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PREFACE 

A Survey of Railroad AC Electriflcation Systems Throughout the 

World provides a summary of the basic parameters and opera

tional features of the various schemes Ln use to feed the electric 

power to the catenaries from the ways ide and utility power sources. 

The available types of electric power, substation and track section

ing details are also discussed for the ten countries surveyed. 

Critical evaluation of these systems is considered as beyond the 

scope of this task. 

This work was performed under the direction of Frank L. Raposa of 

TSC under Contract DOT /TSC-1452, Task No. 3. Dr. Alexander 

Kuske, Jeffrey J. LaMarca, and Charles lVL King are all employed 

by Alexander Kusko, Inc. 



EXECUTIVE SUMMARY 

The Federal Railroad Administration (FRA) anticipates the con
vers Lon of rallroads in the United States to electrifLed operation 
as the result of continuing d iffi.culties over oU supplies and cost. 
ElectrifLcation of U.S. railroads could begin immediately by 
adapting existing technology from abroad. However, the magni
tude and longevity of the capital investment makes it des Lrable 
to thoroughly evaluate the technology appropriate for the U.S. 
application from the numerous ac design schemes that have been 

installed elsewhere. 

The objective of this report is to describe the major features of 
these schemes, including details of power sources, substations 
and track sectioning. Ten countries are included in this study: 
the United States. the United Kingdom. France. the Soviet Union. 
Japan. the Federal Republic of Germany (W. Germany). Sweden. 
Switzerland. Taiwan and South Africa. The system descriptions 
in this report are based on information currently available in the 
literature. This report is not intended to be an assessment of the 
railroad electrification systems; it is intended to be an orderly 
compilation of available information. 

A summary of the bas Lc parameters of the electrification systems 
in the ten countries is shown in Table A. 

System Types 

Two types of electrification systems exist; the dedicated system 
and the utility-dependent system: 
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Table A 

:J3asic Parameters of Railroad Electrification Systems 

Country 

United States 

United Kingdom 

France 

U.S.S.R. 

Japan 

W. Germany 

Sweden 

Switzerland 

Taiwan 

South Africa 

-·· 

Electrified AC 
Route - KM 

(1977) 

720 

1500 

4500 

14900 

4200 

9930 

7400 

3500 

540 

1045 

.,.No information available 

in the Countries Surveyed 

Catenary Voltage 
& Frequency 

11 kV- 25 Hz 
.2 5 & 50 k V - 60 Hz 

2516. 25 kV -50 Hz 

25 kV- 50 Hz 

25 kV- 50 Hz 

20 &25 kV - 50 &60 Hz 

15 k V - 16 2 I 3 Hz 

15 kV - 16 213 Hz 

15 k V - 16 2 I 3 Hz 

25 kV- 60Hz 

2 5 & 50 k V - 50 Hz 

*~:,; 
Only one substation exists in presently operating systems 

Transmission 
Voltage (kV) 

132 
138. 230 

132 

63, 90, 220 

110 

220,270 

110 

6 

66, 132 

69 

88. 132 

Substation 
Spacin_g (KM) 

16 
~ ... , .. 
"'i"''l"' 

25-30 

41-67 

45-50 

30-50 

60-80 

* 
25-30 

40-50 

30 &140 



The dedicated system operates with a nonstandard power frequency 

( 16 2 / 3 or 2 5 Hz}. 

The utility-dependent railroad system operates at the power fre

quency of the local utility (50 or 60 Hz). 

Table B below categorizes the systems for the countries studied: 

Table B 

Types of Electrification Systems Used 

Dedicated System Utility-Dependent System 

(16 2/ 3 or 25 Hz) (50 or 60 Hz) 

·Federal Republic of Germany 

Sweden 

Switzerland 

United States 
i 

• Penn Central (former) 

• Reading (former) 

iv 

. United Kingdom 

France 

U.S.S.R. 

Japan 

Taiwan 

South Africa 

United States 

• Muskingum 

• Black Mesa & Lake Powell 

8 Texas Utilities 

• New Haven (New) 

• Erie Lackawanna (New) 

• Northeast Corridor (New) 

• FRA Test Track 



Feeding the Catenary 

Three different methods of feeding the catenary from a utility net

work are the center-feed, the single-end-feed and the double-end

feed methods. Table C categorizes those countries using utility

generated power into these groupings: 

Table C 

Methods of Feeding the Catenary from the Utility Network 

Center-Feed 

United Kingdom 

South Africa 

United States 
* New Haven • 

(60 Hz) 

Single-End-Feed 

United States 

• 
• 

Erie Lackawanna 
(60Hz) ... 

~· 

New Haven 
( 60 Hz) 

Double -End-Feed 

France 

U.S.S.R. 

Japan 

Taiwan 

*One substation in their system uses the single -end-feed system while 
the other two substations use the center-feed system. 

Substations 

Substations which supply the railroad vary in their degree of re

dundancy. Table D which follows lists the countries studied as 

having either complete redundancy or partial redundancy of power 

supply to the catenary. 

v 
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TableD 

Degree of Substation Internal Redundancy 

Complete Redundancy 

United Kingdom 

France 

Japan 

W. ,Germany 

Switzerland 

Taiwan 

* 

United States (11 kV -25 Hz} 

Partial Redundancy 

United Kingdom 

Sweden 

South Africa 

United States 

o Muskingum 

• BM & LP 

* 

• New Haven (60 Hz) 

Substation required to supply higher loads and those located at branches 
in the railroad system are completely redundant while other substations 
are only partially redundant. 

Phase Shift at Phase Breaks 

The railroad which are supplied directly from the utility power network 

have either a 120° phase shift or 90° phase shift across each phase break. 

Table E shows where each of these phase shifts is in use: 

Table E 

Degrees of Phase Shift at Phase Breaks 

120° Phase Shift 

United Kingdom 

France 

U.S.S.R. 

South Africa 

United States 

• Erie Lackawanna (60 Hz) 

• New Haven (60 Hz) * 

• Northeast Corridor ( 60 Hz) 

90° Phase Shift 

Japan 

Taiwan 

United States 

• New Haven (60 Hz)* 

':<The phase break at Cos Cob has a 90° phase shift while the other 
two phase breaks have a 120° phase shift. 
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Booster Transformers 

Booster transformers are used by some countries to reduce elec

tromagnetic interference (EMI) to communications equipment caused 

by earth return currents. The countries which use booster trans

formers are listed in Table F. 

Autotransformers 

Table F 

Booster Transformers 

United Kingdom 

U.S.S.R. 

Japan 

Sweden 

South Africa 

Autotransformers are used by some countries to allow substations 

to be spaced further apart while still obtaining the EMI reductions 

of the booster transformer. The countries which use autotrans

formers are listed in Table G. 

Table G 

Autotransformers 

..,_ 

.,.Planned future use. 

France 

Japan 

U.S.S.R. 

United States 

• New Haven (25 Hz) 

e New Haven (60 Hz) 

• Erie Lackawanna (60 Hz) 

vii 



Voltage-Regulated Transformers 

Voltage-regulated transformers are used on systems where substa

tions are connected to adjacent substations through the catenary 

(double-end-feed). The countries which use voltage-regulated 

transformers are listed in Table H. 

Table H 

Voltage-Regulated Transformers 

France 

Swit ze:rland 

Recommendations 

It is recommended that further work be done using this survey as 

the basis to evaluate systems for use in North America. This should 

be accomplished by: first, conducting an analysis of the systems 

used in the United Kingdom, France and Japan to evaluate the use of 

each system in its respective country; and second, conducting an 

evaluation of selected systems with regard to operations on North 

American railroads. 
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1. 0 INTRODUCTION 

1. 1 Scope of Report 

Various schemes for supplying the catenary from the source of 

power have been employed by railroads which have been electrified 

for ac power operation. This report describes the major features 

of these schemes. These features include, the details of the power 

source; the high-voltage substation connections; the substations; 

the catenary connections from substations; the track sectioning 

methods and the features of any other major electrification equipment. 

Ten countries were surveyed because they include examples of all 
6 

the major ac electrification systems in worldwide use. The coun-

tries included in this study are: United States, United Kingdom, 

France, U.S.S.R., Japan, The Federal Republic of Germany 

(W. Germany), Sweden, Switzerland, Taiwan, and South Africa. 

The electrification system descriptions in this report are based 

on information currently available in the literature. Excerpts 

from the literature are. used throughout this report where necessary 

to describe parts of the systems. This report is not intended to be 

an assessment or analysis of railroad electrification systems used 

throughout the world. Rather, it is intended to be an orderly com

pilation of available information in the current literature on these 

systems. 

1. 2 Typical Configurations 

This section illustrates the physical sizes, spatial relationships 

and terminology of the various components used in typical railroad 
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electrification systems. Figs. 1. 1 and 1. 2 provide a view of a 

substation and a section of catenary used on the 25 Hz Penn Central 

line. Figs. 1. 3 and 1. 4 show a section of catenary and a booster 

transformer arrangement used on the Swedish Railways. 
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Fig. 1. 2 Typical Physical Arrangement of a Penn Central 

25 Hz Catenary Section 
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Fig. 1. 3 
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Typical Physical Arrangement of a Swedish Railways 1 

Catenary Section 
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Fig. 1. 4 
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TyPical Physical Arrangement of a Swedish 
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1. 3 Glossary of Definitions 

The following terms and phrases that appear in this report were taken 

from the referenced sources and may require further explanation or 

definition as provided below: 

Banked transformers (UK) -The interconnection of transformers on 

the primary winding at a substation which allows the railroad trans

formers to be located at the same substation as the utility's trans

mission/ distribution transforn;ters. 

Catenary - A term describing the overhead conductor, contacted by 

the pantograph or trolley current collecting device J and its support 

structure. 

Center Feed - Method of supplying the catenary where power is sup

plied at the midpoint of the catenary section at one phase and is sep

arated from the adjacent substations by phase breaks. 

C. E. G. B. - Central Electricity Generating Board which operates 

the utility system in England. 

Ceramic bead insulators (UK) - Non-conducting material that is used 

as the part of a phase break that makes contact with the pantograph. 

Double-End-Feed -Method of supplying one section of catenary 

from both ends with the same phase by the two adjacent substations. 

7 



Feeder (UK) - Cable which connects the railroad substation with the 

catenary. 

Feeder Breaker - Circuit breaker which interrupts the flow of current 

in a feeder in the event of a fault. 

Feeder station (UK) - Railroad substation which supplies power to 

the catenary. 

Feeding section (UK) - The section of catenary which is supplied by 

one feeder station (railroad substation). 

Frequency changer - A rotary electrical device or a static device 

which is used to change the utility frequency power to the dedicated 

railroad frequency. 

Grid substation - A substation of the National Grid or public utility 

in UK. 

National Grid - The name given to the high voltage transmission 

neh;ork in the UK. 

Neutral section (Earthed or Floating) (UK) - The section of catenary 

that is not energized and can act as a phase break. 

Overhead Line - A portion of overhead catenary wire used to supply 

power to all electric locomotives or EMU cars on the track below 

that wire. 
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Pantoe:raph - Mechanism atop electric locomotiv~ used to contact 

the catenary wire and conduct power to locomotive from the wire. 

Phase break - The section of catenary where special equipment 

exists to separate the voltage being supplied at different phases by 

the two adjacent supply substations. 

Ring - Busbar Stations - A utility substation with three or more 

interconnected transformers. 

Scott-connected transformer - A special transformer arrangement 

that converts three-phase power to two-phase power and results in 

a balanced three-phase load when the two-phase loads are equal. 

Single-End-Feed - Method of supplying the catenary where power 

is supplied at one phase in one direction from the substation and is 

separated from the adjacent substation by a phase break. 

Step-down Substations - A substation that contains transformers 

which reduce the utility supply voltage (usually 115 kV or greater) 

to the catenary voltage. 

Sub-Feeder Station (UK) - A railroad supply substation that obtains 

its power directly from the utility distribution system. (Used in the 

London, England area at 6. 25 kV). 
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Transformer Feeder (UK) - Cable which connects the utility system 

to the railroad supply transformer. 

Track Feeder - See Feeder 

Track sectioning cabin (UK) - Enclosures located midway between 

railroad supply substations that contain the switching and protection 

equipment for the sections of catenary on both sides of the neutral 

section. 

Track sectioning - Process and equipment available to isolate a 

section of catenary from another catenary section or from the supply 

substation. 

Wood-bridge-connected transformer (Japan) -A special transformer 

arrangement that performs the same function as a Scott-connected 

transformer and also permits the grounding of the wye-connected 

primary winding. 

10 



1. 4 Legend of Symbols 

The electrical schematic figures included in this report originated 

in various native and ·foreign references (as listed at the end of each 

section). Therefore, there was no uniform code of symbols used to 

represent the various electrical components, such as transformers, 

circuit breakers, etc. 

A summary of the major symbols used in the figures in this report 

is illustrated in Fig. 1. 5. Other symbols peculiar to a particular 

figure, and not appearing elsewhere, are explained in the caption 

attached to that figure. 

ll 



Transformer 

Circuit Breaker 

u 
vrvrrrn ll 

I I I l 

9 f T ~ 
Neutral Section or Phase Break 

Insulated Overlap 

Manually-Operated Power Switch ~----

Automatically-Operated Power Switch ---+-1•~•-+---

Earth Ground 
'__L_ 

Fig. 1. 5 Legend of Symbols Used in the Figures 

of This Report 
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2. 0 UNITED STATES OF AMERICA 

The American electrified railroad dates back to 1888, when 

F. Sprague put the first successful trolley line in operation in 

Richmond, VA. Overhead de lines were used to distribute the 

power. 

