in the top and bottom yoke bushing, respectively. 
Since the bushings were modeled symmetrically on each side Of the wheel 
assembly, a vertical force into the wheel assembly will be resisted 
equally by the two yoke bushings. Because of the modeling technique, 
Figure 4-1, one bushing must be in tension while the other is in com
pression when a force is applied in the plane of the wheels. In Figure
4-19 the total yoke bushing force is plotted as a comparison to the 
6-DOF model. It is apparent that the two responses are identical in the 
first mode frequency (12 Hz), and are reasonably close in the maximum 
amplitude--the 6-DOF model might be judged to be somewhat conservative 
since it gave a 30-percent higher maximum force. Extending the force 
time history further than shown in Figure 4-19 showed a slowly damped 
oscillation.

Wheel/Conductor Force. The wheel on the conductor will respond 
with a much higher frequency because the wheels were much stiffer than 
the yoke bushing. Figure 4-20 compares the finite element and 6-DOF 
model time histories for the force at the wheel/conductor interface. As 
can be seen the response frequency (110 Hz) was much higher than for the 
yoke bushing, Figure 4-19, and the comparison was not very good at any . 
particular time in the simulation. However, the frequency content of 
the two simulations was similar; and more important, the force magni
tudes were similar.

It should be noted that the finite element simulation modeled 
the conductor as a series of truss and beam elements. This type of 
model introduced a discontinuity at the end of each beam or truss 
element. Through the 508-mm (20-in.) transition there were eleven 
discontinuities (10 beam elements); and each discontinuity introduced a 
transient into the dynamics of the system. On the other hand, the 6-DOF 
model assumed a continuous transition. The finite element model, with 
its discontinuities, would probably be closer to "real world" condi
tions. Nevertheless, the 25-percent difference in maximum force 
magnitude between the two models was well within acceptable accuracy.
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a. Front wheel b. Rear wheel

FIGURE 4-20. COMPARISON OF WHEEL/CONDUCTOR FORCE TIME HISTORY OVER TRANSITION FOR FIN ITE 
ELEMENT AND 6 -DOF MODELS
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Conductor Bending Stress. Figure 4-21 shows a time history of 
the dynamic bending stress in the conductor at the end of the 
transition, the point of highest predicted bending stress. A maximum 
dynamic bending stress of approximately 100 N/mm^ (14,500 psi) 
occurred after the first wheel had departed the 508-mm (20-in.) 
transition, but before the second wheel departed. An increase in 
conductor tension would increase the static stress, but decrease the 
dynamic bending stress.

The high-frequency, slowly-damped response after the peak 
stress was due to numerical stability problems associated with this 
simulation. Although the initial response should be accurate, sub
sequent response may be masked by numerical noise.

Summary - Dynamic Analysis

Four mathematical simulations were used to investigate the 
dynamics of an electrical pickup, traveller system riding on a tensioned 
conductor. Two of. the simulations were 1-DOF models that resulted in 
closed-form solutions, one for the vertical dynamics of the traveller as 
it traversed the catenary cusp at the insulator, and one for the lateral 
curving dynamics of the traveller as it traversed the conductor at the 
insulator. The third simulation was a 6-DOF model of the vertical 
dynamics of a two-wheeled traveller traversing the conductor near the 
insulator. In particular, a circular transition arc was modeled into 
the catenary geometry. The fourth simulation was a finite element model 
that included the full details of the conductor and traveller hardware.

The two, 1-DOF models showed that under worst-case, nominal 
conditions, the forces at the wheel/conductor interface would be 4090 N 
(920 lb) vertical and 1200 N (270 lb) lateral for a 1.0 degree curve. 
These forces were determined by assuming that there was no geometric 
transition in the conductor at the pole insulator. Also using the 1-00F 
vertical simulator, the yoke bushing force was predicted to be 707 N 
(154 lb).

The results of the 6-DOF simulation, which modeled the transi
tion in the vertical plane, lowered the maximum wheel/conductor inter
face force to 530 N (120 lb) and the maximum yoke bushing force to 420 N 
(94 lb).

The finite element model was run for the nominal case, and its 
results were comparable to the 6-DOF model. In addition the finite ele
ment model predicted a maximum dynamic bending stress in the conductor 
of 100 N/mirr (14,500 psi).

The results of the 6-DOF model parametric study are summarized 
qualitatively in Table 4-3. The force trends are indicated for 
increases in the specified parameter. Large increases in the yoke 
bushing force can be expected from increases in yoke assembly weight,
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FIGURE 4-21. TIME HISTORY OF DYNAMIC BENDING STRESS IN CONDUCTOR 
AT END OF TRANSITION, 254.mm (10 in.) FROM INSULATOR
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TABLE 4-3. QUALITATIVE SUMMARY OF 6-DOF MODEL PARAMETRIC STUDY

Increasing Parameter Yoke Bushing Force Wheel/Conductor Force Insulator Force

Yoke Assembly Weight Increase rapidly Increase slightly Increase slightly

Wheel Assembly Weight Decrease slightly Increase rapidly Increase moderately

Insulator Weight Small change Increase slightly Decrease moderately

Yoke Bushing Stiffness Increase slightly Increase slightly Increase slightly

Wheel/Conductor Stiffness Small change Small change Small change

Insulator Stiffness Increase siightly Increase slightly Increase moderately

Conductor Diameter Increase rapidly Increase rapidly Increase rapidly

Conductor Tension Decrease rapidly Decrease rapidly Decrease moderately

Pole Span Increase rapidly Increase rapidly Increase rapidly

Wheel Spacing Decrease slightly Small change* Increase slightly

Transition Length Decrease slightly Decrease slightly* Small change

Vehicle Speed Increase rapidly Increase rapidly Increase slightly

* A decrease in the parameter will result in a rapid increase in force.



conductor d iam eter, pole span, and v e h ic le  speed. Large in cre a se s in 
the wheel/conductor in te r fa c e  fo rces can be expected fo r in creases in  
wheel assembly w e ight, conductor d iam eter, pole span, and v e h ic le  speed. 
Large in creases in  wheel/conductor fo rce s can a lso  be expected from a 
decrease in wheel s p a c in g , and e s p e c ia l ly  from decreased t r a n s it io n  
le n gth . Large in cre a se s in  the in s u la to r  fo rce  can be expected from 
in creases in conductor d iam eter, and pole span. Decreasing tension  
increases a l l  force  le v e ls .  For p ra c t ic a l s itu a t io n s  the in cre a s in g  
fo rce  due to conductor diam eter can be e f f e c t iv e ly  negated by in cre a s in g  
the conductor te n s io n . The pole span and v e h ic le  speed place an upper 
l im it  on the system. The weight of the t r a v e l le r  system i s  c r i t i c a l ,  
and should be m inim ized.

The s in g le  most important parameter th a t must be c o n tro lle d  to 
in su re  an o p erational system is  to provide a smooth t r a n s it io n  at the 
in s u la to r ,  i . e . ,  reduce the sudden change in conductor slo p e . T h is  
requirement was shown to be necessary fo r  the v e r t ic a l dynam ics, and was 
stro n g ly  im plied fo r the la t e r a l dynamics involved at tra c k  cu rve s. The 
use of a smooth t r a n s it io n  a lso  allow s the use of le s s  f le x ib le  wheels 
to withstand the v e r t ic a l and la t e r a l lo a d s .

Recommendations - Dynamic A n a ly s is

Based on the p re lim in a ry  a n a ly t ic a l s tu d ie s , the fo llo w in g  
recommendations are made:

• A 805-mm (2 0 - in . )  c ir c u la r  t r a n s it io n  should be b u i lt  in to  
the conductor at each pole attachm ent. The t r a n s it io n  was 
shown to be necessary in the v e r t ic a l p lan e , and probable 
w i l l  a lso  be necessary in  the la t e r a l plane at tra ck  cu rv e s.

0 A preload of at le a s t  h a lf  of the maximum wheel/conductor 
force should be b u i lt  in to  the wheel assembly to prevent 
w heel/conductor se p ara tio n . The preload should not be 
e x c e s s iv e ly  high to m inim ize wheel/conductor wear and to 
prevent fa tig u e  f a i lu r e .  The recommended preload between 
each wheel and the conductor should be 270 to 445 N (60 to 
IDO lb ) .

# The t r a v e l le r  system weight should be m inim ized.

0 The slope of the conductor should be minimized by:
decreasing d e n s ity , d iam eter, and pole span, and in cre a s in g  
conductor te n s io n .
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5. PRELIMINARY CONCEPT FEASIBILITY AND COST COMPARISONS

The preliminary design was prepared utilizing existing design 
techniques and mechanisms. The design was tested iteratively by the 
theoretical dynamic analysis to establish the best choice of materials, 
mechanisms and dimensions. A final theoretical analysis was made uti
lizing the six degree of freedom model confirmed by the finite element 
model.

It is believed a low cost catenary system as described in this 
report can be designed within the constraints of existing technology for 
railroad electrification systems and for electric power utility distri
bution lines. The design as presently prepared is believed to be a via
ble design and generally indicates the concept of the low cost catenary 
system is feasible.

A cost comparison was made for the low cost catenary system and 
the conventional catenary system. See Table 5-1. This cost comparison 
was made for a hypothetical 50 mile railroad section consisting of 40 
miles of straight track and 10 miles of curved track. It includes those 
items necessary to support the contact conductor in the appropriate 
position and, of course, includes the cost of the contact conductor it
self. The cost of the power supply system and locomotives is common to 
both systems and was excluded for purposes of simplification. Further, 
the cost of the current collection devices - the pantograph and the 
traveller - is assumed the same for both systems. Also for simplifica
tion, rail switching arrangements such as turnouts and crossovers were 
excluded, since their assumed higher cost for the low cost catenary 
system would be offset by the omission of the special tensioning struc
tures required for the conventional system. No special tensioning 
structures are required for the low cost system.

For the conventional catenary system a simple catenary configu
ration was assumed such as used for the Muskingum Railroad in Ohio.
This catenary has a 4/0 copper contact conductor, a 4/0 copperweld 
messenger, and is designed for 25kV, 60 Hertz operation. The specifica
tions for this design were used for the 50 mile hypothetical railroad 
section.

For the low cost catenary design 25kV, 60 Hertz operation also 
was assumed and a 400 mcm copper contact conductor was assumed since it 
has the equivalent current carrying capability as the 2-4/0 conductors 
of the conventional catenary. Further, 200 foot spans between supports 
were assumed throughout for the low cost catenary whereas for the con
ventional system the spans for the curved track sections were shortened 
to 100 feet for centering the contact conductor over the rails.