In 1915 an ac system was placed in operation on the (then) Penn

sylvania Railroad. Alternating current at 11 kV and 25 Hz was 

selected to avoid ac-to-de converter stations and to take advantage 

of the smaller conductor size and greater substation spacing re

sulting from the higher trolley voltage. A frequency of 25 Hz was 

chosen rather than 60 Hz since it was necessary to use series

wound ac traction motors, and the commutation problem at 60 Hz 
. H 2. 1 was msurmountable, but could be solved at 25 z. 

Recently, the Muskingum Electric Railroad introduced the widely de

ployed 25 kV commercial frequency electrified railroad to the United 

States; this design has gained wide acceptance in other countries. 

Another first is the 50 kV 60 Hz system installed for the Black 

Mesa & Lake Powell Railroad. Further description of these and 

other systems follows. 

Due to the lack of a design standard for railroad electrification, no 

uniformity exists for the various dedicated and utility-fed lines that 

have been built and used in the United States. The dedicated lines 

(11 kV 25 Hz) include the former Penn Central line, the former 

Reading line, and the former New York, New Haven and Hartford 

line. The utility-fed lines ( 60 Hz) include the newly-converted 

(operational in 1981) 12 kV New Haven Line, the 25 kV Muskingum 

13 



Railroad, the 25 kV Texas Utilities Line, the 13/26(52 kV FRA Test 

Track (Pueblo), the 25 kV newly-converted Erie Lackawanna Line, the 

25 kV newly-converted Northeast Corridor, and the 50 kV Black 

Mesa & Lake Powell Railroad. Each of the three dedicated and 

seven utility-fed U.S. railroad lines listed above is addressed in a 

separate subsection. Each of the other nine countries included in 

this report has more or less standardized its electrification system, 

so separate subsections for their various railroad lines are not required. 

, The United States has a total of 2328 route km electrified, as shown 

in Table 2-1. 

2. 1 Penn Central Railroad (Former) 11 kV 25 Hz 

Presently, electrification in the Northeast uses the 11 kV 25 Hz 

dedicated system. The trackage is composed of the former Penn 

Central and Reading Lines, which are now part of the Amtrack/ 

Conrail system. A map provided in Fig. 2. 1 shows a portion of the 

system, including the location oi the electrical facilities (see legend). 

Approximately 1220 route-km exists on the former Penn Central Line 

while the Reading Line has a total of 141 route-km. 

2. 1. 1 Source of Electric Power 

All power for the railroad is purchased at 13, 200 volts, 25 Hz 

single-phase from four electric power companies along the right

of-way. This power is generated at seven utility-owned locations, 

using seventeen generators and frequency changers. It is then 

stepped up to 132,000 volts single-phase at six supply point substa

tions, and transmitted over railroad-owned power lines (Fig. 2. 2) to 

14 



Table 2-1 

Extent of AC Electrification in the United States 

as of 1973 (Ref. 2. 2) 

Countrr, Jtatlwny, and Lines 
ElectriJlcd 

Length I 
:Elcctnllcd System I 

--- Voltnga of Elcctr!•j Conductor 
Ycnr 

Eh•dr!· 
llcti 

t'nltcd S!:1tcs.:._ 
Amtrak 

I 
lkation 

~;;:e 1f7~~ / -- ______________ ,,_ --
. t 1,334 4,356 I 666 ,. D.C. I 3 1l 

! ~ U50 D.C. 3 lt ~ I 11,000 I 1/25 I 0 li . I anu l n.c. 3 1t _ 441 1,1ss , 3,ooo n.e. I o II 
11,000 l/t5 I 0 H 

ConRail 

050 D.C. 31t Long Island 2H 536 700 , D.C. 3 lt 

I . 
Riduuoml. ~·rc<.lricksiJurg & 5 43 Potomac 

1 

OH 
Oli 

OII 

1907 

1907·37 

1025 
IU2:> 
1915 

1905·20 
an<l 1U70 
1906·38 
1020·29 

l\l73 

ft1~~~~\tCcntrnl a'u!f • . 
1tg i?g lJ;ggg I iJ.~5- I 

Ili:Lck .\los:. a111i Lal'c Powell 1 1!!0 134 I 50,000 1/flO 
Total • . O'ZSJ-o:;77p . . ----!---
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Fig. 2. 1 
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• 
• ![ 
i . ;! 

NEW YOR.K 
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\ 0 C 5/J.JY 

Map of a Portion of the Former Pennsylvania 

Railroad Electrified Territory (Ref. 2. 3) 
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stepdown-substations- (Fig. 2. 3), where it is reduced to approximately 

12, 500 volts for connections to the catenary or trolley wires. 2· 3 

2. l. 2 Method of Supplying Catenary 

The ll, 000 volt catenary system is energized from the railroad-

owned substations, which contain the _apparatus to control power 

taken from the 132, 000-volt transmission system.· A typical sub

station is depicted in Fig. 2. 3. Sixty-seven substations and switching 

stations supply power to the overhead contact wire system. Substations 

are spaced as close as 4 km- apart where commuter traffic and heavy 

mainline traffic merge; an average spacing of 16 km is used between 

the cities. 
2

· 
3 

2. 1. 3 Track Sectioning . 

Track sectioning equipment is provided so that a section of catenary 

can be electrically isolated for maintenance purposes. 

2. 2 The New York, New Haven and Hartford Railroad (Former) 

and the Reading Railroad (Former) - 11 kV 25 Hz 

Autotransformers were first introduced on the New York, New Haven & 

Hartford Railroad in 1913, where this so-called three-wire feeding 

arrangement is still in use. This arrangement was also used by the 

Reading Railroad, but never achieved general popularity or use on 

other lines, because the low-frequency ac traction systems favored 

up to the 1950s did noi necessarily require booster transformers and 

return conductors for reduction of electromagnetic interference (EMI) 

caused by earth currents that could degrade performance of commun

ications and signalling circuits. 
2

· 
5 
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Air Break Switch Normally Open 

Air Break Switch Norman Closed 

.. .:c. .. ~-l\•1! 
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Fig. 2. 3 
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·~J·~ <( 0 Trolley ~ ~ 

C'TOIF" '\' 
·circuit 

4T~t' 
Breaker 

Electrical Schematic Diagram of a Typical 
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S1,1bstation Used on the Penn Central Railroad (Ref. 2: 4) 

(Note the 132 kV transmission line taps and 

equipment on 11 kV 25 Hz bus] 

19 



2. 2. 1 Source of Electric Power 

-
The electrification on the New York, New Haven & Hartford Railroad 

(NY, NH & H) uses 3-phase, 11 kV 25 Hz power from special genera

ting stations. Two phases are tapped to energize the trolley and 

feeder wires of the autotransformer system, while all three phases 

are installed along the wayside on masts to provide power for sub-. 

stations, station lighting and control (Fig. 2.4). About 200 route km 

exist on the NY, NH & H. 

2. 2. 2 Method of Supplying Catenary 

On the NY. NH & H system and the Reading system autotransformers 

are used. On the first system, the 11 kV generated voltage is stepped

up to 22 kV by an autotransformer, with the center-tap grounded to 

the rail (Fig. 2. 4). The wire attached to one end of the autotransformer 

acts as the trolley wire, while the wire attached to the other end func

tions as the return feeder. Autotransformers are then spaced along 

the wayside with the trolley and feeder wires connected to the ends 

and the center taps grounded to the rail. The use of the higher poten

tial (22 kV) across the autotransformers was implemented. This ap

proach using autotransformers has been adopted by both France and 

Japan on their new electrified rail lines operating at the power utility 

frequency (50 and 60 Hz). 

2. 2. 3 Track Sectioning Details 

Track sectioning equipment is provided so that a section of catenary 

can be isolated as necessary for maintenance purposes. 
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2. 3 New Haven Line 12 kV 60 Hz 

Equipment for the conversion of the New Haven Line between New 

York and New Haven has been recently installed. However, the 

change from 11 kV 25 Hz electrification to the 12 kV 60 Hz system 

has not yet taken place. and operation at the new conditions is not 

scheduled until 1981. The Connecticut Department of Transportation 

is responsible for the conversion project. 

2. 3. 1 Source of Electric Power 

The railroad is supplied from the local utility at three locations: 

Cos Cob, Peaceable and Devon. Power at 115 kV is delivered by the 

utility, which is responsible for all the 115 kV equipment as well as 

the 25 kV supply breakers it has installed at these three s~bstations. 

Two of the substations contain two s~ngle-phase transformers for each 

catenary supply bus, each fed by an independent transmission line 

(Fig. 2. 5). The third substation (Cos Cob, Fig. 2. 6) contains two 

pairs of transformer connections: one pair connected open-delta

open-wye is used to supply power in one geographical direction, while 

the other pair, connected single-phase, supplies power in the other di

rection. The two different transformer configurations are used at the 

Cos Cob substation to minimize loading on any individual phase of the 

utility system. 

2. 3. 2 Method of Supplying Catenary 

The railroad substations obtain single-phase power from cables 

connected to the utility substation. At the railroad substation these 

cables are connected across the autotransformers by way of the 

feeder supply bus and the trolley (catenary) supply bus (Fig. 2. 7). 
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Fig. 2. 5 Devon St!bstation of the 12 kV 60 Hz New Haven Line (Ref. 2. 6) 
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Insulated feeder cables are connected to the feeder supply bus and 

span the lengths along the wayside between the railroad autotrans

former substations, which are spaced four-to-six miles apart. The 

trolley wires are connected to the trolley supply bus; they follow the 

same route as the feeder cables. Using this supply system, the vol

tage across the autotransformer is double the voltage between the 

trolley wire and the rail. An increase in substation spacing and re

duced electromagnetic interference are two advantages of this system. 

2. 3. 3 Track Sectioning Details 

Phase breaks are located at the Cos Cob substation, Norwalk and at 

a point located between Wilton and Norwalk on the New Canaan branch. 

A 90° phase shift exists across the phase break at Cos Cob due to the 

different transformer configuration while a 120° phase shift exists across 

the other two phase breaks. These divisions separate the different phases 

of the utility supply. 

Section breaks are located at each of the connection points with the 

trolley wire so that sections of trolley wire can be deenergized for 

maintenance. 

2. 4 The Muskingum Electric Railroad - 25 kV 60 Hz 

The Muskingum Electric Railroad is !he first railroad in the western 

hemisphere to utilize a 25 kV 60 Hz catenary supply. [This 25 kV 

commercial frequency design has been widely used in Europe and 

elsewhere.] The railroad is dedicated to the hauling of coal from a 

mine to an electric power plant and encompasses a total of 24 route

km of track. 
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2. 4. 1 Source of Electric Power 

The railroad is served from the Ohio Power Company's South 

Cumberland Station (Fig. 2.. 8), which is supplied from the South 

Caldwell Station 10.2 miles away by a single-circuit 138 kV line. 

The 138 kV line connections at South Caldwell Station, are made 

using two motor-operated air-break switches, installed to provide 

automatic line sectionalizing in the event of permanent faults on the 

main 138 kV line. Principal South Cumberland Station facilities d~

voted to railroad supply are a 138/25 kV, 7500 kVA single-phase 

transformer and a 25 kV vacuum circuit breaker. Two 138/25 kV 

transformers are specially designed for railroad service. Each trans

former has fixed taps on its 138 kV winding to obtain variations in cat

enary voltage up to± 5 percent in steps of 2. 5 percent. The trans

formers are not equipped with any automatic 25 kV voltage regulating 

equipment, since no requirement for 25 kV voltage regulation was 
. . d 2. 8 antlc1pate . 

2. 4. 2 Method of Supplying Catenary 

Since there is only one supply point, no special arrangements are 

required to energize the catenary. 

2. 4. 3 Track Sectioning Details 

No track sectioning is required since only one supply point exists. 

2. 5 Texas Utilities Railroad - 25 kV 60 Hz 

The Texas Utilities Railroad was built for the purpose of hauling 

coal from a mine to an electric power plant. A total of 42 route -km 

are installed for this operation. 
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2. 5. 1 Source of Electric Power 

The railroad is supplied from one substation, which is fed at 138 kV. . . . 

The two lines which tap the three-phase system at the substation 

(Fig. 2. 9) are connected, via a motorized disconnect switch, to a 

pair of single -phase step-down transformers which are used to obtain 

the 25 kV catenary voltage. 

2. 5. 2 Method of Supplying Catenary 

From the 25 kV side of the transformers the power is fed through 

a redundant pair of vacuum breakers to the catenary. 

2. 5. 3 Track Sectioning Details 

Since only one supply point exists, no special track sectioning 

equipment is needed. 

2. 6 FRA Test Track at Pueblo, Colorado- 13/26/ 52 kV 60 Hz 

The FRA has constructed a test track at Pueblo, Colorado so that 

vehicles and other equipment used for railroad electrification can be 

tested and evaluated under controlled conditions. 

2. 6. 1 Source of Electric Power 

Southern Colorado P9wer provides power to the DOT switchyard at 

115kV. The switchyard bus is tapped (Fig. 2.10) and a three-phase 

115 kV line is brought to the traction substation. 

2. 6. 2 Method of Supplying Catenary 

At the traction substation, single-phase power is connected to a 

special power transformer through a 2-pole disconnect switch and a 

vacuum breaker. This special transformer allows the catenary to be 

energized at 13, 26 or 52 kV, depending on the connection of the 
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series/ parallel selector links in the secondary circuit. The catenary 

system is supplied by only one phase, even though it is fed by two 

individual supply lines separated by phase breaks. 