The material and labor costs for the two systems were estimated 
"side-by-side" to preserve as much as possible the comparison function. 
The material costs for the Muskingum Railroad design were updated and 
1981 material costs likewise were used for the low cost catenary design.
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TABLE 5-1. ESTIMATED COST OF CONVENTIONAL VS. LOW COST CATENARY SYSTEM FOR 50-MILE RAILROAD SECTION
(40 Miles Straight, 10 Miles Curved)

Material Installation
CONVENTIONAL CATENARY SYSTEM
1000 Tangent Structures: ea $558.35 $ 558,350 ea $245.00 $245,000
500 Curve Structures: ea 515.49 257,745 ea 325.00 162,500
50 Miles of Catenary:
50 mi 4/0 CW Messenger mi 7,809.63 390,482)50 mi 4/0 CU Conductor mi 5,472.56 273,628)

1000 - 200' Span Hangers ea 151.10 151,100) mi 11,200.00 560,000
500 - 100' Span Hangers ea 49.74 24,870)$1,656,175 $967,500

Stores Expense 10% ........ 165,618 -
$1,821,793 $967,500$2,789,293

Services, Contingencies and Overheads 46% ...........................  1,283,075
Total Estimate Conventional Catenary System.................... $4,072,368

LOW COST CATENARY SYSTEM
1000 Tangent Structures: ea $169.37 $169,370 ea $180.00 $180,000
250 Curve Structures: ea 195.28 48,820 ea 260.00 65,000
50 Miles of 400-MCM CU 

Stores Expense 10% . . .
Conductor: mi 10,050.60 525,080$743,27074,327

mi 1,400.00 70,000$315,000

Services, Contingencies and Overheads 46%......
$817,597 $315,000$1,132,597520,995

Total Estimate Low Cost Catenary System. . $1,653,592
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A power line construction contractor was provided with the specifica
tions and designs for both systems and again labor costs were estimated 
side-by-side as for the material costs. Various precentile charges were 
assumed for stores expense, contingencies and overheads, but, since 
these are applied as multipliers, they do not affect the overall 
comparison.

As can be seen by Table 5-1, the overall installed cost of the 
low cost catenary system is less than one-half the cost of the conven
tional system. Significant items contributing to this reduction are:

1. Material cost of the tangent structures - $169,370 for the 
low cost system versus $558,350 for the conventional sys
tem. The low cost system requires a shorter pole with a 
single post insulator. The conventional system requires a 
taller pole with insulator/arm system centering the contact 
conductor over the rails plus a guy wire and anchor to 
maintain the pole alignment hence the elevation of the con
tact conductor.

2. Material cost of the curve structures - $48,820 versus 
$257,745. This reduction results from the lower per unit 
cost of the structures as described above plus the reduced 
number of structures required for the curved track 
sections.

3. Material cost of the conductor - $525,080 versus $840,080 
(the total of the four conductor items for the conventional 
system). The cost of the single conductor for the low cost 
system is much less than the combined cost of the messen
ger, the contact conductor and the many span hangers 
required for the conventional system.

4. Installation cost of the conductor - $70,000 versus 
$560,000. Installation cost of installing a single con
ductor for the low cost system is considerably less than 
installing the conventional catenary.

No provision was included in the low cost catenary estimate for 
attaching the contact conductor to the support insulator. As mentioned 
in Section 3, Contact Conductor Support Design, "Further study and 
design testing is recommended to develop both . . . conductor support 
methods described . . ." At this time we do not have a knwon, workable 
support method. Nevertheless, referring to Table 5-1, the installation 
cost of any support method should be much less than the cost of instal
ling the contact conductor - or $70,000. If the installation cost were 
to equal this value, the total cost of the low cost system will continue 
to be less than one-half the cost of the conventional system.
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6. CONCLUSIONS

As a result of the preliminary design studies, the dynamic 
analyses, and the cost comparison, the following was concluded:

1. The mechanical loads determined by the dynamic analysis are 
within the limits of reasonable design practice. These 
loads are not in thousands of pounds but in the order of 
hundreds of pounds.

2. As expected, to minimize these loads the weight of the 
assembly and the sag angle of the conductor must be low.
Sag angle is minimized by conductor tension and low 
conductor weight.

3. Further reduction of these mechanical loads can be effected 
by providing a transition curve in the conductor at the 
supports. The arc radius and length of the transition are 
within the limits of reasonable design practice.

4. Velocities above 81 kph (50 mi/h) and lateral deflections 
of the conductor for curved track sections were briefly 
investigated. These conditions increase the mechanical 
loads, but is is believed a properly designed conductor 
support and transition curve will offset their effect.

5. The cost comparison indicates the installed cost of the low 
cost catenary system is less than one-half that of the 
conventional catenary system.

6. The preliminary design and the results of the dynamic anal
ysis and cost comparison justify proceeding with the physi
cal testing of the system. Testing should include initial 
design testing of the contact conductor support and of the 
traveller wheel assembly. Following this an outdoor full- 
scale laboratory test with rail vehicle speeds up to 81 kph 
(50 mi/h) is required to confirm concept feasibility.
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[57] ABSTRACT
In this electric railroad system, the elevated contact 
conductor is mounted primarily alongside the track, 
with sections extending over the track and then hack 
alongside the track at grade crossings, railraod cross
ings, switch locations, transition locations- where the 
conductor is transferred to the opposite side of the 
track, etc. The electrically-powered vehicle has an 
overhead traveler mounted on an extensible arm for 
obtaining power from the contact conductor. The arm 
is pivotally mounted on top of the vehicle for move
ment about an axis of rotation extending longitudi
nally of the vehicle, and also allows the traveler to 
move toward and away from the axis of rotation so 
that the traveler can follow changes in position of the 
contact conductor while remaining in engagement 
therewith. In the specific embodiments, the traveler 
has pairs of grooved wheels engaging opposite sides of 
the conductor and the arm is articulated to maintain 
substantially the same orientation of the traveler with 
respect to a radius to the axis of rotation of the arm as 
the traveler follows changes in position of the contact 
conductor. Sections of the conductor over the track 
may rise to a higher level than alongside sections. At a 
switching location a fixed conductor frog mounted be
yond the track switching point and having angled 
guide channels for the traveler may be employed.

12 Claims, 24 Drawing Figures
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3,829,631

ELECTRIC RAILROAD SYSTEM WITH ELEVATED 
CONDUCTOR ALONGSIDE THE TRACK

BACKGROUND OF THE INVENTION
Electric railroad systems with overhead power con

ductors engaged by trolley wheels or by pantograph 
mounted lateral conductor shoes have been known for 
many years. For high speed systems, the overhead 
contact conductor is commonly under high mechanical 
tension, and supported at a uniform height centrally 
over the track by a catenary suspension system and fre
quent supporting structures extending over the track. 
A major cost in electrifying a railroad is the cost of the 
overhead catenary system and associated support 
structures.
Third rails at the side of the track near ground level 

are also in use in protected locations and at relatively 
low voltages, but are inherently more dangerous than 
overhead systems.
There also have been proposals for mounting an ele

vated contact conductor alongside a track, but in gen
eral the vehicle trolley or other current collecting ar
rangements do not provide for track switching points or 
for transfer of the conductor from one side of the track 
to the other, and to positions over the track, as may be 
required in practical railroad systems, while still main
taining delivery of power to the vehicle.
It is a principal object of the present invention to pro

vide an elevated contact conductor system and vehicle 
power collecting arrangement which will substantially 
reduce the cost of electrifying a railroad, while provid
ing for switching, cross-overs, grade crossings, etc. as 
required in a given system.

SUMMARY OF THE INVENTION
In accordance with the invention, an elevated 

contact conductor is mounted primarily alongside the 
track, with sections as required extending over the 
track and then back alongside the track. Sections of 
contact conductor over the track may be used, for ex
ample, at grade crossings to allow clearance for high
way traffic, at railroad crossings if such exist, at transi
tion locations where necessary to transfer the contact 
conductor from one side of the track to the other, at 
switch locations, etc.
Electrically-powered vehicles such as locomotives 

and self-powered cars are provided with an overhead 
traveler mounted on an extensible arm for obtaining 
power from the contact conductor. The extensible arm 
is pivotally mounted on top of the vehicle for move
ment about an axis of rotation extending longitudinally 
of the vehicle, and the traveler includes means for en
gaging the conductor and holding the traveler in guided 
relationship therewith. The extensible arm is adapted 
for movement of the traveler toward and away from the 
axis of rotation of the arm. Thus the traveler can move 
to either side of the vehicle and to a central position 
over the vehicle, and also in and out, to follow changes in position of the contact conductor while remaining in 
engagment therewith.With this arrangement it is believed that some sag in 
the conductor between support poles will be allowable, 
so that high mechanical tension in the conductor and 
lengthwise supporting cables will be unnecessary. Such 
support may be employed if desired, but in general may 
be less elaborate and expensive than for centrally lo

1
cated overhead conductors of the presently known sys
tems.
It is particularly contemplated that the height of the 

conductor when alongside the track will be such that 
the traveler arm will be generally horizontal or at a 
small angle above the horizontal, thus allowing the 
traveler to rise and fall to accommodate sag in the con
ductor. At grade crossings, transitions to the opposite 
side of the track, etc., the height of the conductor may 
be increased and the conductor brought over the track, 
the traveler arm swinging over the vehicle and extend
ing as required so as to maintain the traveler in engage
ment with the conductor.
At switching locations, the conductor may be 

brought to a position centrally over the track and a 
conductor switching frog employed to switch fron one 
position to the other. Or, as described in the specific 
embodiments, a fixed conductor frog may be located 
overhead beyond the track switching point and inter
mediate the centers of the tracks, so that the traveler 
and arm will swing to positions on opposite sides of the 
vehicle depending on which track it is following. Thus 
the pull on the traveler will guide it to the proper outlet 
leg of the frog. Advantageously the frog is provided 
with a pair of guide channels at respective angles corre
sponding to the traveler angles of vehicles traveling 
down respective tracks.
Preferably the traveler and arm are designed to main

tain the same orientation of the traveler with respect to 
a radius to the axis of rotation of the arm as the traveler 
moves between side and central positions of the vehicle 
and toward and away from the axis of rotation. An ar
ticulated arm is described hereinafter which accom
plishes this result. Preferably the traveler includes 
grooved means for engaging the conductor on opposite 
sides thereof and resiliency biased against the conduc
tor, and pairs of grooved wheels longitudinally spaced 
along the conductor are particularly described herein
after. The plane of the wheels is advantageously per
pendicular to a radius to the axis of rotation of the arm 
so that the traveler can readily follow changes in posi
tion of the elevated conductor in either direction of 
movement of the vehicle.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 illustrates a double track railroad with ele

vated contact conductors mounted alongside respec
tive tracks on a single set of poles;
FIG. 2  is an end view of a pair of vehicles having trav

elers engaging respective elevated conductors and sup
ported on extensible swinging arms;
FIGS. 3, 4 and 4a  illustrate means for mounting the 

conductors alongside the tracks;
FIG. 5 illustrates a highway grade crossing wherein 

the conductors are raised to a higher level and posi
tioned centrally of the tracks;
FIG. 6 illustrates means for mounting the conductor 

centrally of a track, and FIG. 6a  illustrates angular mounting between alongside and central positions;
FIG. 7 illustrates a conductor arrangement at a 

switching location;
FIG. 8 is a bottom view of the frog used in FIG. 7;
FIGS. 9 and 9a  are cross-sections of the frog taken 

along the lines 9— 9 and 9a— 9 a  of FIG. 8;
FIG. 10 illustrates a vehicle passing the switch at

10— 10 in FIG. 7;
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FIG. 11 illustrates a conductor arrangement suitable 

for a railroad crossing;
FIG. 12 is a bottom view of the frog used in FIG. 11;

FIG. 13 is a side view of a vehicle with an articulated 
arm and traveler engaging a conductor centrally lo
cated over the track;

FIG. 14 is a top view of a vehicle with the traveler en
gaging a conductor alongside the track;

FIG. 15 is an end view of the vehicle illustrating vari
ous positions of the articulated arm and traveler;

FIG. 16 is a plan view of the articulated arm and trav
eler with the arm extending horizontally;

FIG. 17 is an elevation view of the arm and traveler 
of FIG. 16; and

FIGS. 18-21, inclusive, are views of the traveler 
taken along the lines 18—18 through 21—21 of FIG. 
16, respectively.
DESCRIPTION OF THE SPECIFIC EMBODIMENTS

Referring to FIG. 1, a pair of railroad tracks 10, 11 
of conventional construction are shown diagrammat- 
ically. Between the tracks is a set of poles 12 insulat- 
edly supporting a pair of conductors 13, 14 alongside 
the tracks for delivering electric power to a vehicle. 
The conductors may be connected together at intervals 
by spacers 15 if desired.

FIG. 3 is a detail showing an insulator 16 mounted on 
top of a pole 12, with a cross bar 17 to which conduc
tors 13, 14 are attached in suitable manner.

FIG. 4 shows one way of clamping a conductor in 
place. Here conductor 13 is a solid conductor with a 
ridge 18 formed along one side which is held between 
jaws 19 by a bolt and nut 21, 22. FIG. 4a is similar ex
cept here a stranded conductor 13' is shown, and the 
jaws 19 are shaped to firmly engage a pair of the 
strands. Conductors of various cross-sectional configu
ration may be employed as desired, with suitably con
forming clamps.

FIG. 2 shows two electrically-powered vehicles 
22,22' traveling in the same or opposite directions on 
tracks 10,11. The vehicles may be locomotives, self- 
powered individual cars, etc. and are shown only dia- 
grammatically since their construction is well-known. 
Vehicle 22 runs on track 11 and conductor 14 is on the 
right side of the track. An extensible arm 23 has a trav
eler 24 mounted thereon for obtaining power from the 
conductor. Arm 23 is mounted on top of the vehicle on 
standoff insulators 25, only one of which appears in this 
view, and is pivotally mounted for movement about an 
axis 26 extending longitudinally of the vehicle. Thus 
the arm 23 and traveler 24 can swing angularly over the 
vehicle to the opposite side thereof. This is indicated 
for vehicle 22' on track 10 in FIG. 2. Further details 
will be described later.

In FIG. 1 it is assumed that the spacing of tracks 10 
and 11 is sufficient to allow the erection of poles 12 
therebetween. If not, two lines of poles could be 
erected on the outside of the tracks, each line support
ing an individual conductor alongside the respective 
track. Due to the alongside location, relatively simple 
support means suffices, as will be apparent from FIG. 
3, rather than the elaborate support structure com
monly employed when the conductor is positioned cen
trally over the track.

3
Inasmuch as the arm 23 can move angularly about 

axis 26, and is extensible, the traveler can move up and 
down, and in and out, while maintaining engagement 
with the conductor. Some sagging of the conductor be
tween successive support poles 12 is believed allow
able, so that high mechanical tension in the conductor 
and lengthwise supporting cables between poles are be
lieved to be unnecessary. However, additional support 
between poles may be employed if desired, but in gen
eral may be less elaborate and expensive than for cen
trally located overhead conductors.

The height of the poles 12 may be selected as desired, 
taking into account public safety, etc. A height such 
that the extensible arm 23 is generally horizontal is pre
ferred, but greater heights may be employed if desired. 
In FIG. 2 the arms 23, 23' are shown somewhat above 
the horizontal at pole 12, so that they will be approxi
mately horizontal midway between poles at the low 
point of conductor sag. Accordingly, clamps such as 
shown in FIGS. 4 and 4a are angled slightly downward 
in FIG. 3 so that the conductor is supported radially 
outward of the arm and traveler. For greater pole 
heights, greater clamp angles may be employed.

Depending on the normal height of the alongside 
conductor, at road crossings it may be necessary to in
crease the height to allow adequate clearance for road 
vehicles. Although this may be accomplished while pre
serving the alongside location and supporting the con
ductor at an angle as described above, it may require 
undue extension of the arm or an arm of greater length. 
These disadvantages may be avoided by bringing the 
conductor to a central position over the track so that 
the arm swings upward to a vertical position over the 
vehicle.

Referring to FIG. 5, highway 31 is shown crossing the 
tracks 10, 11. Poles 12 support conductors 13, 14 
alongside the tracks as in FIG. 1. As the tracks ap
proach highway 31, overhead conductors 13,14 gradu
ally move outward and upward so that they move 
across respective tracks to positions centrally of the 
tracks and at a higher level to provide the desired clear
ance. Pairs of poles 32,33 taller than poles 12, have re
spective insulated supporting cables 34, 35 extending 
across the tracks and conductor sections 13', 14-' are 
supported therefrom by suitable clamps.

FIG. 6 shows one form of clamp which may be used. 
A twisted bar 36 has jaws 39 gripping support cable 34, 
and jaws 40 gripping the ridge 18 of conductor 14. It 
will be noted that, with the conductor over the middle 
of the track, ridge 18 is on top rather than on the side 
as in FIG. 4 for the alongside location, so that the sup
port means does not interfere with passage of the trav
eler thereby.

If the conductors need support between a pole 12 
and poles 32, one or more additional sets of poles may 
be employed. Thus in FIG. 5 poles 37 are midway be
tween a pole 12 and poles 32, and have an intermediate 
height. Supporting cable 38 has clamps supporting the 
overhead conductors laterally intermediate their along
side location at pole 12 and their central location at 
poles 32. At poles 37, the clamps are arranged at an 
angle so as to support the conductor on the side thereof 
away from the traveler and extensible arm of the vehi
cle. Thus clamp 40 is turned as shown in FIG. 6a so that 
conductor 14 is supported on the outside at approxi
mately 45°. For conductor 13 at poles 37, the clamp
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would be turned to approximately 45° in the opposite 
direction.

In operation, as a vehicle approaches pole 12 its arm 
and traveler will extend laterally to engage the along
side conductor, as shown in FIG. 2. Between pole 12 
and poles 37 the traveler will gradually move upwards 
and inwards of the vehicle until the arm 23 is about 45° 
above the horizontal. Between poles 37 and 32 the 
traveler will continue to rise and move over to the cen
ter of the vehicle, so that the arm 23 will be vertical. 
After passing poles 33 the arm and traveler will move 
gradually back to their original position. Intermediate 
poles and supports 37, 38 may be used between poles 
33 and the following pole 12 if required.

Referring to FIG. 7, a switching location is shown. 
Here track 41 is assumed to continue straight ahead 
while track 42 turns off to a branch line or siding, etc. 
Conventional track switches are employed, but are not 
shown in detail to avoid unnecessary complexity. Ele
vated conductor 43 is initially supported alongside the 
track 41, and starts moving upwards and across the 
track as it approaches the switch point until, at point 
44, it is centrally located over the track. The conductor 
is supported at this point as indicated in FIG. 6. Con
ductor 43 continues across track 41 until it reaches a 
conductor frog 45. Advantageously conductor frog 45 
is located somewhat beyond the track switching point 
and intermediate the centers of the tracks, so as to ac
centuate the pull on the traveler and traveler arm and 
guide the traveler to the proper outlet leg of the frog 
depending on whether the vehicle continues on main 
line 41 or turns onto branch line 42.

At the outlet legs of frog 45, conductor 43 branches 
to two conductors 43' and 43". The conductors may be 
led to either side of the respective tracks as desired. As 
here shown, conductor 43' moves back across main 
track 41 to a central position at 46, and thereafter to 
an alongside position at the left of the track corre
sponding to its initial alongside position. Conductor 
43" is led back to a central position 47 over the branch 
track 42, and thence downward and alongside the right 
side of the track.

FIG. 8 illustrates a suitable construction for frog 45. 
At the entering leg or throat 48, the conductor 43 is 
supported from the top, as indicated in FIG. 9a, and the 
frame 49 of the frog has two angled guide channels 
51,52 corresponding to the angles of the traveler 24 
when the vehicle is moving down respective tracks. 
FIG. 9a and FIG. 10 show the traveler being on the left 
side of the vehicle and at a raised level, hence entering 
guide channel 52. For a vehicle continuing down the 
main track 41, the traveler will be on its right side and 
inclined oppositely to that shown, thus entering guide 
channel 51.

In outlet legs 53 and 54, conductors 43' and 43" are 
mounted from overhead positions, and the angled 
guide channels 51,52 of FIG. 9a separate into corre
spondingly angled channels 51’ and 52' as shown in 
FIG. 9. For a vehicle traveling down the branch line 42, 
the traveler will leave the frog along outlet channel 52' 
as shown in FIG. 9. If the vehicle continues on the main 
line 41, with its traveler on the right side when it 
reaches frog 45, it will leave through channel 51' in the 
outlet leg 53.

If desired, conductor switching frogs can be em
ployed in which runners are mechanically switched 
from one position to the other automatically as the

5
track is switched, in a manner known in the art. In such 
case the conductor switching frog may be located over
head at a suitable position with respect to the track 
switch.

FIG. 11 illustrates a railroad crossing which, although 
not common, may sometimes occur. Here tracks 61 
and 62 cross each other with suitable crossing con
struction, not shown in detail to avoid unnecessary 
complexity. At locations remote from the crossing, 
conductors 63, 64 are supported alongside the respec
tive tracks as previously described. At the crossing the 
conductors are raised and suspended centrally over the 
respective tracks at points 65,65' and 66,66' in a man
ner similar to that described for FIG. 5, with clamps as 
shown in FIG. 6. Additional support poles between 
alongside and central positions may be employed if de
sired, as previously described. At the junction a four
legged frog 66 is employed, and a bottom view thereof 
is shown in FIG. 12. Conductors 63 and 64 are sup
ported from the top by the frame of the frog and each 
leg is provided with a guide channel similar to one of 
the channels in FIG. 9, except horizontally disposed.

FIGS. 13-15, inclusive, illustrate an articulated arm 
suitable for mounting the traveler on the vehicle, and 
FIGS. 16-21 illustrate details thereof.

Referring to FIG. 13, the articulated arm comprises 
two jointed sections 71,72, each comprising a pair of 
spaced parallel rods 73,74 with respective end joining 
members 75,76 and a common mid joining member 77, 
forming two parallelogram sections. The ends of the 
rods are pivoted for movement in the plane of the par
allelogram sections, thus allowing movement of the end 
joining member 76 toward and away from member 75, 
as indicated by arrows 78, 78'. Such movement will be 
accompanied by movement of the mid joining member 
77 longitudinally of vehicle 22 as indicated by arrows 
79, 79'. Joining member 75 is mounted on standoff in
sulators 25, and is pivoted for movement about axis 26 
extending longitudinally of the vehicle. The traveler 24 
is mounted on the outer joining member 76, which re
mains parallel to axis 26 as it moves toward or away 
from the axis or swings thereabout.