2. 6. 3 Track Sectioning Details 

Since only one phase is supplied to the catenary, phase breaks are 

not needed; however, due to maintenance and test reasons, two 

phase breaks and one sectionalizing switch have been installed in 

the catenary system. 

2. 7 Erie Lackawanna Railroad - 25 kV 60 Hz 

The Erie Lackawanna Railroad will be converted from its 3000 V de 

operation to an electrification system of 25 kV 60 Hz. At this time 

(12/78) the preliminary design for the new system has not been fina

lized. However, the following information is available on the proposed 

system. 

2. 7. 1 Source of Electric Power 

The source of electric power for the Erie Lackawanna will be the 

wayside local utilities. Supply voltages and substation locations will 

be available in the near future. 

2. 7. 2 Method of Supplying Catenary 

The substation will step down the utility voltage to a nominal level 

of 50 kV, which will be used with an autotransformer catenary supply 

system, similar to that being installed on the New Haven Line. A 

typical arrangement of the proposed catenary supply is provided in 
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Fig. 2. 11. The substation will deliver power to the catenaries using 

and end-feed method for supply. Different phases will be used for 

feeding in each geographical direction. Phase breaks will occur at 

the autotransformer stations and at the substations. 

2. 7. 3 Track Sectioning Details 

Air break switches and circuit breakers will be installed in the 

system to protect the electrical equipment and allow sections of 

catenary to be isolated for maintenance purposes. 

2. 8 Northeast Corridor - 25 kV 60 Hz 

The preliminary design report for the Northeast Corridor Project 

has recently been released (12/78).2· A2 
A map of the route is provided 

by the solid dark line in Fig. 2. 12. The Northeast Corridor Project 

will convert the main line between Washington and New Haven from 

its present operation at 11 kV 25 Hz to operation at 25 kV 60 Hz with 

a section in Connecticut at 12 kV. The section between New Haven 

and Boston, which is not electrified at present, will also be electri

fied to operate at 25 kV 60 Hz. The project timetable calls for oper

ation using 25 kV 60 Hz power by 1981. 

2. 8. 1 Source of Electric Power 

The Northeast Corridor will be served by the abutting utilities from 

their 115 kV, 138 kV, 230 kV, and 345 kV networks. Substation loca

tions have been proposed, and will be finalized shortly. 
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2. 8. 2 Method of Supplying Catenary 

The catenary is supplied from substations with one or two trans

formers, depending upon the load (Fig. 2. 13). The catenary is 

center-fed to minimize equipment requirements and to permit the 

use of an uncomplicated protection scheme. Substation are generally 

spaced 10-to-15 miles apart. 

2. 8. 3 Track Sectioning Details 

Phase break equipment is located at the substations and at the 

switching stations, which are located midway between these substa

tions. Under normal operating conditions, the phase break occurs 

at the switching stations. In the event of a substation outage, the 

phase break is shifted to allow the catenary to be energized by the 

adjacent substation. 

Circuit breakers, located at the substations and the switching sta

tions, allow a section of catenary to be disconnected for maintenance 

work or fault isolation. 

2. 9 Black Mesa & Lake Powell Railroads - 50 kV 60 Hz 

The Black Mesa & Lake Powell Railroad (BL&LP) is a dedicated coal

hauling high-voltage line and a part of the Navajo Project. This pro

ject consists of the 127 km railroad, three 800 MW generating units, 

and approximately 1255 km of 500 kV transmission line. The BM&LP 

is the primary means of transporting coal from the Black Mesa mine 

in northern Arizona to the generating station near Page, Arizona (at · 

) 2. 13 
the edge of Lake Powell 12 7 km away. 

37 



2. 9. 1 Source of Electric Power 

The remoteness of the mine and the lack of their available power 

sources led to the decision to operate the railroad electrically from 

a single power source near the generating station. This approach 

resulted in the world's first 50 kV ac single-phase electrified rail

road. The initial power supply consisted of one substation with two 

10 MVA, 230/ SO kV single-phase transformers operating in parallel. 

The inductance of the electric catenary was series -compensatecl with 

a 1 0 ohm capacitor bank located at the substation. The initial one

line configuration is shown in Fig. 2. 14A. 
2

· 
13 

2. 9. 2 Method of Supplying Catenary 

Since only one substation exists,. no special supply arrangements were 

needed initially, except for the 10 ohm capacitor. However, after a 

few years of operation, the railroad was uprated to double its hauling 

capacity without the addition of substations or transmission lines. 

This uprating was accomplished by installing filters at one location 

along the track (to minimize the harmonic requirements of the sub

station) and by installing two series capacitor banks (to compensate 

for the catenary inductance)(Fig. 2. 14B). 
2

· 
13 

2. 9.3 Track Sectioning Details 

No track sectioning is required, since only one supply substation 

exists. 

2. 10 Summary 

In the United States three different electrification systems are in 

operation. The dedicated 11 kV 25 Hz system which is slowly being phased 

out in the northeast currently supplies power to 6 7 substations along 
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530 route km of track from spectal generation and 132 kV transmission 

installations. The substations have at least two transformers to step 

the power down to the 11 kV level, and are spaced about 16 km apart. 

The New York, New Haven and Hartford Railroad and the Reading 

Railroad (former) use the autotransformer catenary supply system 

on their 11 kV 25 Hz system. The utility-supplied 60 Hz power is 

currently used on three dedicated coal haul lines: the Muskingum, 

the Black Mesa & Lake Powell (BM&LP) and the Texas Utilities Lines. 

Each line is fed from only one substation, and the catenary voltage of 

25 kV is used by the Muskingum (24 r.oute km) and Texas Utilities 

(42 route-km), while 50 kV is used on the BM&LP (125 route-km). 

The FRA has built a 13/'26/52 kV test track in Pueblo, Colorado to 

evaluate equipment for future electrification. New lines that have not 

begun operation but will use 60 Hz power are the 12 kV New Haven 

Line, the 25 kV Erie Lackawanna Line, and the 25 kV Northeast Corridor. 
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3. 0 UNITED KINGDOM 

British Railways (BR) decided in 1955 to electrify their high traffic 

density rail lines with 25 kV 50 Hz power taken from the 132 kV 

National Grid. This decision was based on the savings possible 

through use of smaller overhead conductors, lighter supports and 

longer feeding sections, when compared to the de systems in use 

at that time. The United Kingdom has standardized on this electri

fication syf:)tem. 

The map provided in Fig. 3. 1 shows the main electrified lines in 

the United Kingdom as of 1967. Table 3-1 presents data on all of 

the electrified ac lines in the United Kingdom as of 1977. 

3. 1 Source of Electric Power 

The length of feeding sections are determined primarily from consid

eration of the traffic to be handled, the performance required of the 

electric traction equipment and the electrical characteristics of the 

overhead and supply systems. Such considerations result in an opti

mum spacing which it is not often possible to achieve and the desira

bility of locating the feeder stations at strategic points such as junctions 

or route intersections frequently results in a shorter spacing being 

used. Again, the feeder stations are preferably situated in close 

proximity to Grid substations in order to avoid the disadvantages of 

long feeders. Generally the Grid substations are of necessity located 

near to the large towns, which in this country are situated relatively 

h 
3. 1 

close toget er. 
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Fig. 3. 1 
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Table 3-1 

Extent of AC Electrification in the United Kingdom as of 1977. 

System or Etectrlllc:!.tlon: D.C .... Direct current; A.C.=Alternnting current; 1/oO=Altemll.tint:: current, 
l·phnsc, 50 cycles, 3/lG!=Aiterm\ting current. 3·ph(1..,C, lui cycles, etc. 

Conductor: 3 lt=Thlrd mil; 4 lt= Thirtla.nd fourth mil, side conductor rnil with centro mil return; 
0 ll=Ovcrhend, etc. 
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Once the site of the feeder stations are established with respect 

to the 132 kV network, it is then necessary to decide whether 

single- or double-transformer feeder stations are required, sin

gle being preferred as they are cheaper and better able to carry 

emergency loading which is roughly normal plus SOo/o, as against 

normal plus 1 OO% for double. Normal feeding limits for trunk 

routes on BR have been found to be up to 30 km (distance from one 

substation) and emergency feeding limits are up to 60 km. 
3

· 
2 

At duplicate supplies, two single-phase 132/25 kVtransformers 

are banked, each with the existing Grid transformer, for supplying 

the distribution system. The railway transformers and distribu-

tion transformers have common arrangements for switching on the 

132 kV side, but have individually remote-operated 132 kV isolators 

for easy isolation (Fig. 3. 2}. The low voltage sides of the railway 

transformers (25 kV} are provided with isolators and earthing 

switches, and connected to railway substations by double -circuit 25 kV 

overhead lines where practicable, or otherwise by 25 kV cable ter

minating in 2 x 25 kV single-phase circuit-breakers on the railway 

switchboard (Fig. 3. 3}. Where an overhead line connection is used, 

a 25 kV circuit-breaker is also provided at the transformers. The 

two transformers at a supply point are supplied from the same 

pair of phases, but at adjacent supply points the phasing would be 

different. At some of the Grid substations from which it is proposed 

to power the railway, the distribution transformers are already banked 

in pairs. At these stat ions it is also proposed to add the railway trans

formers by banking. With this approach it has not been necessary to 
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provide 132 kV switches to specially control the railway transformers 

resulting in a considerable saving of capital expenditure. Examples 

of single and ~!lplicate supplies are shown in Fig. 3'. 4. 

A range of transformer sizes is used (viz. 15, 10, 7. 5 and 5 MVA) 

to handle a wide range of railroad loads. The short circuit duty 

of the 132 kV circuit at the point of the supply ranges from 1500 MVA 

to 3000 MVA at large-capacity stations. 

With the 25 kV single-phase railway system it is essential that 

the security arrangements to each point of supply should be of a 

high order, especially where no permanent parallel operation is 

permissible between supply points through the catenary system. 

For parallel operation through the catenary system to be accept

able, there should be no through-flows which would cause unbalanced 

conditions on the transmission system. 

The use of Scott-connected transformers was considered, but it 

seemed that there would be no advantage in using them as they pro

duce balanced conditions on the 3-phase system only if both windings 

on the 2-phase side are equally loaded, which would rarely occur in 

practice. Single-phase transformers are preferred on account of 

simplicity and cost, and on the busy railway system the loads taken 

along its length are expected to produce bar"anced conditions on the 

Grid as a whole if the single-phase transformers at the various 

supply points are supplied from different phases. 
3

· 
3 
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SUPPLIES FROM 132 )(V 
DOUBLE -BUSBAR STATIONS 

hl32kV 3 PH 

$ , 
SARI<.IN<i IS MVA (a.) 
WI\.I.£S.OEN 10 MVA. (b) 
NEC:.HEI..I..!lo 7•SMVA (0.) 
~T~"TNI..E.VEN 5 MVA 

SUPPLIES FROM 132 KV 
SINGLE-BUSBAR STATIONS 

t t ~ f32T·"" 
I T / f I , $$ ~~, 

To AREA SOAR.D 

IS MVA 

SUPPLIES FROM 132 KV 
THREE-SWITCH STATIONS 

J*-h 
$ $ ;: 

C.OLCI-4\0STER 15 MVA (0.) 
S.TOC)(PORT 7·5 MVA 
C:.AR"'"TYNE. 5 MVA 
MOTHER.WEI..I.. '5 MVA 

SUPPLIES FROM 13.2 KV 
FHNG-SUSBAR STATIONS 

10 MVA (a,.) 

SUPPLIES FROM 132 leV_ 
SINGLE- SWITCH STA-TIONS 
--/i )( f /-

/ / 

rl/-/h .• $ $ , 
14SMEL J.<EMP~Tl>AO 15 r-oNA (b) 
TP.,MINORTH 15 MVA (.b) 

SUPPLY BY 13.2/25 I<.V 
TRANSFORMER FEEDER 

.. 

WOl.VE~TON 15 MVA (b) 

SUPPLIES FROM TRANSFORMER FEEDERS 

START OF FEEDER INTERMEDIATE FEEDER END OF FEEDER 

_.._"'*.....;._25 leV 
S.PH 

X 

7•5 M!(A (o..) WU .. LENHA\.1.. 
SHENF"IELO 15 MVA. (o..) 
WOOD ST. ("-Ettc.V) 5 MVA 
SPEKE 7•S MVA 

BA~II .. OON 15 MVA (o..) 

ST -'NOREWS CROSS 10 ~A 

jl POW~R OPERATED. ISOLATOR(a.)UNOER CONSTRUCTION'/ CIRCUIT BI=IEAKER IF REQUIRED 
(b) PROVISIONAL /' 
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Earthing at the Central Electricity Generating Board (C. E. G. B.) 

end of the incoming feeder is provided through a spark gap, nor

mally the 25 kV supply is only earthed at the railway end. 

For the inner-city area of the electrification, due to severely 

restricting tunnel and bridge clearances, the lines are fed at one

fourth the nominal voltage or 6. 25 kV. These 6. 25 kV supplies 

are obtained from the normal 25 kV supplies by means of step-down 

transformers provided by the utility and installed at sub-feeder 

stations. 
3 

· 
1 

For the smaller supplies to be provided in London, transformers 

have been supplied from the distribution systems. In these cases 

the transformers will be controlled by separate switches or connec

ted off other transformers. Transformers used will be ·either 

single-phase, 3-phase or Scott-connected, depending upon load 

d •t• 3. 3 con 1 1ons. 