In FIG. 13 the traveler 24 and articulated arm are 
shown in an overhead central position with respect to 
the vehicle 22, and it will be apparent that the traveler 
can move up and down to accommodate different verti
cal heights of the power conductor 13, while remaining 
in engagement therewith.

FIG. 14 shows conductor 13 mounted alongside the 
track, with the articulated arm extending laterally of 
the vehicle. Due to the articulation described above, 
traveler 24 can follow lateral and vertical excursions of 
conductor 13 while remaining in engagement there
with.

FIG. 15 shows several positions of the traveler and 
articulated arm as viewed from the end of the vehicle. 
As will be apparent, the traveler 24 can move from one 
side of the vehicle through a central position to the 
other side of the vehicle, the articulated arm bending 
as required to allow the traveler to maintain engage
ment with the power conductor 13. It will also be noted 
that the orientation of the traveler with respect to a ra
dius to the axis of rotation 26 of the arm remains the 
same as the traveler and arm move to various angular 
positions about axis 26.

In FIGS. 13 and 14, the arm sections are shown in a 
bent knee configuration, and it is particularly contem-
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3,829,631
plated that the vehicle will be moving toward the right, 
with the knee pointing of the direction of movement. 
However, movement of the vehicle in the opposite di
rection is possible, as indicated by the double-headed 
arrow 80. It is preferred to select the length of the arm 
sections and the spacing of the conductor 13 from the 
axis of rotation 26 so that the bent knee configuration 
is maintained during normal operation.

Referring to FIGS. 16 and 17, parallel rods 73 are 
pivoted to the inner joining member 75 at 81, 81' and 
to the mid joining member 77 at 82, 82'. Rods 74 also 
are pivoted to the mid joining member 77 at 82, 82' 
and to the outer joining member 76 at 83, 83'. Inner 
joining member 75 is pivoted on a longitudinally ex
tending bearing 84 mounted on standoff insulators 25. 
A shaft 85 is mounted in a central enlargement 86 of 
the outer joining member 76, and supports the traveler 
24. Bonding wires 87 may be used to assure good elec
trical conductivity from the traveler to the inner joining 
member 75, and power may be delivered from member 
75 to the vehicle in any suitable manner.

Referring to FIGS. 16—21, inclusive, details of the 
traveler 24 are shown. Pivotally mounted on shaft 85 
are a pair of crossed arms 88 and 89, each carrying a 
pair of grooved wheels 91, 91' and 92, 92' rotatably 
mounted at the ends thereof. Tension devices 93, 93' 
attached to the ends of arms 88, 89 bias the wheels 
against power conductor 13 so as to produce a contact 
pressure which serves to hold the traveler in engage
ment with the conductor and establish good electrical 
contact. Tension devices 93, 93' may be spring or hy
draulic operated, etc.

With the pairs of wheels 91, 92 and 91', 92' spaced 
longitudinally of the conductor, the traveler will be 
guided longitudinally by the conductor, so that it will 
follow lateral and vertical changes in the position of the 
conductor, as described in previous figures. Also, with 
the plane of the wheels perpendicular to the plane of 
the arm assembly, and hence perpendicular to the ra
dius to the axis of rotation 26, the traveler can follow 
changes in position of the conductor in either direction 
of movement of the vehicle along the track.

If greater electrical contact area is required, sliding 
contact shoes 94, 95 may be employed. These are 
mounted on a frame 96 attached to shaft 85 and spring- 
pressed against conductor 13 by suitable means (not 
shown).

With the power conductor supported in the simple 
manner described hereinbefore, without high mechani
cal tension, the traveler may force or “milk” the slack 
in the conductor toward the forward end of a span, par
ticularly at high speeds. If this becomes troublesome, 
one or more small motors may be used to drive one or 
more of the contact wheels, preferably synchronized 
with the speed of the vehicle, so as to reduce the drag 
of the traveler on the conductor.

To avoid excessive looseness in the articulated arm, 
and facilitate passing a switching point as described for 
FIG. 7, resilient biasing may be employed at the knee 
of the arm to urge it to the bent position, or friction 
bearings may be employed, etc., so as to impose a mod
erate degree of restraint to the arm movements.

Instead of using a single articulated arm as described 
hereinbefore, a double articulated arm may be em
ployed to provide additional stability if required. Thus, 
in FIG. 13, a second articulated arm with its knee ex

7
tending toward the left may be added, end joining 
members 75 and 76 being common to both arms.

The invention has been described in connection with 
specific embodiments thereof. It will be understood 
that many changes in detail are possible within the 
spirit and scope of the invention.

I claim:
1. In an electric railroad system, the combination 

which comprises
a. an elevated conductor having sections mounted 

alongside a track and sections extending over the 
track and thence alongside the track,

b. and an electrically-powered vehicle adapted to run 
on said track and having an overhead traveler 
mounted on an extensible arm for obtaining power 
from said elevated conductor,

c. said extensible arm being pivotally mounted on top 
of said vehicle for movement about an axis of rota
tion extending longitudinally of the vehicle,

d. said traveler including means for engaging said 
conductor and holding the traveler in guided rela
tionship with the conductor,

e. said extensible arm being adapted for movement of 
said traveler toward and away from the axis of rota
tion of the arm,

f. whereby said traveler can move to either side of the 
vehicle and to a central position to follow changes 
in position of said elevated conductor while re
maining in engagement therewith.

2. Apparatus in accordance with claim 1 in which 
said sections of the conductor extending over the track 
rise to a higher level than the alongside level of the con
ductor.

3. Apparatus in accordance with claim 1 in which 
said traveler includes grooved means for engaging said 
conductor on opposite sides thereof and means for re- 
siliently biasing the grooved means against the conduc
tor.

4. Apparatus in accordance with claim 1 in which 
said traveler includes pairs of longitudinally spaced 
grooved wheels for engaging said conductor on respec
tively opposite sides thereof and means for resiliently 
biasing said wheels toward the conductor to maintain 
the traveler in guided relationship with the conductor.

5. Apparatus in accordance with claim 1 in which 
said traveler and arm are designed and adapted to 
maintain substantially the same orientation of the trav
eler with respect to a radius to said axis of rotation of 
the arm as the traveler moves between side and central 
positions of the vehicle and toward and away from said 
axis of rotation.

6. Apparatus in accordance with claim 5 in which 
said traveler includes grooved means for engaging said 
conductor on opposite sides thereof in a plane substan
tially perpendicular to a radius to said axis of rotation 
of the arm, and means for resiliently biasing the 
grooved means against the conductor.

7. Apparatus in accordance with claim 6 in which 
supports for said elevated conductor are attached 
thereto on the side thereof away from said traveler and 
arm in alongside and central positions of the conductor 
and in positions therebetween.

8. Apparatus in accordance with claim 6 in which 
said railroad system includes a track switching point for 
switching vehicles from one track to another, a conduc
tor frog mounted beyond said track switching point in-
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3,829,631
termediate the centers of said tracks, said frog having 
a pair of guide channels at respective angles from the 
horizontal corresponding to the traveler angles of vehi
cles traveling down respective tracks.

9. In an electric railroad system, the combination 5 
which comprises

a. an elevated conductor having sections mounted 
alongside a track and sections extending over the 
track and thence alongside the track,

b. and an electrically-powered vehicle adapted to run 10 
on said track and having an overhead traveler 
mounted on an articulated arm for obtaining power 
from said elevated conductor,

c. said traveler having grooved means for engaging 
said conductor on respectively opposite sides 15 
thereof and resiliently biased toward the conductor
to maintain the traveler in guided relationship with 
the conductor,

d. said articulated arm being pivotally mounted on 
top of said vehicle about an axis of rotation extend- 20 
ing longitudinally of the vehicle for angular move
ment between either side of the vehicle and a cen
tral position over the vehicle,

e. said articulated arm having at least two jointed sec
tions allowing movement of said traveler toward 25 
and away from the axis of rotation of the arm and 
designed and adapted to maintain substantially the 
same orientation of the traveler with respect to a 
radius to the axis of rotation as the traveler moves 
between side and central positions of the vehicle 30

9
and toward and away from the axis of rotation to 
follow changes in position of said elevated conduc
tor while remaining in engagement therewith.

10. Apparatus in accordance with claim 9 in which 
the grooved means of said traveler comprises pairs of 
longitudinally spaced grooved wheels for engaging op
posite sides of the conductor, the plane of said wheels 
being substantially perpendicular to a radius to said 
axis of rotation of the arm.

11. Apparatus in accordance with claim 10 in which 
said jointed sections of the articulated arm each com
prise a pair of spaced parallel rods with respective end 
joining members and a common mid joining member 
forming two parallelogram sections, said rods being 
pivoted to said joining members for movement in the 
plane of said parallelogram sections, said traveler being 
mounted on one of said end joining members and the 
other end joining member' being pivotally mounted on 
top of said vehicle about said axis of rotation of the 
arm, the length of said sections and the spacing of said 
elevated conductor from said axis of rotation being pre
determined to maintain said sections in a bent knee 
configuration during normal operation.

12. Apparatus in accordance with claim 10 in which 
supports for said conductor are attached thereto on the 
side thereof away from said traveler and articulated 
arm in alongside and central positions of the conductor
and in positions therebetween.* * * * *
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APPENDIX C

DEVELOPMENT OF ARM LENGTH FOR TRAVELLER ARM ASSEMBLY

T h is  study i s  made to determine a reasonable length of a 
t r a v e l le r  arm connecting the wheel assembly cu rren t c o lle c t o r  to the 
r a i l  v e h ic le .  The contact conductor i s  assumed to be (1) beside the 
tra ck  at a height required fo r  2 5kV to 50kV 1ine-to-qround v o lta g e , (2) 
supported by a h o rizo n ta l post in s u la to r  mounted d ir e c t ly  on a v e r t ic a l  
p o le , and (3 ) approxim ately h o rizo n ta l from the low po int o f sag to the 
arm mounting on the v e h ic le .

V e r t ic a l Height of Contact Conductor

The National E le c t r ic a l  Sa fe ty  Code (ANSI C2-1981) ta b le  232-1 
l i s t s  Minimum V e rt ic a l Clearance of W ires, Conductor and Cables Above 
Ground, R a i l s ,  o r Water. For "Item 5. Spaces or ways a c c e s s ib le  to 
p ed estrian s o n ly" which may be reasonable fo r p riv a te  r iq h t -o f-w a y , 5.4 
m (18 f t )  c le a ra n ce  is  l i s t e d .  For our c a lc u la t io n s  t h is  value i s  used 
at 65.5 C (150 F) conductor sag co n d itio n s fo r the height above r a i l s .
We used a c o n s e rv a tiv e ly  high temperature s in ce  the 61 m (200 f t )  span 
length i s  g re ate r than the 175 f t  length  l is t e d  in the code. It  i s  
recognized th a t fo r  road c ro s s in g s , c learan ce  norm ally i s  increased to
6.1 m (20 f t ) .  A lso i t  i s  recoqnized th at the ground le v e l,  d ir e c t ly  
under the s id e  mounted contact conductor, may be somewhat lower than the 
r a i l s  because of r a i l  and b a lla s t  h e ig h t. However, t h is  space between 
pole and r a i l  may be used by maintenance v e h ic le s .  Th erefo re , the 5.4  m 
(18 f t )  c learan ce  above r a i l s  seems reasonable fo r p riva te  r iq h t-o f-w a y .

H o rizo n ta l C learance - Pole to Track

Rules have been developed over the years to cover such eventua
l i t i e s  as c learan ce  fo r brakeman r id in g  at the s id e  of cars and needs of 
maintenance crew s. These ru le s  vary from sta te  to s ta te  and many excep
t io n s  are granted; fo r example, b ridges and underpasses a lread y in e x is 
tence may have reduced c le aran ce . Track arrangement in m u lt itra c k  t e r 
r it o r y  or in d u s t r ia l s id in g s  a lso  may have lim ite d  c learan ce  to p o le s.

Our c a lc u la t io n s  are based on t y p ic a l p ra c tic e  fo r new con
s tru c t io n  in the United States which is  3.2 m (126 in . )  from c e n te r lin e  
of tra c k  to in s id e  of pole. Th is is  s l ig h t ly  qreater than most s ta te  
requirem ents and w i l l  a llow  maintenance v e h ic le s  to pass between r a i l  
and po le . Added c learan ce  fo r curves and fo r su p e r-e le v a tio n  of t ra c k  
a lso  is  provided.
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Clearance Allowances

The c learan ce s are developed fo r  tangent t r a c k ,  (F iq u re  C - l ) ,  
and fo r  tra ck  having a three degree curve (F ig u re  C -2 ). For the tangent 
tra ck  a llo w an ces, la t e r a l d isp lacem ents are based on va lu es fo r  m u lt ip le  
u n it  (MU) cars in  accordance with American Railw ay Engineering  
A sso c ia t io n  (AREA) Manual fo r  Railw ay En gin eering  Chapter 33, page 
3 3 -2 -7 . Wind blow out of the co n tact conductor is  based on 61 m (20(1 
f t )  spans, 15.9 mm (0.625 in . )  in  diam eter s o lid  hard drawn copper 
conductor, sag a t 65.5 C (150 F ) ,  wind v e lo c ity  pressure o f 383 Pa (8 
lb / f t ^ )  and f ix e d  support o f w ire at in s u la to r s .  Pole rake i s  102 mm 
(4 i n . ) .

For curved tra ck  s im ila r  allow ances are included except no pole 
rake. The contact conductor i s  placed in s id e  the curve so th a t the 
conductor chord w i l l  be away from the t r a c k .  Actual va lues are 
ca lcu la te d  fo r  a three degree curve and 127 mm (5 in . )  su p e r-e le v a tio n  
fo r car body t i l t  and overhang.

The fo llo w in g  summarizes these c a lc u la t io n s .  The g re ate st 
la t e r a l dimension fo r  the arm i s  3923 mm (154.45 in . )  fo r  the three 
degree cu rve. I f  an allow ance o f about 330 mm (13 in . )  i s  granted fo r 
co n stru ctio n  to le ra n ce  and h e igh t v a r ia t io n s ,  then a maximum la t e r a l arm 
dimension o f 4270 mm (14 f t )  i s  reasonable.

V e h ic le  and Track T o le ra n ce s , (re fe re n ce : AREA Manual fo r
Railw ay En g in ee rin g , Chapter 33, Part 2-1978, p .3 3 -2 -7 , Chart 1A - 
M u ltip le  U n it Cars)

Allowance fo r  la t e r a l s h i f t  of tra ck  
Car body r o l l  (18 f t  x s in  3 °)
R a ils  -  1/2 in .  d if fe r e n c e  in  height 

a t 56-1/2 in .  gage 
re lated  to 18 f t  h eight

51 mm (2 in . )
287 mm (11 .3  in . )

48 mm (1 .9  in . )

Allowance fo r  Wind Blow Out. Assume f ix e d  support o f 
conductor, and temperature of 65.5 C (150 F)

Sag 955 mm (37.61 i n . ) ,  15.9 mm (0.625 in . )  diam eter s o lid  Hard 
Drawn Copper, 61 m (200 f t )  span.

Wind 383 Pa (8 Ib / f t ? )

Wind blow out = wind load x sag___________
[wind load2 + w eight^] 1/2

= (8 x 0.625/12) x 37.61_________
[(8 x 0 .6 2 5 /1 2 )2 + (1.18)2]l/2

= 12.5 in .  or 318 mm
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705 mm
(27.8 in.)

Track /pole clearance 3200 mm (126.0 in.)
Insulator -7 0 5 mm (-27.8 in.)
Blow out 318 mm (12.5 in.)
Rake 102 mm (4.0 in.)
Lateral shift of track 51 mm (2.0 in.)
Car body roll 287 mm (11.3 in.)
Rail height difference 48 mm (1.9 in.)
Arm length required 3301 mm (129.9 in.)

FIGURE C - l ,  TRAVELLER ARM LENGTH REQUIREMENTS FOR TANGENT TRACK WITH 15.9 mm (0.625 in . )
DIAMETER HARD DRAWN COPPER CONDUCTOR AT 65.5 C (150 F ) , 61 m (200 f t )  SPANS 
AND WIND VELOCITY PRESSURE OF 383 Pa (8 lb / f t ^ )



Track/pole clearance 
Insulator
Tilt of traveller arm 
Track curvature 
Blow out
Lateral shift of track 
Car body roll 
Rail height difference 
Arm length required

3606 mm (142.0 in.) 
-7 0 5  mm (-27.8 in.) 
-4 8 5  mm (-19.1 in.) 

803 mm (31.6 in.) 
318 mm (12.5 in.)

51 mm (2.0 in.) 
287 mm (11.3 in.) 
48 mm (1.9 in.) 

3923 mm (154.4 in.)

Tangent pole to track <t 3200 mm (126.0 in.) 
Car body tilt 335 mm (13.2 in.)
Car body overhang________71 mm (2.8 in.)
Track/pole clearance 3606 mm (142.0 in.)

FIGURE C-2. TRAVELLER ARM LENGTH REQUIREMENTS FOR THREE DEGREE CURVE WITH 15.9 mm (0.625 in . )
DIAMETER HARD DRAWN COPPER CONDUCTOR AT 65.5 C (150 F ) , 61 m (200 f t )  SPANS AND 
WIND VELOCITY PRESSURE OF 383 Pa (8 l b / f t 2 )



Allowance fo r  Track Curvature (Contact conductor in s id e  of 
curve)

3 degree cu rve , 61 m (200 f t )  span 
La te ra l displacem ent = 7/8 h2d 
h = ch ain s to  span center (chain = 100 f t )  
d = degree curvature  

= 7/8 ( l ) 2 3
= 2 .63  f t  = 31.6 in .  or 803 mm

In crease  in  Pole to Track Clearance ( fo r  3 degree curve)

Assume 127 mm (5 in . )  su p e r-e le vatio n  
Pole on in s id e  of curve.

Car Body T i l t  (T IL T )  a t 3795 mm (12.45 f t )  h e igh t

56-1/2 = 12.45 x 12 
5 T ILT

T IL T  = 13.2 in .  or 335 mm

Car Body Overhang (OH) on curve

Assume tru c k  cen ters -  60 f t

OH = ,7/8 h2d

= ]_ /_30 \ 2 x 3
8 \100/

= 0.24 f t  = 2 .8  in .  or 71 mm

T i l t  o f T r a v e lle r  Arm (TTA) support point

56-1/2 = 18 x 12 
5 TTA

TTA = 19.1 in .  or 485 mm
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APPENDIX D

ANALYTICAL SIMULATIONS

The dynamics of the tra v e l le r/co n d u cto r system is  a d i f f i c u l t  
problem to  so lv e  in  i t s  e n t ir e ty .  I t  in v o lv e s  the motion of the 
t r a v e l le r  mechanism (lumped masses, s p r in g s , dampers, and continuous 
beams), the conductor w ire  (a continuous c a te n a ry ), and the support 
s tru c tu re  (p o le , in s u la t o r ,  and clam p). Perhaps the most d i f f i c u l t  area 
to  analyze  i s  the r e la t iv e  motion between the t r a v e l le r  mechanism and 
the conductor -  at each in sta n t in  tim e the fo rc in g  fu nctio n  not o n ly  
changes magnitude and d ir e c t io n , i t  a lso  changes point of a p p lic a t io n .
To perform the dynamic a n a ly s is  of the tra v e lle r/c o n d u c to r  system , a 
m ulti-m odel approach was employed. The b e n e fits  of u sing  se vera l models 
a re : sim ple models g ive  general c h a r a c t e r is t ic s  of the dynamics and
help e s ta b lis h  l im it s ;  moderately complex models in clu d e  most, of the 
d e t a i ls  and can be used to make param etric s tu d ie s  important to d e s ig n ; 
and very complex models sim ulate the system very a c c u ra te ly , and can be 
used as a f in a l  check on the d e sign .

The models used in  t h is  a n a ly s is  in c lu d e  sim ple geom etric 
e q u atio n s, one degree of freedom exact s o lu t io n s , a s ix  degree of 
freedom lumped-mass computer s im u la tio n , and a f i n i t e  element computer 
s im u la tio n .

1. Catenary Geometry

F ig u re  0-1 shows the shape of a sim ple cate n a ry . I f  i t  i s  
assumed th a t the conductor i s  p in -attach ed  (no moments) at the p o le s , i t  
w i l l  assume the shape of a catenary whose fu n ctio n a l re la t io n  can be 
expressed as

y  = a [cosh -  l ]  , ( D - l )

where

a = 4T/P1rd2 

T = ten sio n  in  w ire 

p = w eight d e n s ity  

d = d iam eter o f cate n ary .
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FIGURE D - l . GEOMETRY OF SIMPLE CATENARY

For small values o f x /a , cosh (x/a ) can be approximated very 
a ccu ra te ly  by the f i r s t  two terms in  i t s  power s e r ie s  expansion. 
Equation (D - l)  then s im p lif ie s  to

y = x2/2a. (D -2 )

The slope of the catenary i s  given by the s p a t ia l d e r iv a t iv e  of Equation 
(D-2)

= x
dx a ’ (D-3)

From Equation (D -3) and the d e f in it io n  of the v a r ia b le  a , i t  
can be seen th at the slope at any point on the catenary depends on 
te n s io n , d e n s ity , and diam eter.