3. 2 Method of Supplying Catenary 

Feeder station incoming power is brought in from the C. E. G. B. 

through oil-filled concentric cables at 25 kV. Feeder station out

going power is sent from the track feeder circuit breake-rs to the 

overhead equipment through single-core solid insulation cables with 

sealing ends mounted on the overhead line structures. 
3

· 
4 

Presently, 

where feasible, the power is brought from a C. E. G. B. substation 

to a feeder station by overhead conductors and is then passed 

through bare aluminum rod connections to the manually-operated 

isolators mounted on the overhead equipment structures. 
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Instead of the oil circuit breakers used on earlier ac schemes, 

pairs of vacuum interrupters, in series, are sometimes used. 

Operation is by motor-wound spring, and the complete circuit 

breaker assembly can be easily disconnected and removed for 

maintenance. 

BR feeds each main line track separately, as shown in Figs. 3. 3 

and 3. 4. When a section of catenary is disconnected from the 

supply for maintenance purposes, the current is broken by vacuum 

interrupters and simple track isolators are then operated (Fig. 

3.5).3.5 

The boundary between the areas fed from adjacent feeder stations 

is generally midway between the stations, and at these points 

neutral sections are provided to separate the two supplies, which 

are often on different phases (Fig. 3. 5). Neutral sections are also 

provided at feeder stations, both to divide each area normally fed 

into two portions (one for each incoming supply) and to provide 

the facilities of a 1mid-point 1 to be used under the emergency con

dition of a feeder station being lost. The neutral section is bridged 

out when only one of the duplicate supplies is in use. 
3

· 
4 

In the neutral sections, British designs use two inrunning ceramic 

bead insulators, normally separated by a short section of earthed 

equipment - see Fig. 3. 6. If each pantograph is electrically iride

pendent, as is normally the case, the compact ceramic bead design 

is feasible. If, on the other hand, there are two or more electrically 
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connected pantographs on a train, the neutral part of the overhead 

equipment must 'float' instead of being at earth potential and the 

insulation must be spaced so that in no circumstances can one 

phase be connected to another. 
3

· 
5 

3. 3 Track Sectioning Details 

For ac systems using the national generating frequency, a neutral 

section is provided at the feeding P.Oint and at points midway between 

feeding points. Figs. 3. 4 and 3. 5 show a network typical of British 

25 kV lines. An additional track-sectioning cabin is located between 

each feeder station and midpoint track-sectioning cabin to permit 

sections as smali as 9 km in length to be isolated for maintenance 
3.5 

purposes. 

Each track sectioning cabin contains a group of single-pole circuit 

breakers with a bus coupler switch to provide facilities for through

feeding in the event of the loss of supply at the feeder station on 

either side. This arrangement also allows full advantage to be taken 

of the overhead conductors over parallel tracks to reduce voltage 

drops in overhead lines. Midway between each track sectioning 

cabin and the railway feeder station is located a mid-point track 

sectioning cabin for added overhead line sectioning. In this way, 

the zone of disturbance caused by a fault is kept small. Also, in 

the event it is necessary to isolate a section of the overhead line for 

maintenance, the length of the line that is isolated is kept within an 

bl l
. . 3. 1 accepta e 1m1t. 
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Return currents with ac traction are not inherently confined to the 

running rails, and precautions must be taken to prevent electro

magnetic interference with General Post Office (G. P. 0.) telecom

munications circuits and other equipment located on the roadway. 

At first, on the Manchester-Crewe line, 1:1 booster transformers, 

having their primary windings in series with the overhead catenary 

and their secondaries across insulated joints in the rails, were used 

to encourage return current to remain in the rails. On later sec

tions of this line, return conductors were provided, one for each 

track, and the booster transformers drew the current out of the 

rails and earth into these conductors. Fig. 3. 7 shows the connec

tions for these arrangements. Booster transformers, at intervals 

of 0. 6 km with rail return or 1. 25 km when return conductors are 

installed, are mounted about 3 m above ground level on special 

structures. 

In parts of the last areas to be completed, in London and Birming

ham, the G. P. 0. has agreed to dispense altogether with these 

special measures, the inherent immunity of their modern equipment 

b . d 3. 4 emg a equate. 

3. 4 Summary 

In the United Kingdom 25 kV 50 Hz electrification has been selected 

as the standard. Power is applied to the 1750 route-km (1977) from 

the utility1s 132 kV network. The catenary is center-fed from single 

phase transformers at substations spaced about 30 km apart. Neu

tral sections are located midway between substations, while addi

tional sectioning points exist between these points. Where 
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insufficient clearance does not permit 25 kV operation, as in city 

areas, 6. 25 kV is used (200 route-km) as well as center and end

fed sections of catenary and single-phase, 3-phase and Scott

connected transformers, depending upon the wad. 
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4. 0 FRANCE 

The French national railway system or the Society Nationale des 

Chemins de Fer (SNCF) comprises 25, 145-route-km, _of which 

9360 route -km are electrified, as shown i.n Table 4-1. Approxi

mately half of this system (4530 km) uses single -phase ac power 

at 25 kV 50 Hz, while the remainder uses 1500 Vdc. The ac railroad 

network, which is the one of concern here, encompasses northern, 

northwestern and eastern France. The state-owned utility company, 

the Electricite de France (EDF), operates the 3 -phase, 50 Hz nation

al power grid and supplies all ac and de electrified li.:ries. A map 

showing the railroad network is given in Fig. 4. 1. Table 4-1 pre

sents data on the extent of French railroad electrification as of 1977. 

As is always the case with 25 kV single-phase ac power, when the 

power demands encountered on most of the main lines have to be 

met, the length of the power supply sectors is restricted by the 

voltage drops observed at the pantograph on the cars. The 25 kV 

levels on the ·catenaries limit ·the distance between two adjacent 

substations to a range of 41. 8 to 66. 5 km. 
4

· 
2 

Additional information concerning the electrification existing in 

France is provided in Fig. 4. 2 which shows where high voltage 

supplies from EDF is provided along the route of the new high-speed 

line (Paris to Lyon). 

4. 1 Source of Electric Power 

The 25 kV substations of the SNCF are fed from the 63 kV, 90 kV 

and 220 kV 3-phase networks of the EDF. The SNCF has no 25 kV 

50 Hz installations of its own for power generation and distribution. 
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Table 4-l 

Extent of Electrification in France as of 1977. (Ref. 4. 4) 
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Due to the unsymmetric load which the single -phase substations 

exert on the 3 -phase network, certain. operational difficulties were 

experienced at the beginning of electrification. To overcome them 

it was deemed necessary to use Scott transformers. Today, how

ever, the 3-phase network of the EDF is so powerful that it is pas

sible to connect up to four adjacent substations to the same phase 

of the 3-phase system without unbalancing the system by an un

acceptable amount. 

The feeder running from an EDF supply to an SNCF substation is 

a single-phase dual line. Equipment is fully duplicated to improve 

reliability and ensure continuity of power supply to the SNCF (a 

fail-safe philosophy). One of the twin lines is used for normal 

operation and the other is a standby reserve (Figs. 4. 3 and 4. 4) 

and is used only when maintenance work is underway on the primary 

feeder. or else in case of equipment failure. The circuitry is some

what simplified when the SNCF substation is adjacent to a supply point 

of the National Electric Grid of the EDF. Feeders leading to the less 

important SNCF substations are not always duplicated, since the 

SNCF has found from experience that the feeder lines are very de

pendable and practically never fail. The feeder lines between the 

EDF grid and the SNCF substations are usually quite short; frequently 

the interconnecting EDF and SNCF points are adjacent. Only in rare 
. 4. 1 instances are feeder lmes as long as 10 km ever necessary. 

In order to handle any emergency, the EDF has asked the SNCF 

to be able to switch-over very rapidly between phases of the National 

Power Grid to which SNCF is connected. Groups of several substa

tions, particularly those where the 220 kV line can be cut-off by 

65 



l l 
EOF intertie Emergency 

t . 

Fig. 4. 3 Feeding of the SNCF 25 kV Single-Phase Substations 
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disconnecting switches, will be equipped with special disconnecting 

switches, protected by 3-phase 220 kV circuit breakers, enabling 

the SNCF to switch-over to other phases of the 3-phase supply by , 

1 
4. 3 

remote centro . 

The circuit of a regular substation is depicted in Fig. 4. 4, Part A. 

Primary and reserve circuits are each carried over a cut-off 

switch to a pair of bus-bars. One of these is connected through a 

current transformer to a third bus-bar. The bus-bars are connected 

to the power transformers via cutoff switches and power circuit 

breakers. The current and potential transformers referred to are 

used for protection and measurement. 

Since the SNCF draws its power from the EDF and must pay the 

EDF for reactive power within certain limits, the SNCF endeavors 

to avoid the flow of power over the overhead catenary from substa

tion to substation. Moreover, such a power flow would increase 

losses and would unnecessarily load the overhead catenary line. 

For these reasons, the SNCF continuously adjusts the voltage of the 

catenary wire at many of its substations. The relevant circuit dia

gram is shown in Fig. 4. 4, Part B. For the purpose of regulation, 

an adjustable voltage is added to the contact wire voltage. This 

adjustable voltage is derived from a device connected to the rail side 

of the contact wire. This regulating device consists of a tapped 

transformer, an on-load tap changer and a control circuit. The use 

of voltage regulation is regarded as economical, especially in view 

of the low traction line losses and the reduction of inductive load 

transfer between substations via the catenary achieved with this 

h 
. 4. 1 

tee n1que. 
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The SNCF decided to install load regulators on the transformers 

of substations supplied at 220 kV after two years of satisfactory 

experience was obtained with this feature at similar substations 

in the Paris region. The regulator has a long response time and 

is not influenced by a single train, which draws only a small frac

tion of the nominal power of the transformer. However, it is 

actuated at the time of a phase break crossing by a cumulative over

load. It also compensates for variations of the high voltage supplied 

by EDF. Thus, by raising the line voltage when a high current is 

drawn, the regulator enables the substations to be set farther apart, 

or it allows the system to meet a high power demand. 
4

· 
3 

Bearing in mind the variable density of rail traffic, the transformers 

are specially designed for periodic overloads and frequent short cir

cuits. They have been standardized in two sizes of rated power: 

11 MVA and 16.4 MVA. Recently, in the Paris area 30 MVA and 

60 MVA transformers, fed at 220 kV by the EDF, ba. ve been in

stalled on the new high-speed line. 
4

· 
1 

4. 2 Method of Supplying Catenary 

The basic circuit of a double -track section between two substations 

is presented in Fig. 4. 5. The overhead line is fed from the substa

tion through a total of one or two on-load circuit breakers and one 

cut-off switch per feeder. Under this arrangement it is possible 

in the event of the failure of one circuit breaker to supply all four 

feeders through the other circuit breaker. At the substation the 

overhead traction lines of the two tracks can be separated by means 

of a sectioning cut-off switch, which is specifically provided for use 
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Fig. 4. 5 Switching Diagram of the 25 kV Overhead Traction 

Network Between Two Substations. (Ref. 4. 1) 
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during breakdowns and maintenance work on the line. In the basic 

circuit (Fig. 4. 5) the power circuit breakers 1 and 2, the cut-off 

switches 3 and 5 as well as the load cut-off switches 6-9 of both 

substations A and B are closed, but the sectioning cut -off switch 4 

is open. Likewise all isolating switches and load cut-off switches 

located at sectioning points, sectioning and in parallel connecting 

points as well as paralleling points are closed. 

The reason that the SNCF uses single -phase substations operating 

at the same phase is to minimize the number of phase breaks while 

operating over parallel tracks. The Scott configuration is not used 

because it requires that a phase break be installed at each substa

tion. The SNCF approach reduces the per unit voltage drops in the 

catenaries, thereby increasing the spacing of the substations. 

For ecological as well as technical and economical reasons, the 

SNCF have tried, whenever possible, to place the substations as 

close as possible to the points of the highest power capability in the 

ED.F power grid. Some of the intervals between substations, par

ticularly between some of the substations on the new high-speed line 

are very long (Fig. 4. 6). In fact, some are close to 90 km. Such 

distances do not enable trains to be properly supplied if their peak 

power reaches 14,000 kW. The SNCF has therefore decided to use 

a device on the new high-speed line conceived by an American in 

1913, and used by the Japanese on the New Sanyo Line, which is the 

following (Fig. 4. 6): a feeder, hung on the same supports as the 

catenary line, is kept at a voltage of an opposite phase with that of 

the catenary line (hence its designation as feeder '' -25kV"). Every 
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15 km an autotransformer is provided, whose center tap is connected 

to the rail; one terminal to the feeder, and the other to the catenary 

trolley wire. This configuration is equivalent to a single-phase 

50 kV power line. Thus the service range of the substation is 

greatly lengthened; in effect it is practically doubled. 
4

· 
3 

Since the SNCF is contractually obligated to pay the EDF for induc

tive power within certain limits, some substations are fitted with 

supplementary equipment to compensate for inductive power. This 

is principally the case for substations which carry a light load so 

that the ratio of active to idle power is especially unfavorable, due 

to a steady level of idle power drawn by the transformers. Compen

sation of the order of several hundreds of kVA is achieved by using 

capacitors, so that on the average the power factor should not decline 

to the point where much idle power must be purchased. 
4

' 
1 

The 22 0 kV transformers for the Paris region of the high-speed line 

are equipped with Jansen regulators to control the catenary voltage. 