, The v e r t ic a l v e lo c it y  of an o b je ct fo llo w in g  the catenary is  
given by the time d e r iv a t iv e  of Equation (D-2)

dy _ xx 
dt " a (D-4)

I t  i s  the e f fe c t iv e  change in  v e r t ic a l v e lo c ity  o f the catenary 
shape at the pole in s u la t o r ,  th at a cts  as a fo rc in g  fu n ctio n  on any 
d evice  th at is  attem pting to  fo llo w  i t .  Using Equation (D -4) the net 
change in  v e r t ic a l v e lo c ity  at the hard point is

Ay 2dy _ pird^SV 
dt 4T * (D-5)

where
S = pole span 

V = forward v e lo c it y
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2. S in g le  Degree o f Freedom Sim ulation!

To e s ta b lis h  an upper bound fo r  the fo rce  needed to change the 
d ire c t io n  of the t r a v e l le r  d e v ice , a sim ple m ass/spring/dashpot system 
i s  co n sid ered , F ig u re  D-2.

The equation of motion fo r  the system in  F igu re  D-2 is

MX + C (x -y )  + K (x -y )  = 0 . (D -6)

FIGURE D -2. BASE-EXCITED 1 DOF MASS/SPRING/DASHPOT MODEL

Co n sid ering  the case where the support base i s  g iven an 
instantaneous v e r t ic a l v e lo c ity  as an approxim ation to the change in  
v e lo c it y  experienced when the attached device tra v e rse s  the hard point 
on the catenary [Equation (D -5 ) ] ,  the i n i t i a l  co n d itio n s are

x (0 )  = x (0 )  = y (o )  = 0 . (D -7)

y (0 )  = -Ay . (D -8)

I f  the base v e lo c ity  i s  held co n stant, and a s u b s t itu t io n  of 
v a r ia b le s  i s  made (u = x -  y ) ,  Equation (D-6) can be rew ritten  as

Mu + Cu + Ku = 0 (D -9)
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Equation (D -9) has the fo llo w in g  general s o lu t io n s :

u ( t )  = [ a s in  u ^ t + B cos o i^tj (D -10)

where

i M

“ d = “ n /1" ^ f 

oin = i m f 2 .

The i n i t i a l  co n d itio n s from Equations (D -7) and ( D-8) are

u(0) = 0 

u(0) = Ay

( D - l l )

(D -12)

S u b s t itu t in g  the i n i t i a l  co n d itio n s  o f Equation ( D - l l )  and 
(D-12) in to  Equation (D-10) y ie ld s

B = 0 , (D-13)

A = Ay/to^ .

Th erefo re , the so lu tio n  to  Equation (D-9) is

(D-14)

u = e ' ^ d 1 s in  u j t (D -15)

D if fe r e n t ia t in g  Equation (D-15) to f in d  the time of maximum 
disp lacem ent, i t  was determined th a t

u( t )  = umgx whenoidt  = ta n "1 j ( D - l6)
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The maximum fo rce  in  the s t if f n e s s  element between the mass and 
the base i s  then given by

F = Ku = Ke max
tan '(s) U s1n ^ t a r f 1© )

Rearranging Equation (D-17) g ive s

r 1 (?) 1
F = F.

tan

(1 -52P
s in  tan ©

(D -17)

(D -18)

where

Fo = [ f (D -19)

The c o e f f ic ie n t  o f F0 in  Equation (D-18) is  ta b u la te d , fo r  
ap p ro p riate  va lu es of the damping r a t i o ? ,  in  Table D - l .

TABLE D - l .  EVALUATION OF COEFFICIENT OF F0 IN EQUATION (D-18)

From Tab le  D - l i t  can be seen that even damping r a t io s  th a t 
would be considered very high fo r  normal m a te ria ls  do not reduce the 
maximum fo rce  s ig n i f i c a n t ly .  Th erefo re , as a co n se rva tive  estim ate the 
maximum fo rce  can be taken as F0 in  Equation (D -1 9 ). S u b s t itu t in g

V
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Equation (D-5) in to  Equation (D-19) y ie ld s  the maximum co n servative  
fo rce  needed to change the d ire c t io n  of an o b je ct t ra v e rs in g  the hard 
point o f a cate n a ry , assuming th a t there  i s  a slope d is c o n t in u ity  in  the 
catenary at th at p o in t.

r  _  P 7 r d 2  SV M *
0 ■  4T L 9 J • (D-20)

Although Equation (D-20) included many o f the system parame
t e r s ,  and was a sim ple expressio n  to c a lc u la te  a maximum fo rce  under 
severe dynamic lo ad in g c o n d it io n s , i t  d id  not in c lu d e  se vera l very 
important parameters th a t  could reduce the fo rce  le v e ls  req u ired . Those 
parameters in c lu d e : wheel sp a c in g , in s u la to r  f l e x i b i l i t y  at the hard
p o in t, a smooth conductor t r a n s it io n  at the hard p o in t , and the e ffe c t  
o f p ro v id in g  more f l e x i b i l i t y  between components (m u lti-d e g re e s  of 
freedom ).

3. S ix  Degree o f Freedom Sim u latio n

Equations o f Motion

The s ix  degree o f freedom sim u latio n  included independent 
degrees of freedom fo r the yoke assembly (v e r t ic a l  and p it c h ) ,  the wheel 
assembly ( v e r t ic a l and p it c h ) ,  and the in su la to r/co n d u cto r under each 
wheel ( v e r t ic a l ) .  A schem atic o f the model i s  shown in  F ig u re  D-3.

The equations o f  motion fo r  the s ix  degree o f freedom 
sim u latio n  are

Mly l + Ky 2 (yr y 2 } + 

Ilel + Ke2 (er e2 } +

M2y2 + Ky2 (y2"yl) +

+ Cy2 (y2-y l> +

!202 + Ke2 (02~el) +

• •

+ C62 (e2-0l̂  +

^ 2 *< 1 << ro II o

O
C

D ro (6^ 6 2) = 0

K y 3 (2y2-y6-y5>

V ■ 0

V 1 ( 2 b e 2 + y 6 - y s )

c y 3 b
(2b62+y6-y5) .

(D -21) 

(D-22)

(D-23)

(D-24)
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FIGURE D-3. 6 -DOF MODEL FOR TRAVELLER/CONDUCTOR
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(D—25)V s  + Ky3 ^5--V2-bS2) + Ky4 y3

+ Cy3 ^5-y2-b62> + Cy4 y3 = 0 

H4Y4 + Ky3 < Y Y2+b62> + Ky 5 Y4 (0-26)

+ CyS I W ' ! )  + Cy5Y4 * 0 •

The v a r ia b le s  Y5 and Yg in  the above equations are the 
fo rc in g  fu n ctio n s  due to the e f fe c t iv e  shape of the conductor.

T ra n s it io n  Geometry. A tru e  catenary shape w i l l  have a 
d iscontinuous slope at the hard p o in t. To provide a smooth t r a n s it io n  
at the hard p o in t, i t  was assumed th a t the catenary shape was continuous 
in  p o s it io n  and slope with a c i r c u la r  arc  at some d istan ce  from the hard 
p o in t, F igu re  D-4.

Y

FIGURE D-4. TRANSITION GEOMETRY OF CONDUCTOR AT INSULATOR
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In F ig u re  D - l the o r ig in  of the catenary slope was defined at 
the lowest point of the catenary. T ra n s fe rr in g  the o r ig in  to the hard 
p o in t, the catenary equation is

X > 0 ,

X < 0 ,

(D-27)

(D-28)

The equation o f a c i r c le  tangent to  the catenary i s  g iven as

(Y 5-A ) 2 + (X -B )2 = r 2 (D-29)

The boundary co n d itio n s are

y5(°) = -e , Yj (0) = 0 . (D-30)

S u b s t itu t in g  Equations (D-30) in to  Equation (D-29) and i t s  
s p a t ia l d e r iv a t iv e  gave the f in a l  form of the c i r c le .

V 5  =  ( r 2 - X 2 ) ^  -  ( r + e ) (D-31)

To p rovide a smooth t ra n s it io n  between the c ir c u la r  a rc  and the 
cate n a ry , the displacem ent and slope were set equal at some given
lo n g itu d in a l d is ta n c e , X^, from the hard p o in t, 
length was 2X^.

The to ta l t ra n s it io n

V5 < V  = 7 5 <Xt> (0-32)

Y5 <Xt ) -  T j  (X t ) (D-33)

D - 9



For X>0 Equations (D-27) and (D-31) were equated accord ing to 
the boundary co n d itio n s  o f Equation (D-32) and (D -3 3 ). The r e s u lt s  were 
the rad iu s of cu rv a tu re , r ,  and o f f s e t ,  e .

(0-34)

(D-35)

With r and e d e fin e d , the fo rc in g  fu n ctio n  fo r  the c ir c u la r  
part of the t r a n s it io n  was a v a ila b le  from Equation (0 -3 1 ). A s im ila r  
expression w ith  a time delay due to the wheel sp acing  held fo r  Yg.

In su lato r/C o n d u cto r S t i f f n e s s .  The e f fe c t iv e  s t if f n e s s  of the 
pole in s u la to r  and conductor was e sta b lish e d  by assuming th a t the in su 
la to r  and conductor were two s t if fn e s s e s  in s e r ie s .  The s t if f n e s s  of 
the in s u la to r  remained constant throughout a s im u la t io n , but the conduc
to r became more f le x ib le  at fu rth e r  d istan ce s from the p o le . The s t i f f 
ness of the conductor was approximated by assuming th a t i t  was a ten 
sioned beam with bending s t i f f n e s s ,  p in-supported  at the pole in s u la 
t o r s .  Standard beam d e fle c t io n  equations were used to  f in d  i t s  
s t if f n e s s  based on i t s  d e fle c t io n  due to a u n it  load at some point away 
from the in s u la to r .

At the in s u la to r  the s t if f n e s s  of the conductor was in f in i t e ,  
so th at the e f fe c t iv e  s t i f f n e s s  of the in su la to r/co n d u cto r was equal to 
the s t if f n e s s  of the in s u la t o r .  As a wheel moved beyond the in s u la to r , 
the e f fe c t iv e  s t if f n e s s  of the in su la to r/co n d u cto r decreased ra p id ly  to 
the s t if f n e s s  of the conductor o n ly .

4. L a te ra l Forces in  Curves

Track Curvature

In accordance w ith  ra ilro a d  p r a c t ic e ,  t ra c k  cu rvature  is  
defined as the angle subtended by a 30.48 m (100 f t )  chord, F igu re  D-5.

D - l  0



•Track

FIGURE D -5 . TRACK CURVATURE DEFINITION 

The degree o f curvature i s  given by

e = 2 s in   ̂ (d/2R) . (D-36)

For sm all angles the rad iu s of curvature i s  approximated by

R = 5 7 .3d/e, ( D-37)

where

e = t ra c k  degree of cu rv a tu re , degree 

R = rad iu s of cu rvatu re , m ( f t )  

d = cord le n g th , 30.48 m (100 f t ) .

Conductor L a te ra l Angular D e fle ctio n

The la t e r a l load on the t r a v e l le r  i s  produced by the conduc
t o r 's  an g u lar change in  the la t e r a l d ire c t io n  at each p o le . The 
geometry o f th a t change is  shown in  F igu re  D-6.
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FIGURE D-6. LATERAL GEOMETRY OF CONDUCTOR FOR CURVED TRACK

The conductor's an gu lar change in  the la t e r a l d ire c t io n  is
given by

a = tt-23  = tt- 2 Cos"1 (S /2 R ), rad . (D-38)

where

S = pole spacing 

R = ra d iu s  o f cu rv a tu re .

Assuming sm all an gles of conductor d efl e c t io n , ot, and 
s u b s t itu t in g  Equation (D-37) in to  Equation (D-38) y ie ld s

a = 9 S/57 .3 d , rad. (D-39)

The change in  d ire c t io n  at the pole i s  produced by a v e lo c ity  
change in  the la te r a l d ire c t io n  given by

AX = Va V9S
57.3d (D-40)

I f  there is  no gradual t r a n s it io n ,  the e ffe c t  on the t r a v e l le r  
due to the change in  la t e r a l v e lo c it y  a t the pole is  s im ila r  to the 
change in  v e r t ic a l v e lo c it y  at the p o le , i . e . ,  an instantaneous i n i t i a l
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base v e lo c it y  a c t in g  on a s in g le  degree of freedom system, F igu re  D-2. 
Using the same d e r iv a t io n  technique as i l lu s t r a t e d  in  Equations (D-6) 
through (D -1 9 ), the maximum conservative la t e r a l  fo rce  on the t r a v e l l e r  
i s  given as

Fo
h

S u b s t it u t in g  Equation (D-40) into  Equation (D-42) g ives

T _ ves rictff* 
ho " 57.3d L 9 J

D-l 3
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DYNAMIC ANALYSIS OF A LOW-COST CATENARY SYSTEM FOR ELECTRIC RAILROADS

George R. Doyle, Jr. BATTELLEColumbus Laboratories 505 King Avenue Columbus, Ohio 43201

ABSTRACT
A simplified railroad electrification system has been suggested to reduce the construction and maintenance complexities and cost associated with the conventional collector/conductor system. The new system includes a single-conductor catenary and a collector attached to the conductor by two sets of rotating wheels. Based on experience and dynamic analyses, a preliminary design has been established.The dynamic analyses determined the mechanical loads in the system as a function of several parametric variations. This paper outlines the dynamic models, presents the parametric study, and recommends several guidelines to follow in designing the traveller/con- ductor system.

NOMENCLATURE
2a • 4T/pirdc • Damping coefficient d ■= Conductor diameterF * Maximum damped force between mass and base Fq =» Maximum undamped force between mass and base g ■ Acceleration of gravity I ■ Moment of inertia K *= Stiffness M - Massr ■= Radius of circular transition5 “ Span between poles t « TimeT ■ Conductor tension V “ Vehicle velocity W » Weight of wheel or yoke assembly x “ Longitudinal displacement Xt - Half transition length y = Vertical displacement Ay = Change in vertical velocity e “ Vertical offset of circular transition from catenary £ * Damping ratio

6 = Rotational displacement p = Conductor density

U4 “ Damped natural frequency 
un *= Natural frequency

INTRODUCTION
Electrification has long been recognized as a means to supply clean energy to power the nation's railroads. The major economic drawback to electrification is the large capital investment and maintenance costs associated with the power distribution system (poles, conductor, and insulators). A simplified railway electrification system has been suggested that would substantially reduce those costs(_l)*.While the typical overhead electrification system includes poles, insulators, droppers, a catenary, and the contact conductor, the new design eliminates the droppers, and the catenary becomes the contact conductor. Because the conductor does not maintain a constant elevation above the track, a capture system is necessary to assure contact between the collector and the conductor, Figure 1.With the incentive of large cost reductions, preliminary design, dynamic, and cost analyses were conducted to determine the feasibility of operation(_2). The results of that study were a basic hardware design and estimated mechanical loads. The dynamic analyses, described herein, defined the mechanical loads and design guidelines to reduce those loads. All of the results are based on tangent track operations with no anomalies in the catenary-shaped, contact conductor. The details of the design are described in a companion 

paperO ).
ANALYSES
Single-Degree-of-Freedom SimulationThe traveller system consisted of a yoke assembly and a wheel assembly with two sets of flanged wheels riding on the conductor, Figure 2. The wheel assembly was attached to the yoke assembly through two yoke bushings.

* Underlined numbers in parentheses designate References at end of paper.
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FIGURE 1. GENERAL ARRANGEMENT OF SUBASSEMBLIES FOR A LOW-COST ELECTRIFICATION SYSTEM

FIGURE 2. TRAVELLER/CONDUCTOR CONFIGURATION
It was recognized that the greatest potential dynamic problem would occur at the pole insulator where the traveller motion changed from its maximum upward velocity to its maximum downward velocity, Figure 3. Therefore, a worst case scenario was assumed, i.e., the traveller system experienced a step input in velocity equal to the conductor's vertical velocity change at the insulator (see Appendix). The maximum force between the traveller and conductor for a step change in velocity of a single-degree-of-freedom system (1-DOF) is given by

»0 ■  ^  I f f 2 <»

It can be seen from Eq. (1) that the maximum force depends on seven variables. Although the derivation considered the variables p, d, T, and S to be independent, "real world" constraints would dictate changes in one or more of these variables if any other one was changed. The other variables V, K, W, are independent.

FIGURE 3. GEOMETRY OF SIMPLE CATENARY
They indicate that for a specified maximum speed of the rail vehicle: (1) the weight of the traveller systemBhould be as light as possible, and (2) the stiffness in the traveller system should be as low as possible.The real significance of Eq. (1) is that the term pirdZS/4T defines the total change in Slope of a simple catenary at Its support, see Appendix, Eq. (A-3). Therefore, to reduce forces, the slope of the conductor should be minimized.Although Eq. (1) was useful for indicating general trends of several parameters of the traveller/conductor system, it could not account for the effects of multi- degree-of-freedom response, wheel spacing, nonlinearities in the insulator/conductor stiffness and a more gradual change in vertical velocity at the insulator.
Slx-Degree-of-Freedom SimulationThe six-degree-of-freedom simulation (6-DOF) provided an approximate model of the traveller's and insulator/conductor's vertical dynamics (Figure 4). A time-domain solution of the six differential equations of motion (given in the Appendix) was accomplished by a computer program using a 4th-order, Runge-Kutta, numerical Integration technique. The excitation was the changing displacement of the conductor, which was modeled as a catenary with a circular transition at the insulator (see Appendix).

Yoke Assembly

Yoke Bushing

Wheel Assembly

Wheel/Conductor
Stiffness

Insulator/Conductor

Insulator/Conductor
Stiffness

FIGURE 4. 6-DOF MODEL FOR TRAVELLER/CONDUCTOR
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TABLE 1. VARIABLES FOR 6-DOF PARAMETRIC STUDY

Variable Nominal Minimum Maximum

Yoke assembly weight, N (lb) 40.0 (9.00) 22.2 (5.00) 133 (30.0)
Wheel assembly weight, N (lb) 53.4 (12.0) 22.2 (5.00) 133 (30.0)
Insulator/conductor weight, N (lb) 66.7 (15.0) 22.2 (5.00) 133 (30.0)
Yoke bushing stiffness, N/mm (lb/in.) 17.5 (100) 8.75 (50.0) 70.0 (400)
Wheel/conductor stiffness, N/mm (lb/in.) 875 (5000) 175 (1000) 5250 (30,000)
Insulator stiffness, N/mm (lb/ln.) 52.5 (300) 17.5 (100) 280 (1600)
Conductor diameter, am (in.) 15.9 (0.625) 12.7 (0.50) 25.4 (1.00)
Conductor tension, N (lb) 8900 (2000)* 4450 (1000) 44,500 (10,000)
Pole Span, m (ft) 61.0 (200) 15.2 (50) 122 (400)
Wheel spacing, mm (in.) 280 (11.0) 150 (6.00) 610 (24.0)
Transition length, mm (in.) 510 (20.0) 0.00 (0.00) 1520 (60.0)
Vehicle Speed, kph (mph) 81 (50.0) 16 (10.0) 145 (90.0)
Conductor density, N/m̂  (lb/in.̂ ) 8.74 x 104 (0.322) — not varied—

♦Assumes a maximum atmospheric temperature of 60 C (140 F).
Finite Element SimulationThe 1- and 6-DOF models discussed previously required several simplifying assumptions which did not represent the actual physical model, especially the 1- DOF model. To verify the results of the simplifying assumptions, a finite element approach was used.The conductor geometry, including the transition, was modeled by pretensioned trusses (no bending stiffness) and with weightless beams (with bending stiffness) in the vicinity of the transition. The pole, insulators, clamp, and arms of the traveller were also modeled with beam elements. Spring and damping elements were used to model the yoke bushing, while a special follower element was used to model the wheels that contacted the conductor. The model was three dimensional, and had 303 degrees of freedom.
ANALYSES RESULTS
Parameter DefinitionThe major results of the dynamic analyses were provided by a parametric study using the 6-DOF time domain model. The nominal parameters and their variations are listed in Table 1.
Parametric StudyBased on the variable limits given in Table 1, a series of time domain computer runs were made with the 
6-DOF model. Each run established the maximum dynamic forces in the yoke bushing, at each wheel/conductor interface, and in the insulator as the front and rear 
wheels passed through the transition and beyond. In all cases the dynamic forces associated with the rear wheel were somewhat greater than those associated with the front wheel. Therefore, only the maximum rear

wheel dynamic forces were plotted for each Independent 
parametric variation.Graphical results of some of the parametric variations are not shown in this paper, but can be found in reference (2).