The autotransformers used on the new line require a very low 

reactance. 

The truly new features of the new high-speed line are the 25 kV 

circuit breakers and switches. The presently-used circuit breakers 

are derived from those operating at 63 kV. While their nominal 

current rating and breaking capacity are sufficient. their durability 

in service is low. On a high voltage grid, the number of switching 

actions under load typically does not exceed a few per year; on a 

25 kV catenary line, this number is 10-to-20 times higher. The 
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contact points are therefore used up extremely fast, and must be 

replaced often. The new sulfur hexafluoride circuit breaker is far 

d bl d . 1 . th h . 4 • 3 more ura e an requ1res ess maintenance ant e present un1t. 

4. 3 Track Sectioning Details 

Since the utility generates and transmits 3-phase power and the 

catenary uses single-phase power, the individual SNCF substations 

are necessarily connected to different phases of the network. Thus, 

phase breaks in the catenary are necessary. This complicates the 

t . f 1 . . 4. 1 opera 1on o e ectr1c trams. 

The number of phase breaks on the new high speed line is kept as 

small as possible, since crossing them interrupts the tractive effort 

for more than 30 seconds, and thus impedes the movement of the 

trains.'
4

· 
3 

In the overhead lines, switches are installed at 10 km 

to 15 km intervals. These are either "sous-sectionnements," i.e., 

sectioning and in parallel connecting points; or '' sectionnements et 

mise en parallele," corresponding to the conventional paralleling 

points (Fig. 4. 5). The sectioning points are equipped with only one 

sectioning device per track, which is bridged by an on-load circuit 

breaker. The sectioning and in parallel connecting points also make 

it possible to connect two tracks in parallel. Finally, only one par

alleling point is installed between two substations. It is equipped, 

in addition to the two section cut-off switches associated with re-· 

spective neutral sections of the trolley wire, with a further on-load 

switch for connecting the two tracks in parallel. This makes it 

possible to operate, on occasions, two sections of the same line in 

parallel. 
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In normal operation, coupling points between substations of the same 

phase are closed. However, under special circumstances, i.e., in 

suburban traffic during the period of heaviest load, or in the event 

of a "travelling" load due to heavy, fast trains in the star-shaped 

network, the coupling points are thrown open. This is done to avoid 

situations in which, due to a voltage difference between two neigh

boring stations, costs accrue to the SNCF because of the transfer 

of active and idle power over the overhead contact line, especially 

in the case of substations without voltage regulation. 
4

· 
1 

4. 4 Summary 

In France 25 kV 50 Hz power is supplied to 4500 route km (1977) 

of electrified railroad from the utility network at 63 kV, 90 kV, and 

220 kV. Most substations contain a spare transformer and are spaced 

between 41 and 67 km apart. The substations are connected through 

the catenary where additional power is needed, and voltage-regulated 

transformers at substations are used to minimi?e unnecessary cur

rent for this condition. Reactive compensation is provided at some 

substations to increase the substation power factor. Catenary sec

tioning points are spaced every 10-15 km, and three different schemes 

for sectioning the catenary are used. The new high-speed line uses 

auto-transformers spaced every 15 km to allow greater substation 

spacing and to reduce interference with communications circuits. 
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5. 0 UNION OF SOVIET SOCIALIST REPUBLICS 

Electrification moved ahead rapidly following approval by the 

Council of-Ministers of the Electrification Master Plan in 1956; 

during the next five years, lines totalling 8, 500 route km were 

equipped. At present (1977) some 38, 900 route km or about a 

quarter of the SZD network is electrified to haul 50 percent of the 

freight traffic in the country. A map of the electrification in the 

USSR is shown in Fig. 5. 1. The basic advantages of electric trac

tion foreseen sixty years ago in the USSR hold good to the present 

day, namely economy of fuel and increased line capacity, accom-

. db . d "1" t" f t" 5· 1 pan1e y Increase utl 1za 10n. o mo 1ve power. 

All new electrification will be at 25 kV 50 Hz, except for extension 

of existing 3 kV de systems, to avoid changing catenaries. Other 

voltages (e. g. , 10 kV 50 Hz) are used for special applications such 

as mine hauls. The extent of the electrification at 25 kV and 3 kV 

is shown in Table 5-l. Voltage limits on the 25 kV 50 Hz main lines 

are between 21. 0 kV and 29. 0 kV while limits on secondary lines 

are 19. 0 kV to 29. 0 kV. 
5

· 
2 

AC electrification is favored because 

the interval between substations can be increased from 24 km for 

de lines to 44 km for ac, and the equipment is naturally less com

plex without the need for rectifiers. Furthermore, power losses 

in the transmission lines and overhead wires with ac electrification 

are generally reduced by a third to 3 or 4 percent of the total power 

used. 
5

· 3 Not all lines are powered by a single type of current. On 

some lines, some sections operate on ac and other sections on de, 

necessitating either changing of electric locomotives or use of special 

1. d 5. 2 wayside equipment to change the type of power supp 1e . 
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Table 5-1 

Extent of Electrification in the USSR as of 1977. (Rei. 5. 5) 

Length l 

ElectriUcd ilcatlou . · Route Track 
. • Km. Km. 

Y= 
Electrl· 

ilcd 

· Elcctrillcd d System Countey, nallwny, and Lines -~,- Yoltage ofEicctrl· Conductor 

"""""''"'"'"''"""' ........ -1 I ~--. -+1· -=--8-.1~-I--11----24,0115 · • • 3,000 D.C. 1031 
H,U2:l.. _.. ~~ 1/50 1055 

Total 38,923 • • . • 
1 

so. 



5. 1 Source of Electric Power 

Power for the railroads is supplied through the same transmission 

lines that supply other consumers. Thus, the railroads are only a 

part of the general electrification of a region. In some case, rail

road power substations are fed by regional substations. More than 

50 percent of the· power produced by the regional substations is 

applied to noncatenary uses. 

Fig. 5. 2 shows a large railroad substation. This substation which 

not only feeds the railroad, but also feeds single-phase power to 

the surrounding region, is a completely dual-feed system. It in

cludes two dual 110 kV feeders, two 38.5 MVA, 110 kV/27. 5 kV, 

3-phase transformers connected wye-to-delta and small 27.5 kV 

to 10 kV auxiliary power transformers. For substations requiring 

other capacities, transformers of the appropriate ratings are 

1. d 5. 2 supp 1e • 

One corner of the delta at each substation is grounded to the rail; 

the other two corners are connected to the adjacent catenary sec

tions. Hence, the substations are loaded on two phases when the 

catenaries are equally loaded. Static capacitors are used at the 

substations to improve the power factor, and their effect is to 

increase it from 0. 82 - 0. 85 up to 0. 92 - 0. 95. As shown in 

Fig. 5. 2, reactors are installed in series with the capacitors to 

suppress the high harmonics generated by mercury arc rectifiers 

on the locomotives. S. 
3 
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5. 2 Method of Supply Catenary 

Catenary in this area is fed from a 3 -phase delta secondary trans

former with two phases going out from each substation. Fig. 5. 3 

shows the schematic diagram of the feeding system. 

So that substations can be located as far apart as possible without 

excessive voltage drop on the overhead lines, phase breaks are 

placed at the substations and each section of line between substa

tions is fed from both ends at the same phase, as shown in Fig. 5. 3. 

The allocation of the phases to supply the catenary and the local 

single-phase load over a considerable length of track is shown in 

Fig. 5. 4. 

'* Booster transformers are used only where needed, in areas with 

high telecommunications interference. Their purpose is to limit 

return current flowing through an earth path by forcing most of the 

current through the running rails. They are spaced 4 to 5 km apart. 

Fig. 5. 5 shows a diagram of a booster transformer circuit. The 

transformer has a one-to-one ratio, with 88 turns on both primary 

and secondary. 

Plans are being made for the introduction of a 2 x 25 kV ac system 

(Japanese system) in which the 25 kV contact wire is fed from an 

autotransformer with a regulator-controlled center tap. The center 

tap is connected to the rail; the other end of the autotransformer is 

connected to a 25 kV feeder. (See Fig. 6.5 under Japan). In this 

system, the electric locomotive is of the 25 kV class. The system 

11 f . f 1 d h 1' 5 · 2 
a ows or compensation o vo tage rops on t e me. 
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5. 3 Track Sectioning Details 

Where ac and de rail lines meet, the transfer of motive power gener

ally has been carried out by switching the wayside power source feeding 

the overhead line directly from ac to de, or vice versa. A special 

changeover switch has been devised for this purpose. At these junc

tion stations the route relay interlocking is extended to include the 

switching of the overhead traction supply, so that a locomotive can-

not be driven across an overlap between different voltages without 

disobeying signals. 
5

· 
3 

No changes to the locomotive are needed 

with this system which allows a quicker throughput of trains. 

5. 4 Summary 

In the US~R 14, 900 route-km (1977) of electrified track is supplied 

by 25 kV 50 Hz power taken from the utility 110 kV network. Three

phase transformers are used at substations. Two of these phases 

are used to end-feed the catenary, with the unused phase supplying 

local loads. Substations are spaced 45-50 km apart and contain 

capacitors for reactive compensation and filters to reduce harmonics. 

Booster transformers are used where needed to reduce interference. 

Special system changeover wayside switches are located at some 

locations where ac and de systems meet so that locomotives can 

crossover and operate in both zones. Plans are being made to use 

the autotransformer system as is used in France and Japan. 
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6. 0 jAPAN 

DC electrification had predominated up to 1955 in Japan. It has 

been superseded by an electrification, which is now more preferred 

in recent electrification projects of the Japanese National Railways 

(JNR). As shown in Table 6-1, as of 1977 Japan has 13, 700 route 

km of electrified railroads. 

Under ac electrification in Japan, the New Tokaido Line (NTL) is 

supplied at 25 kV, single-phase and the conventional JNR lines at 

20 kV, single-phase, the frequency being 50 or 60 Hz. Power 

frequencies of 50 and 60 Hz are both used for railroad electrifica

tion, since power is supplied at 50 Hz in the eastern section of Japan 

near Tokyo while 60 Hz is used in the western areas. 
6

· 
1 

A map 

of the new electrification is ~hown in Fig. 6.1. 

For a 25 kV railroad supply voltage it was found that the maximum 

feeding distance is about 1 0 km. Based on this, the distance be

tween substations was fixed at about 20 km. 
6

• 
2 

However a new 

approach for supplying power to the catenary was implemented in 

Japan. This system places 50 kV across autotransformers along 

the railroad with a center tap attached to the running rails. This 

arrangement allows the substation spacing to be increased to about 

50 km. 

6. 1 Source of Electric Power 

Fig. 6. 2 is a one-line diagram of an ac traction substation, which 

consists of the power-receiving (supply) circuit, the transformer 

circuit, the feeder circuit, and the high-tension power-distributing 

89 



Table 6-1 

Extent of Electrification in Japan as of 1977. (Ref. 6. 6) 

I 
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, • Km. 1 
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. Yo.rions uudcrtll.kings At 
\'l\rlous 
<latcs 

I 
0 ' ]0 I GOO I D.C. I l1 Jt 

Totnl, pri\·ntcly·owncd rail• ~~ 0,75:! ·,--.-.--j--.-.--j----------
wny• -;:;-:;:;:;-1------1 ·---------•rot:>!, nlllinc! ! 13,773 1!l:l,i15 . • · 1 / 

----------·---:-------·----~---------

90 



Route map. 

Fig. 6 1 "" . Route Map of J apan's NewEl ---~ec~t~r~i~fl~-c~a~t~io~n~~~-~~E>. Ra1lways. . - (Ref. 6. 2) 
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(auxiliary) circuit. The power-receiving circuit and the high-

tension power-distributing circuit are not too different from those 

of a de substation. Since the ac substation capacity is generally 

larger than the de substation capacity, the former being 20-2.00 MVA, 

the receiving circuit is directly connected to a large power system 

ranging from one rated at 60(70 kV to an extra-high tension one 

rated at 270 kV. 
6

· 
1 

The electrification facilities of the Shinkansen 

between Shin-Osaka and Hakata were designed presuming that 16-car 

EMU trains would be operated with five-minute headway at 250 km/ h 

in the future. Hence, the substations are supplied from high-capacity 

sources rated 2 75 kV or 220 kV. 
6

• 
3 

Of the total 515-km length of the NTL, about 140 km are located in 

the 50-Hz area (Tokyo side). Therefore, in order to maintain a 

60 Hz frequency for the entire line, it was necessary to establish fre

quency-converter stations; two such stations have been built, at 

Tsunashima and Nishisagami. The output of the frequency-converter, 

3-phase on both primary and secondary, is 60 MVA. From these 

frequency-converter stations power is supplied to six traction sub

stations at 60 Hz through transmission lines. For the underground 

cables, a newly developed 70-kV grade aluminum-sheathed oil-filled 

cable has been used. In other areas, 60-Hz power is received di

rectly from the various power companies through their non-JNR 
. . 1" 6. 2 transm1ss1on 1nes. 

The transformer circuit of Fig. 6. 2 serves to convert the three

phase power to two.-phase power for railway traction. As shown 

in Fig. 6. 3, a Scott connection or a modified Woodbridge connection 

transformer (App. A) is employed to produce two single-phase 
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Transformers Used in Japan. (Ref. 6. 1) 
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vo~tages with a 90° phase difference, in order to reduce the effects 

of unbalanced loading on the three~phase power supply network. 

Use of such a modified Woodbridge connection is necessitated for 

a direct-grounded power supply like a 275 kV system, which re

quires a neutral point in the primary winding of a transformer. 
6

· 
1 

The feeding transformer has a continuous 100 percent rating corres

pending to one-hour maximum demand, and is capable of withstanding 

instantaneous maximum power of 200 percent under normal condi

tions, and instantaneous maximum power of 300 percent in case of 

emergency. Further, the percent impedance of the transformer has 

been suppressed to 4 percent to reduce voltage drop. The continuous 

rating of the transformers on the New Tokaido Line is 30 MVA. 
6

· 
2 

6. 2 Method of Supplying Catenary 

As was mentioned previously, the Scott connection or equivalent 

has been adopted for the feeding transformers. This was done to 

minimize unbalance in the 3 -phase supply system and to avoid the 

trouble of trains having to notch off at the phase breaks between 

different phases. This problem was r~medied on the NTL by using 

one phase for feeding power to the full length of the northbound 

tracks, and the second ( 90°) phase for feeding power to the full 

length of the southbound tracks. That is, there is no phase change 
6. 2 

at the phase breaks. 

Under ac electrification, to prevent inductive interference with 

communication lines and other facilities caused by the practice of 

shunting of the return current with the earth, the booster transformer 

(BT) system has been in use. The booster transformer is inserted 
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between trolley wire rails and return feeder, as shown in Fig. 6. 4, 

to force the current into the return feeder. Now a new autotrans

former (AT) system, which increases the spacing between substa

tions and renders the feeding more economical, has been developed. 

This system is adopted for the New Sanyo Line (between Shin

Osaka and Okayama). Fig. 6. 5 is a schematic diagram of the AT 
6. 1 

system. 

The BT system with a return feeder as shown in Fig. 6. 4 has been 

employed with the transformers installed at 1. 4 km spacing near 

urban areas and at 3 km spacing in other areas. On the NTL, a 

very large current flows on the overhead contact wire, as compared 

with that of the conventional narrow-gauge system. There is a 

possibility of an arc being generated as the pantograph shoe passes 

over the dead section where the booster transformer is installed, 

and thus damaging the overhead contact wire or the pantographs. 

To avoid such occurrences, another section 25 m long has been 

additionally inserted, and a 1 QQ resistor has been installed to suppress 

the generation of arc (Fig. 6. 4). The resistor limits the current 

which is to be cut when the pantograph passes the section to about 

one-quarter of its former value. 

Many of the section posts (gap breaker stations} and booster trans

formers on the NTL are distributed below the elevated track struc

tures, of which the NTL has a great number. At such places, 30-kV 

grade butyl rubber cable is used for wiring. Silicon resin-formed 

insulators strengthened by high tracking-proof and wear-proof glass 

h d . f h 6. 2 fiber have been employed bot for the same and for 1f erent p ases. 
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The AT feeding system is a system in which power is supplied to 

the electric vehicles from a feeding circuit using autotransformers. 

To allow through operation between the Tokyo-Shin-Osaka section 

(25 kV BT feeding system) and the Shin-Osaka-Hakata section, the 

feeding voltage was determined to be 50 kV and the contact line 

voltage to be 25 kV. The rated self-capacity of the autotransfor-

mers is standardized at 10 MVA. 
6

• 
3 

JNR commenced detailed 

studies of AT feeding in 1966, and carried out tests on the Mito 

Line before finally adopting it between Yatsushiro and Kagoshima. 

Briefly, the tests confirmed that voltages induced in communications 

circuits were less than with booster transformers, and voltage drop 

was reduced as expected because the current in the contact and feeder 

wires is approximately half that drawn by the train. The Kagoshima 

Line was the first large -scale application in Japan of a feeding arrange

ment in which booster transformers are replaced by 2:1 autotrans

formers spaced at about 10-km intervals. This allows the output at 

the substation to be at double the catenary voltage, so that grid in-

feed points can be more widely spaced for a given voltage drop. 
6

· 
4 

Autotransformer (AT) feeding has now been adopted as standard 

by JNR. 
6

· 
4 

By introducing the AT feeding system, it was possible 

to build the substations at about 50 km intervals, 2. 5 to 3 times 

further apart than the BT feeding system of the Tokyo-Shin-Osaka 

section. As shown in Fig. 6. 2, the substations are of the two-unit 

system, each unit comprising 275 kV or 220 kV power receiving facil

ities and one set of 150 MVA feeding transformers. Normally, one 

unit is in service and the other in reserve. Since power is received 

from solidly-grounded super high-tension networks, the modified 
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Woodbridge transformer was developed for the railroad substations. 

(See Fig. 6. 3,) Installation reliability is enhanced by providing 

reserves for feeding facilities 
6

· 
3 

and by providing an earth wire 

which parallels the rails to give lightning protection to the overhead 
6. 4 

conductors. 

The BT system uses separate gap sections operated at reduced power 

to control or eliminate overhead arcing as train passes slowly under 

the gap. Under the AT system, these separate sections required on 

the trolley wire under the BT system are not needed, so a larger 

amount of power can be supplied. 
6

· 
1 

The advantages gained by the AT system over the BT system are 

summarized as follows: 

(1) Distribution at twice system voltage results in 

increased substation spacing by a factor up to four. 

(2) Elimination of arcing when pantographs would cross 

booster overlap spans, experienced with traction 

current of the order of 700 A or more. 

(3) Additional impedance from booster transformers is 

eliminated. 

Disadvantages of the AT system are: 

(1) The return feeder supported on the towers requires 

the same insulation level as the overhead equipment, 

and may thus cause problems in tunnels and under 

bridges and be a hazard to maintenance personnel. 
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(2) Autotransformers are bull-der and more expensive 

than booster transformers. 

(3) The autotransformer magnetizing current can cause 
. bl 6. 5 protectlon pro ems. 

6. 3 Track Sectioning Details 

In ac electrified sections substations are usually located at intervals 

of 30 to 50 km, and a feeding sectioning post (gap breaker station) 

is installed midway between substations so as to enable the adjoining 

substation to extend the feeding range. Auxiliary sectioning posts 

also are installed in places where the division of feeding units is 

preferable, to obtain power interruption for maintenance work or for 

f "1 6. 6 power a1 ures. 

At the section posts, changeover circuits which eliminate the re

quirement for the trains to notch off were developed. The change

over circuit breakers installed at section posts must work at each 

passage of a train. Special circuit breakers for frequent switching 

were developed to insure correct performance. Furthermore, stand

by circuit breakers were installed to insure normal operation of trains. 

Another notable feature found in the feeding system is the parallel 

feeding (double-end-feed) system used at the point of the section post 

where the phase difference between adjacent substations is very 

small - the first time such a system has ever been employed on the 

ac electrified sections in Japan - and successful results have been 
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attained, such as the elimination of transient phenomena due to 

switching. A schematic diagram of the power feeding system is 

shown in Fig. 6. 2. 

6. 4 Summary 

In Japan power is supplied at two voltages and frequencies, 20 and 

25 kV - 50 and 60 Hz, to 4200 route km of electrified track. Most 

power is supplied from the utility 220 kV and 2 70 kV network. Static 

frequency converter stations are used in some locations to change 

50 Hz power to 60 Hz. The catenary is end-fed from Scott-connected 

and modified Woodbridge-;::onnected transformers, with two trans

formers usually located at each substation. Substations are spaced 

30 to 50 km apart. The catenary between substations can be double

end-fed where the phase difference is small. Special changeover 

circuits at sectioning posts prevent the train from becoming deener

gized. Booster transformers have been used to reduce interference; 

however. on all new electrification, autotransformers will be used 

because they allow increased substation spacing, minimize inter

ference, and are more economical. 
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7, 0 FEDERAL REPUBLIC OF GERMANY -(WEST GERMANY) 

Several different electrification systems were in use in Germany 

prior to 1912, but at that time the railroads in the eastern regions 

decided to adopt the single-phase, 15 kV, 16 2/3 Hz electrification 

scheme already in use in Austria, Sweden, Norway and Switzerland. 

Today all of West Germany uses 15 kV, 16 2/3 Hz power :for its 

standard ac railroad electrification system. The map of Fig. 7. 1 

and Table 7-1 show the extent of electrification for the 10,000 

electrified route km of the Deutsche Bundesbahn (DB) of West 

Germany. 

7. 1 Source of Electric Power 

Small-capacity generators were first used to supply the railroad with 

16 2/ 3 Hz power along with synchronous converters. These conver

ters were motor-generator sets which used the 3-phase, 50 Hz indus

trial power to obtain single-phase 16 2/ 3 Hz power. Today, larger 

generators and newer static frequency converter sets supply power 

to the catenary. 

German railroads developed a high-voltage, 110 kV transmission 

system to efficiently deliver power to the catenary, while adding 

reliability to the supply by tying points together with two independent 

transmission lines (Fig. 7. 2). Supply points in the system are gen-

1 6 
7. 1 

eral y spaced 0 to 80 km apart. 

7. 2 Method of Supplying Catenary 

The catenary power is supplied by railroad substations which are 

fed from the 110 kV transmission system, but may also be connected 

to the 3-phase, 50 Hz commercial system through portable converter 
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Table 7-1 

Extent of ElectrifLcation i.n West Germany at End of 1977. (Ref. 7.5) 
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substations located nearby (see Fig. 7. 2). At points where two 

separate 110 k V lines enter a substation, two 110 kV to 15 kV trans

formers are provided to feed the 15 kV operating bus. These 

transformers are typically rated at 1 0 MV A and only one is usually 
. d t . 7. 1 requ1re o operate at a tlme. 

Power is supplied to a 30 to 40 km section of catenary in each direc

tion through individual circuit breakers and isolating switches that 

are connected to the 15 kV operating bus as shown in Figs. 7. 2 and 

7. 3. 

7. 3 Track Sectioning Details 

A coupling (track sectioning) station is located between each rail

road supply substation. These coupling stations allow the DB to feed 

power to a section of catenary from both adjoining supply points, 

thereby reinforcing the supply and also allowing any substation to go 

off-line for maintenance requirements (Fig. 7. 3, 7. 4). The coupling 

stations consist of mast switches located at the appropriate locations 

~ong the track. Fig. 7. 4 shows the presently-used coupling circuit 

as well as future variations. 
7 

· 
3 

At present the catenaries of the two 

parallel tracks are only cross-connected at the substations and coup

ling stations. Future plans are to provide additional connections 

throughout its length to reduce the impedance at the vehicle. 

7. 4 Summary 

In the Federal Republic of Germany a dedicated 15 kV- 16 2/3 Hz 

system supplies power to 9930 route-km (1977). Special generators, 

frequency converters and 110 kV transmission lines supply power to 
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the railroad substations. The substations contain two transformers, 

with one used as a spare. The substations are spaced 60 to 80 km 

apart and a section of catenary located between two substations can 

be double -end -fed. 
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8. 0 SWEDEN 

Electrification made its debut on Swedish railways (SJ) in 1915, 

when the single track Kiruna-Riksgransen route (140 km), which 

carries heavy ore traffic in an Arctic climate, was electrified at 

15 kV 15 Hz. This single-phase system was supplied from SJ1s 

own generators located in the Porjus power plant via an 80 kV 

single-phase transmission line running to 80/15 kV transformer 

stations. Further electrification on routes adjoining the Kiruna

Riksgransen route incorporated the same principles. As electri

fication continued in other parts of the railway network, it was de

cided to use substations with synchronous converters supplied from 

the public 50 Hz 3-phase grid. This system, which operates on 

15 kV 16 2/ 3 Hz, is now used throughout the entire SJ electrified 

network. During recent years, synchronous converters have been 

replaced by static converters in some substations. 
8

· 
1 

There are· 

no railroad sections in Sweden that operate with directly supplied 

50 Hz power from the public grid. 

A map of Sweden showing the extent of the SJ Railway network is 

shown in Fig. 8. 1. As of 1977, about 7500 route -km of railroad 

has been electrified as shown in Table 8-1. 

8. 1 Source of Electric Power 

In addition to the converter units, each converter station also 

contains switchgear equipment that receives the incoming 3-phase 

50 Hz 6 kV transmission line power and sends out single-phase 

16 2/ 3 Hz 15 kV power to the overhead contact line network. Space 

is also provided for control and au.."{iliary equipment in the station, 

and there are accommodations for operating personnel. 
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Interconnection of the converter stations to a common contact line 

helps to: 

Reduce voltage drop in the overhead contact line 

- Smooth out peak loads on the converter stations 

Three sizes of synchronous converters are used: 3. 1 MVA, 

5. 8 MVA and 10 MVA. Each converter, consisting of a 3-phase motor; 

single-phase generator and exciters, is mounted on a 5-to-6 axle rail

way wagon. An equipment wagon containing high-voltage breakers, 

a single-phase transformer, control equipment, etc., is coupled 

directly to each converter wagon. Together, they form a mobile 

converter unit. The converter units are installed in a converter 

station hall, 2-to-5 units per station. 

Toward the end of the 1960's, it became technically possible and 

economically feasible to design static frequency converters for 

railway use. After extensive testing, SJ decided to install static 

converters to replace synchronous converters, as the latter wear 

out. The first generation of static frequency converters were 

built with 'capacities of 15 MVA. As shown i~ the diagram of 

·, 

Fig. 8. 2, the static converters are basically thyristor-type cyclo

converters. These converters are stationary and offer the follow

ing advantages compared with synchronous converters they replace: 

Higher efficiency 

Quicker starting (standby units can be tied-in faster if 

power requirements should rise rapidly) 

Less preventive maintenance 

L . MVA8' 1 ess expenslVe per 1 
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Table 8-1 

Extent of Electrification in Sweden as of 1977. Ref. 8. 2) 
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8. 2 Method of Supplying Catenary 

Under normal operation single-phase power is fed to each section 

of catenary through circuit breakers. The overhead contact line 

circuit breakers enable normal loads to be connected and disconnected. 