Effect of Yoke Assembly Weight. The effect of varying the yoke assembly weight is illustrated in Figure 5. As the yoke assembly weight increased, the maximum force in the yoke bushing increased rapidly.The maximum forces at the wheel/conductor interface and at the Insulator increased somewhat, but the effect was not significant. The yoke bushing force, based on the1-DOF model, indicated greater magnitudes, but a similar trend to the 6-DOF model.
Effect of Wheel Assembly Weight. When the wheel assembly weight was increased, Figure 6, the maximum wheel/conductor interface force increased rapidly, but the yoke bushing force actually decreased. The maximum force on the insulator also increased moderately with wheel assembly weight.
Effect of Yoke Bushing Stiffness. Figure 7 shows a slowly increasing maximum force with increasing yoke bushing stiffness. The poor comparison with the 1-DOF model was due to the nonzero transition length in the 

6-DOF model.
Effect of Wheel/Conductor Stiffness. Figure 8 shows that the maximum forces developed were nearly independent of the wheel/conductor stiffness. The reason for these results was that for a large transition time, the system would respond gradually rather than undergo a large transient.
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LGURE 5. EFFECT OF YOKE ASSEMBLY WEIGHT ON YOKE BUSHING, WHEEL/CONDUCTOR, AND INSULATOR FORCES
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FIGURE 7. EFFECT OF YOKE BUSHING STIFFNESS ON YOKE BUSHING, WHEEL/CONDUCTOR, AND INSULATOR FORCES, lKg - 9.8 N

0 1.6 3.2 4.8(0) (9.1) (18.3) (27.4)
Wheel/Conductor Stiffness, 
N / m m  x I0-3 (Ib/in. x IO-s)

6.4(36.6)

248
225
203
180
158
135
113
90
68
45
23
0

FIGURE 6. EFFECT OF WHEEL ASSEMBLY WEIGHT ON YOKE
BUSHING, WHEEL/CONDUCTOR, AND INSULATOR
FORCES, lKg = 9.8 N

FIGURE 8. EFFECT OF WHEEL/CONDUCTOR STIFFNESS ON YOKE BUSHING, WHEEL/CONDUCTOR, AND INSULATOR FORCES
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Effect of Conductor Diameter. Based on Eq. (1), the maximum force developed Is proportional to the square of the conductor diameter. The 6-DOF model verified that preliminary determination, and predicted force levels somewhat less than the 1-DOF model(2).
Effect of Conductor Tension. The effect of changing the conductor tension was shown In Eq.(l) to be inversely proportional to the tension. This was verified by tike 6-DOF model which predicted forces somewhat less than the 1—DOF model(2)•
Effect of Pole Span. Eq. (1) indicates that the yoke bushing force is linearly proportional to pole span, which the 6-DOF model also predicted. The wheel/conductor and insulator forces were also linear functions of pole span(2).
Effect of Wheel Spacing. An Increase in wheel spacing decreased the yoke bushing force somewhat, Figure 9. The insulator force did not show a strong trend with wheel spacing, but the wheel/conductor force increased substantially at small wheel spacing.

xi

y
E□c>.O

Wheel Spacing, m m  (in.)

FIGURE 9. EFFECT OF WHEEL SPACING ON YOKE BUSHING, WHEEL/CONDUCTOR AND INSULATOR FORCES
Effect of Conductor Transition Length. Figure 10 illustrates the effect of transition length on the forces generated in the system. Most of the gain was produced by a 508-mm (20-in.) transition. It is of particular interest to note that the yoke bushing and insulator forces had only a slightly decreasing trend with increasing transition length.

FIGURE 10. EFFECT OF CONDUCTOR TRANSITION LENGTH ON YOKE BUSHING, WHEEL/CONDUCTOR, AND INSULATOR FORCES

Effect of Vehicle Speed. Based on Eq. (1) the yoke bushing force should increase as a linear function of vehicle speed, and as shown in Figure 11, it did. However, the force at the wheel/conductor Interface increased more rapidly while the force at the insulator . increased less rapidly.

FIGURE 11. EFFECT OF VEHICLE SPEED ON YOKE BUSHING, WHEEL/CONDUCTOR, AND INSULATOR FORCES
Finite Element ModelTwo principal results were obtained from the finite element simulation: the time histories of the
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135
yoke bushing and the wheel/conductor forces. The simulation was compared to the 6-DOF model and is presented as a verification that the 6-DOF model gave reasonably accurate results. The results of the finite element simulation are based on the nominal parameters listed in Table 1.

Yoke Bushing Force. In Figure 12 the total yoke bushing force is plotted for the finite element and the 
6-DOF models. It is apparent that the two responses are identical in the first mode frequency (12 Hz), and are reasonably close in Che maximum amplitude. Extending the force time history further than shown in Figure 
12 showed a slowly damped oscillation.

i
s

■g

5u'Eoc».o

JO

Time, sec

FIGURE 12. COMPARISON OF YOKE BUSHING FORCE TIME HISTORY OVER CONDUCTOR TRANSITION FOR FINITE ELEMENT AND 6-DOF MODEL
Wheel/Conductor Force. Figure 13 compares the finite element and 6-DOF model time histories for the force at the rear wheel/conductor Interface. The comparison of the results from the two models was not good at any arbitrary time in the simulation; however, the frequency content of the two simulations was similar; and more important, the force magnitudes were similar.

SUMMARY

Three mathematical simulations were used to investigate the dynamics of a traveller system riding on a tensioned conductor. The 1-DOF and finite element models verified the trends and magnitudes of the forces predicted by the 6-DOF model.The results of the 6-DOF model parametric study are summarized qualitatively in Table 2. The force trends are Indicated for increases in the specified parameter. Large increases in the yoke bushing force can be expected from increases in yoke assembly weight, conductor diameter, pole span, and vehicle speed.Large increases in the wheel/conductor Interface force can be expected for increases in wheel assembly weight, conductor diameter, pole span, and vehicle speed.Large increases in the wheel/conductor force can also be expected from a decrease in wheel spacing, and especially from decreased transition length. .Large increases in the insulator force can be expected from increases in conductor diameter; and pole span. Decreasing tension increases all force levels.

FIGURE 13. COMPARISON OF REAR WHEEL/CONDUCTOR 
FORCE TIME HISTORY OVER TRANSITION FOR FINITE ELEMENT AND 6-DOF MODELS

RECOMMENDATIONS
Based on the preliminary analytical studies, the following recommendations were made:
• An 805-mm (20-in.) circular transition should be built into the conductor at each pole attachment.• A preload of at least half of the maximum wheel/conductor force should be built into the wheel assembly to prevent wheel/conductor separation. The recommended preload between each wheel and the conductor should be 270 to 445 N (60 to 100 lb).• The traveller system weight should be minimized.• The slope of the conductor should be minimized. 
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TABLE 2. QUALITATIVE SUMMARY OF 6-DOF MODEL PARAMETRIC STUDY

Increasing Parameter Yoke Bushing Force Wheel/Conductor Force Insulator Force

Yoke Assembly Weight ; Increase rapidly Increase slightly Increase slightly
Wheel Assembly Weight Decrease slightly Increase rapidly Increase moderately
Insulator Weight Small change Increase slightly Decrease moderately
Yoke Bushing Stiffness Increase slightly Increase slightly Increase slightly
Wheel/Conductor Stiffness Small change Small change Small change
Insulator Stiffness Increase slightly Increase slightly Increase moderately
Conductor Diameter Increase rapidly Increase rapidly Increase rapidly
Conductor Tension Decrease rapidly Decrease rapidly Decrease moderately
Pole Span Increase rapidly Increase rapidly Increase rapidly
Wheel Spacing Decrease slightly Small change* Increase slightly
Transition Length Decrease slightly Decrease slightly* Small change
Vehicle Speed Increase rapidly Increase rapidly Increase slightly

*A decrease in the parameter will result in a rapid increase in force.
REFERENCES iZ. . 2“dt a (A-4)

(1) Retallack, R. L., "Electric Railroad System with Elevated Conductor Alongside the Track", United States Patent 3,829,631, August 13, 1974.
The net change in vertical velocity at the insulator is

2dy oird2SV dt “ 4TA y (A-5)
(2) Retallack, R. L., Doyle, George R., Jr., Schneider, Lynn A., and Sheadel, John M., "A Low Cost Catenary Design-Analysis", FRA/ORD-81/73, October, 1981.

Single-Degree-of-Freedom Simulation
The equation of motion for the system in Figure A-l is

(3) Retallack, R. L., and Sheadel, J. M., "A Low- Cost Catenary System for Electric Railroads", to be presented at the ASME 1982 Winter Annual Meeting.
APPENDIX
Catenary GeometryIf it is assumed that the conductor is pin- attached at the poles, it will assume the shape of a catenary, Figure 3, whose functional relation can be expressed as

For small values of x/a, Eq. (A-l) simplifies to
y ■ x2/2a . (A-2)

IK + C(i-y) + K(x-y) - 0 . (A-6)

The slope of the catenary is given by the spatial FIGURE A-l. BASE-EXCITED 1-DOF MASS/SRING/DASHPOTderivative of Eq. (A-2) MODEL
iz. . £dx a (A-3)

The vertical velocity of an object following the catenary is given by the time derivative of Eq. (A-2)

Considering the case where the support base is given an instantaneous vertical velocity, the initial conditions.are
x(0) = x(0) = y(o) «= 0; y(o) = -Ay (A-7)
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If the base velocity is held constant, and a substitution of variables is made (u «* x - y), Eq. (A-6) can be rewritten as M3y3 + Ky3 (y5'y2'b02) + Ky4 y3 (A-18)
Mii + Cu + Ku “ 0 (A-8) + Cy3 <y5-*2-b§2) + Cy4 y3 - 0

The solution to Eq. (A-8), with the initial conditions given in Eq. (A-7), is V 4  + Ky3 (y6-y2+b02) + Ky5 y4 (A-19)
u e d sin w.t 

“d d (A-9) + Cy3 (y6“y2+bS2) + Cy5y4 " 0 *
Differentiating Equation (A-9) to find the time of maximum displacement, it was determined that

u(t) - u^, when Wjt - tan 1 (A-10)
The maximum damped force in the stiffness element between the mass and the base is then given by

The variables y3 and yg in the above equations are the forcing functions due to the effective shape of the conductor.
Transition Geometry. To provide a smooth transition at the Insulator, it was assumed that the catenary shape was continuous in position and slope with a circular arc at some distance from the insulator, Figure 

A-2.

Fo
where

(A-ll)

(A-12)
The coefficient of F in Eq. (A-ll) was evaluated for low damping ratios and found to be approximately 1.0.(2_). Therefore, as a conservative estimate, the maximum force can be taken as F0, in Eq. (A-12). Substituting Eq. (A-5) into Eq. (A-12) yields the maximum conservative force needed to change the direction of an object traversing the cusp of two adjacent catenaries.

y

Fo pvd2SV4T (A-13) FIGURE A-2. TRANSITION GEOMETRY OF CONDUCTOR ATINSULATOR
5ix-Degree-of-Freedom Simulation

Equations of Motion. The six-degree-of-freedom simulation included Independent degrees of freedom for the yoke assembly (vertical and pitch), the wheel assembly (vertical and pitch), and the insulator/conduc- tor under each wheel (vertical). A schematic of the model and the system parameters are shown in Figure 4.The equations of motion for the six-degree-of- freedom simulation are:
Mlyl + Ky2 ^l-̂  + Cy2 (yl_y2) “ 0 (A_14)

V l  + K02 (0r e2) + C02 <8l“82) = 0 (A' 15)

M2y2 + Ky2 (y2_yl) + Ky3 (2y2_y6_y5) (A-16)
+ Cy2 (W  + Cy3 (2W * 5> = 0

i 2e2 + k62 (e2- 01) + Ry3b (2be2̂ 6-y5)
(A-17)

+ c92 (e^ep + cy3b (2b§2̂ 6-y5) -  o

The catenary equation, based on the coordinate system shown in Figure A-2, is

y5(x) X>0 .
The equation of the circle is given by

(A-20)

Y5(x) (r2-X2)1/2 - (r+e) (A-21)
For X>0, Eqs. (A-20) and (A-21) and their derivatives were equated at the half transition length, Xt. The results were the radius of curvature, r, and offset

(A-22)

(A-23)
The forcing functions, y3 and yg, depend on the .effective shape and deflection of the catenary at the wheel location. For example, when the front wheel is on the circular transition,

y5 = Y5 + y3 (A-24)
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