Moreover, they quickly break the circuit if a fault current (short

circuit current) occurs, thus minimizing damage at the point where 

the fault occurred. 
8

· 
1 

8. 3 Track Sectioning Details 

Each section of catenary is separated from the adjacent sections by 

insulated overlaps. Remotely controlled switching stations located 

between the converter stations are provided with breakers that cut 

out the appropriate circuits in the event of a fault. 
8

' 
1 

8. 4 Summary 

In Sweden a dedicated 15 kV 16 Z/3 Hz electrification system 

supplies power to 7500 route km (1977) of track. Special generators, 

frequency converters and 6 kV, 3-phase, 50 Hz transmission lines 

which interconnect all converter supply points provide power to the 

substations. Each section of catenary is separated from the adjacent 

sections by insulated overlaps. Booster transformers and return 

conductors are used where ground resistance is high. 

8. 5 References 

8. 1 "Modern Railway Engineering"; Swedish Railways (SJ) 

Sormlands Grafiska AB Katrine Houn, 1976. 

8. 2 Railway Directory and Yearbook, 1977, Eighty-second year 

of publication, published by IPC Transport Press Limited, 

London, England, 1976. 
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9. 0 SWITZERLAND 

Switzerland's railways are the most highly electrified by far, since 

99. 5 percent of the government-operated Swiss Federal Railway's 

(SFR's) and 99. 3 percent of all private railways are now electrified. 

A map of the SFR is provided in Figs. 9.1 and 9.2. Table 9-1 shows 

details of the extent of electrification in all Swiss railroads -

privately-operated and government-operated. The SFR operates 

2911 route km, which is over half the 5062 route km in current use 

in Switzerland; the balance is privately operated. 

Switzerland's undulating topography, which results in ruling grades 

of 1 in 80 in the 'flat' country and of 1 in 38 in the mountainous areas, 

the absence of coal and oil resources and an abundance of hydro

electric power, coupled with the presence of innovative manufac

turers of electrical machinery led to the early implementation of 

electric traction. 

In view of the obvious operational and economical advantages of 

electric traction compared to steam, a decision of principle was 

taken for full electrification of the SFR using 15 kV 16 2/ 3 Hz power, 

as early as 1914. The acute coal shortage that immediately followed 

during World War I gave this decision strong support. 9· 
1 

The privately-·owned railways were responsible for the layout of 

the various mountain railways and funiculars. One of the best 

known of these is the Gornergrat Railway from Zermatt to the 

Gornergrat, from which the traveller can enjoy a magnificant view 

of a continuous line of huge snow and glacier-covered mountains. 

The Gornergrat Railway uses three-phase ac power at 50 Hz and 

2 9. 2 
7 5 volts. 
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Table 9-1 

Extent of Electrification in Switzerland in 1977. (Ref. 9. 4) 
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9. 1 Source of Electric Power 

The decision to use single-phase ac power at a frequency of 

16 2/3 Hz necessitated the building of railway-owned power stations, 

because it was impossible to supply the railways directly with this 

kind of current from existing hydro-electric power plants, which 

usually generated three-phase ac power at 50 Hz. The construction 

of exclusive converter stations, which would have been very costly, 

was out of the question. Nevertheless, the frequency of 16 2/3 Hz, 

exactly one -third the frequency of the available 50 Hz three -phase 

power, was chosen to facilitate the conversion in special cases. 

Fig. 9. 3 shows a sketch map of the high-tension part of the energy 

supply system of the Swiss Federal Railways. The plotted system 

consists of the hydro-electric power stations, marked with squares, 

the network of the overhead and cabled supply lines, and the substa

tions and transformer stations, marked with black and white circles. 

From the last-mentioned, the energy is directly transmitted to the 

overhead conductors of the railway lines. 

The whole system can be divided into two large groups; one situated 

in the eastern and southern part of the country, and the other in the 

western part. As the eastern and southern group is unable to sup

ply adequately the whole network in its corresponding area, so 

additional energy is required from the western power stations. The 

power is supplied from the very efficient plants at Barberine and 

Vernayaz at 132 kV to the main substations at Puidous, Kerzers and 

Rupperswil{ where this voltage is stepped down to 66 kV - the voltage 

at which nearly all substations of the whole system are fed. 
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Fig. 9. 3 Energy Supply System of the Swiss Federal Railways. 
(Ref. 9. 2). 
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A great advantage of a high voltage supply system is the small 

voltage drop in the supply conductors, in comparison with the 

catenary voltage drops. Moreover, the copper losses of the supply 

conductors are considerably smaller than would be the case if a 

lower supply voltage were used, for instance, for de traction power. 

It is, therefore, a characteristic feature of the energy supply sys

tem of the Swiss Federal Railways that only a small number of sub

stations are required. Altogether there are three main power sta

tions, 22 substations and three transformer stations. In addition, 

7 power stations transmit current directly into the overhead conduc

tors of the track so that the whole network is fed from only 35 points. 

Approximately 64o/o of the required energy is generated by the exclu

sively railway-owned power stations and some 22% is supplied by the 

two so-called "combined" plants jointly owned and supervised by the 

Swiss Federal Railways and a privately-owned concern. In addition, 

a small number of private converter stations generate the remaining 

14o/o of the total power required by the Swiss Federal Railways. 9· 
2 

The transformers at the substations range in size from 3 MVA to 

2 7 MVA. Since all substations are tied together through the catenary, 

transformers with regulating devices are required at many locations 

to minimize unnecessary through currents. 

9. 2 Method of Supplying Catenary 

From the electrical system diagram of Fig. 9. 4 it is seen that 

each substation supplies power by separate feeders to the catenaries 

in each direction, as well as to the isolating section at each 
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substation. Circuit breakers protect the catenary by disconnecting 

it in the event of a fault. 

9. 3 Track Sectioning Details 

As seen in Fig. 9. 4 isolating sections are placed in the catenary 

between substations so that power can be removed from portions 

of the catenary for maintenance work. Most switches across these 

isolating sections are normally closed to reduce the voltage drop 

in the catenary. 

9. 4 Summary 

In Switzerland a dedicated 15 kV 16 2/ 3 Hz system supplies 3500 

route km (1977) of electrified railroad with power. Special gener

ators, frequency converters and 132 kV and 6·6 kV transmission 

lines provide power to the substations. Substations contain more 

than one transformer and many of these transformers have voltage 

regulating capabilities to limit unnecessary circulating currents. 

since all substations are interconnected through the catenary. 

9. 5 References 

9. 1 Danuser, R.. "The Case for Total Electrification"; 

Institution of Locomotive Engineers, Swiss Federal 

Railways, 10 March 1975. 

9. 2 Loosli, H. , "Railway Electrification in Switzerland," 

Swiss Federal Railways, Berne, 1954 (book). 

126 



9. 3 Drawing entitled 11 Einpoliges Schema. Ganzes Netz11 

(Single-phase Diagram -Entire Power Supply Network); 

Schweizerische Bundesbahnen. Abteilung Kraftwerke 

(Swiss Federal Railways, Electrical Division) Bern, 

April 1978. 
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10.0 TAIWAN 

The first section of the Taiwan Railroad between Taipei and 

Keelung was begun in 1887 and put into use in 1891. However, 

. electrification did not begin until 1973. The Taiwan Railway Admin

istration decided upon a 25 kV 60 Hz system, which would be fed 

from the local electric utility. The average distance between sub

stations is 43 km for the three stages of the electrification. A map 

of Taiwan illustrating the layout of the railroads and the three stages 

of electrification is provided in Fig. 10. 1. After all three stages 

are completed (1979) the railroad will have approximately 540 route 
1 o. 1 

km in electrified service. 

10. 1 Source of Electric Power 

As seen in Fig. 10. 2, the electrical diagram for the first stage of 

Taiwan1s electrification, three railroad substations are connected 

to the 69 kV, 3-phase industrial power system. In each of these 

substations two- I 0 MVA Scott-connected transformers are used 

to change the 3 -phase industrial power to a 2 -phase system for 

railroad use. 

10. 2 Method of Supplying Catenary 

The catenary is fed by the same phase from both adjoining substa

tions. Phase breaks are located at the supply points to separate 

the two different phases that are supplied from each substation. 
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10. 3 Track Sectioning Details 

At a point near the middle of each section of catenary a motor

operated remotely-controlled, isolating switch is installed across 

a phase break. In service this switch can be closed to provide 

power from both ends {double -end-feed) to a locomotive located 

between the supply points, if needed. The switch, in conjunction 

with the switches at the supply point phase break, is also used to 

isolate certain sections of catenary as required for maintenance 

purposes. 

1 0. 4 Summary 

In Taiwan a new 25 kV 60 Hz electrification system is being built 

to supply 540 route km {1977) from the utility's 69 kV network. 

Most substations have two transformers and all transformers are 

Scott-connected. The distance between substations is 40 to 50 km. 

Neutral sections are located at the substations and midway between 

the substations, allowing the catenary to be double-end-fed. 

·1 0. 5 

10. 1 

References 
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11. 0 SOUTH AFRICA 

At the end of 1975 a total of 4, 800 route km, consisting of 10,558 

single-track km, was electrified on the South African Railways 

(SAR) (Table 11-1). All of this electrification was installed with 

a 3, 000 V de system. 
11

· 
1 

However, recently two new lines have 

been built; one by South African Iron and Steel Industrial Corpor

ation Ltd. (Is cor). This line links iron ore mines at Sis hen with 

the deep-water port at Saldanha Bay, as shown in Fig. 11. 1. It 

was transferred from Iscor ownership to SAR on April 1, 1978. 

This new 845 km line uses 50 kV ac power on the catenary. This 

voltage has only been used on one other railroad so far: the Black 

Mesa and Lake Powell line in the United States. 
11

· 
2 

The other line 

built by SAR extends from Ermelo to Richards Bay for the principle 

purpose of hauling coal. This 410 km line uses 25 kV 50 Hz power. 

11. 1 Source of Electric Power 

The power is supplied to the 25 kV substations from the industrial88 kV 

and 132 kV 50 Hz transmission system located nearby. A portion 

of each substation is owned by the SAR, the balance of each substa

tion is owned by the national utility, the Electric Supply Company 

(ESC). ESC owns the equipment on the high-voltage circuit and the 
step-down transformer, while SAR controls the incoming feeder 

breaker and the other downstream equipment. A typical 25 kV sub

station (Fig. 11. 2) contains a remotely controlled isolation switch 

which connect the 88 kV transmission lines to the bus, an oil circuit 
breaker, a step-down transformer, and two isolation switches which 
allow the equipment to be disconnected for maintenance purposes. 

The 50 kV substation uses a similar design. 
11

· 
3 

The 400 kV and 

2 75 kV utility network is used to supply the power to the substations 
as shown in the schematic diagram of Fig. 11. 3. 

11
· 

3 
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Table 11-1 

Extent of Electrification in South Africa at the End of 1975 (Ref. 11. 1) 

r.o~~~;--~·----~-- --T-·-·---------
Country, ltnl!wiLy, nml Llncs ,~~~~ Yolt.1.go II ot~~::j::~~~i- 1 Conduct.nr F.1;?;;{r!-

JJ:Icctrlllc<l ·· Routa / All I !lcutwn I tkd 
li.m. ~~nck I I· 

·---~~. L ·_. 
. South Afrk:m llnih~:tyS- ! 

s~o~u~i~h-.A~f~r~iC_!I _______________ . I ----------
Durban - \'olksru•t- T:uion 1

1

1,239 3,043 3,000 D.C. 0 H 
inrludint.: sections \"i:l. 
:Pinetown, Thornville, 
Ilowick line :tnd portion 
Xnrt.h and South Coast 
lin~~ · 1 

l.a<lrsmith • Ticthlehem • 1 332 
1\ roonst:ul ! 

Gll'lll!oe. \'ryheid • lllnb:mc I 121 
Witwatc!'>lrnnd area COI'cr· 450 

in~ :>II line• between Wei· 
uctln::;! ami \Vclvcrdierui 

Welv••r<ih•nd·llcacnn•fl!'hl . [ 41-t 
.1\::uufP~darn • Pnstumsi.Htrr:· 352 

llot:<?.cl 
Potchcf.<troom • Fachl·illc • 

lJ ont.hcuwcl 
Wt·l::cc!:t!Z- Witbank (!nclutl-

ln~ llroo<lsnrcrspl:ms • 
U!Zic•) 

C!cwcr • 'ntb:1nk • Xama.tl. 
poort 

Germi<ton·Prctorla West 
Pr~tori:L tmhurhn.n nrr:\ 
Wnt.t.IPS • \'creeniJ::ln~: 

Kroanstad Including ~rid· 
"·n:.· • Ycrc('nh:ins 

Cape Town urban and Inter· 

148 

374. 

01 
4!1 I 

210 

142 

· llr!l\;llc • Brnnfort Wc•t G6S 
urban aren.s I 
(!nc!utling Stcllrnbosch 

. loop) 

De Wildt 

403 

161 
1,310 

913 
4H 

!GO 

401 

686 

447 

950 

83 ---~~-,..·-urrcu!...S: l'rctor;; Xorth ., 35 I 
Gunhull•KulkYJa.kto • • 165 372 
Whites-W~lkom. • 26 32 

Tom! 1"'4,800 10,55!1 

133 

3,000 

3,000 
3,000 

3,000 
3,000 

3,000 

3,000 

3,000 

3,000 
:l~OOfl 
3,000 

3,000 

3,000 

3,000 

3,0011 
3,00() 

D.C. 

n.e. 
D.C. 

n.r. 
J>.C. 

D.C. 

D.C. 

D.C. 

n.c. 
TJ.l!. 
v.c. 

D.C. 

D.C. 

D.C. 

D.C. 
D.C. 

I· 
I 

OH 

orr 
OH 

ou 
OH 

OII 

ort 

OII 

OJ! 
()![ 
uu 

OII 

ou 

Oil 

OH 
UH 

I 

I 
:--·i---~---

1!)26·75 

1908 
1!J37-i5 

1nr.s-N 
1072~;:; 

1!)73 

10G5·i'4 

1037·i2 
l!J;'",:j-i+ 
lU~!l·H 

1071·74 

1!)75 
l!Ji4 



Ratlways in op!r-athJn 
(IH• •• GAliC!:-·---

RailwayS 1n c~atron t'"'- U.IIUGE. ElECHIIf'"I!D)_....,.... 

Rad•tl.:l: ~ZJki:~.--c:~~:• -~ &;o;_,~,rY. 
~.;..c •• ,;,,...,. ____ = ~"""'=~'~"' 

Raitw~ys i.lnder r:=Mtrua.ion oro;Mpo,.d .. ______ _ 

Otfter Ra1lwa.J3-----

Fig. 11. 1 Map Showing Electrification in South Africa as of 1975. 

134 

(Ref. 11. l) 



ro ZUNGW!NI 

~SK~2CV 

A.uX. SUPPLY. 

i71.S53 J(m 

7b MAHUWMBE Vb I 

\OLIAGE TRAN~.FO~ME:.e 

JA.ICOMING i=EEDEi? 

88KV/. f 
. /251(1/j 

T ) oc.e 
I 

I 

Jso ~~ 

I 
I . ________ __.1 

Utility 
Substation 

Catenary 

:v.;_:_ I TRAO(--swircl-1 
T. I IELE~TRGL~· 

·,-... 
- o- Circuit Breaker 

-4"-o- Isolation Switch 

MQW~Bt: SUB. .. l 
1'71. 9e.5 KN"\ 

Fig. 11. 2 Typical 25 kV Substation Arrangement 

Showing the Division of Authority Between 

South African Railways (SAR) and the 

Electrical Supply Company (ESC). (Ref. 11. 3) 

135 



,_. 
w 
0' 

----· _j ·- ~. 

.... , i 
-- --·j -x.A-00 k v 

--·- ·····r-

' ' ' ----1·· -;.-- ...___ •i• -· .. ---o.. .. 

' 
---t--~---~··· , . . I 
· ··---·•- ,Ld_ I-- -- · 

··r 
' 

·-· . ~- _..., __ ·:~· 

--·-· +·· --

. -· . t-
' ... ·--·-·r ' - -- -- t·-·-·-

---~-~--~~:~: :---~-X .. 4oQI\ .v 
_j __ !_ 

. ! 
I 

l,;, vslv 

- ··--· ····--· ' . 

l- :'.:\"\ 1\ II V J 'V/c ~ "to.---~ .. .i. 

• 10<) 

Disconnect 
...... Switcli 

................... ..j. 

1 . ~ 

-t-o 

: ~oo ... 
Generating 
.Station 

+ 

• __ -!. ' 

... -- .. ·-- ... _______ _ 

i 
r· .... , · i 

Transformer 

-r- . .. -- r:t :ij ~ 
.. ··-· -~ ~ 

.q.o 

~ircuit 
Breaker 

-·--·1-·. --· T __ : ______ ...... _. :1 ~ 1 .. ~- · ·r· ... ---t·---·- r---,~· --~.~ .. .4 .• _ ... ~-

- ....... , ... ; ... 

I 
: : 

... 5 ....... it·cf· : : ' i ·r ·+ · ~ - a n.nna.; .: ..... ~ .... 
I ' I : 

Fig. 11. 3 

' j I :·-:·--,-.. 1 .. ·:· ·1 : 
' ...... ,.... ·- '1'"" 

. I 

-+-·. 

;;· 

\ . 1-l·· ...... 
~0 k v C4fat1Qf~·- 1 

. ; . ~ 

... ~---:- .. 
I 

. --· i·-

Power System Arrangement for Supplying the 50 kV Catenary 

Between Sishen and Saldanha. (Ref. 11. 5) 

r $is non 
I 



11. 2 Method of Supplying Catenary 

The 25 kV Ermielo-to-Richards Bay line has 14 substations and uses 

a center-feed system to energize the catenary. Each section of line 

is protected by its own circuit breaker. Track switches are also 

available to disconnect the catenary from the substation for 
. t 11.3, 11.4 ma1n enance purposes. 

At the design state of the Sishen-to-Saldanha line, Is cor considered 

several voltage levels before it became apparent that the advantages 

of a 50 kV system made it the optimum choice for such a sparsely

populated region with few convenient electrical supply points. Based 

on Iscor's analysis, a 25 kV ac electrification system would have 

required as many as 24 substations, while the 50 kV ac system 

selected needs only six. On the other hand, utilization of this high 

voltage requires larger clearances from adjacent structures, and 

higher insulation levels. 

To provide a secure earth return circuit for the traction current, 

a return wire is mounted on top of the catenary support poles. This 

return wire is connected electrically to each pole, and at every 

sixth pole, an electrical connection between the pole and the running 

rails is also provided. This should ensure that the voltage step 

potential along the railway right-of-way will stay within permis

sible levels. In addition, this arrangement permits adequate mul

tiple low-resistance paths for the return current to travel from the 

locomotives through the rail and through the return wire to the sub

stations. However, the need for any additional earth connections 

will be determined during commissioning tests. 
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The return wire mounted on top of the catenary support poles is 

expected to provide sufficient protection from lightning, even in 

inland areas where lightning is experienced an average of 40 days 
11.2 per year. 

11. 3 Track Sectioning Details 

On the 25 kV system, neutral sections are placed at substations 

and midway between substations at track sectioning stations (TSS) 

(Fig. 11.4). The bus coupler at each TSS is normally open since 

the system .~s center-fed, and therefore a voltage phase shift of 

120° exists across the neutral section. 

A return conductor, used in conjunction with booster transformers 

as shown in Fig. 11. 5, provides a well-defined path for return 

current in those locations where the earth resistivity is high and 

electromagnetic interference must be minimized. 

The design of 50 kV neutral sections and isolating sections at 

booster transformer locations presented a particular challenge. 

Because of the higher clearance requirements for the 50 kV system, 

the length of these sections required special attention to ensure that 

no hard spots were introduced into the contact wire. With multiple 

pantograph operation it is especially important that the pantographs 

travel from relatively elastic areas into solid areas over adequate 

transition zones, suitable for the pantograph spacing and speed 

expected in service. 
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In areas where the potential exists for electrical interference that 

could degrade operation of communication facilities, booster trans

formers are installed, and the return wire is carried on insulators 

on top of the catenary support poles. Connections between the insula

ted wire and the rails are made at positions which provide for max

imum flow of traction return current through the return wire and 

booster transformer. In this way, a magnetic field opposed to that 

induced by the current in the catenary is established. This opposing 

magnetic field reduces the electrical interference due to single-phase 

electrification to acceptable limits. 

11.4 Summary 

Recently in South Africa both 25 kV and 50 kV 50 Hz systems have 

been built. The 25 kV system extends for 200 route-km (1975) 

and is supplied from the utility's 88 kV network. The 25 kV system 

is center-fed from seven substations that have one or two transformers 

per substation. The average spacing between substations is 30 km. 

The 50 kV system extends for 845 route km, and is fed from six 

substations with an average spacing of 140 km. This system uses a 

center-fed catenary. Both systems use booster transformers where 

needed to reduce interference. Return current wires are used 

throughout the 50 kV system and those portions of the 25 kV system 

where booster transformers are present. 
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12. 0 CONCLUSIONS AND RECOMMENDATIONS 

In this section, basic numerical information, as well as the simi

larities between systems, are given for all of the countries with 

regard to the following criteria: electrification source, feed to 

catenary, substation redundancy, phasing of substations, and the 

use of booster transformers, autotransformers and voltage

regulated transformers. 

The recommendations suggest additional tasks necessary to com

plete the work started by this survey report. This report plus the 

additional tasks will provide useful guidance for electrification pro

grams in the United States. 

Conclusions 

12. 1 Basic Features 

The basic features of electrification for each of the ten countries 

surveyed are shown in Table 12-1. The features include: electrified 

ac route km, catenary voltage and frequency, transmission voltage 

and substation spacing. It should be noted that the table contains 

information for those systems pr·esently in operation. The new 

proposed systems in the United States are not included. 

12. 2 Type of Electrification System 

In general, two types of electrification systems exist: the dedicated 

system and the utility-dependent system. The dedicated system 

operates with a non-standard power frequency (16 2/3 or 25 Hz} 

and contains substations, transmission lines, converters and, 
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Table 12-1 

Basic Features of the Electrification S;ystems 

fn Each Country Surveyed 

Electrified AC 
Route .. KM Catenary Voltage Trans miss Lon Substation 

Country (1977) & Frequency Voltage (kV) !rae ing (km) 

United Kingdom 1750 25/6.25 kV -50 Hz 132 25-30 

France 4500 25 kV- 50 Hz 63, 90,220 41-67 

U.S.S.R. 14900 25 kV- 50 Hz 110 45-50 
...... 
~ 
~ 

Japan 4200 20 &25 kV - 50 &60 Hz 220,270 30-50 

W. Germany 9930 15 kV .. 16 2/3 Hz 110 60-80 

Sweden 7400 15 kV - 16 2/3 Hz 6 1-

Switzerland 3500 15 kV - 16 2/3 Hz 66, 132 25-30 

Taiwan 540 25 kV- 60Hz 69 40-50 

South Africa 1045 25 &50 kV - 50 Hz 88;1~2-- 30 &140 

United States 720 11 kV- 25Hz, 132 16 

2 5 & 50 kV - 6 0 Hz 138, 230 ,;')f. 

* No information available 

** Only one substation exists in presently operating systems 
<: 



in some case, generators that are used solely to supply the 

railroad. The utility-dependent railroad system operates at the 

power frequency of the local utility (50 or 60Hz). The substations, 

transmission lines and power sources which supply the railroad, 

will in general, also supply the other electrical loads that the 

utility serves. The Table 12-2 below categorizes the systems by 

types for the countries studied: 

Table 12-2 

Type of Electrification Used by the Countries Surveyed 

Dedicated System 

(16 2/3 or 25Hz) 

Federal Republic of Germany 

Sweden 

Switzerland 

United States 

• 
• 

Penn Central 

Reading 
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Utility-Dependent System 

(50 or 60 Hz) 

United Kingdom 

France 

USSR 

Japan 

Taiwan 

South Africa 

United States 

• Muskingum 
• Black Mesa & Lake Powell 
• Texas Utilities 
• NewHaven(New) 
• Erie Lackawanna (New) 
• Northeast Corridor {New) 



12. 3 Catenary Feed from Utilit;y_ 

Three different methods of feeding the catenary from the utility 

network are used by the countries reviewed in this report. Tnese 

are the center-feed, the single-end-feed and the double-end-feed. 

The center-feed system exists where power from the substation is 

supplied at the same phase in both directions of travel, and where 

the adjacent substations supply power at a different phase. The 

single-end-feed system is used where power is supplied from a 

substation at different phases for opposite geographical directions. 

Separation of track sections occurs at each substation by use of a 

normally-open phase break. The double-end-feed system exists 

where power from two adjacent substations is supplied to the catenary 

at the same phase. so that a train located in the center of the 

~ate nary section would receive half of its power from ·each substa

tion. Table 12-3 categorizes those countries using utility-frequency 

power by the ~atenary feed employed: 

Table 12-3 

Type of Catenary Feed Used by the Countries Surveyed 

Center-Feed 

United Kingdom 

South Africa 

United States 

Single-End-Feed 

United States 

• Erie 

• New Haven (60 Hz) 

• New Haven (60 Hz) 
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Double-End-Feed 

France 

USSR 

Japan 

Taiwan 



12. 4 Substation Redundancy 

Substations which supply the railroad load are equipped differently. 

Some substations provide complete redundancy by including two 

independent supply lines, a spare transformer J and an additional 

feeder circuit. Others possess only partial redundancy by providing 

either one or two of the above features. Table 12-4 lists the coun

tries studied as either having complete redundancy or partial redun

dancy of power supply to the catenary. 

Table 12-4 

Type of Substation Redundancy Used by Each of the Countries Surveyed 

Complete Redundancy 

United Kingdom 

France 

Japan 

W. Germany 

Switzerland 

Taiwan 

United States 

• 11 kV 25 Hz 

12. 5 Phasing of Substations 

Partial Redundancy 

United Kingdom 

Sweden 

South Africa 

United States 

• 
• 
• 

Muskingum 

BM&LP 

New Haven 

The railroads which are supplied directly from a utility power network 

have either a 120° phase shift or a 90° phase shift across a phase 

break. A 120° phase shift occurs if power is supplied through a 

standard single-phase transformer; a 90° phase shift occurs if power 

is supplied through a Scott-connected or a modified Wood bridge con

nected transform·er. Table 12-5 below shows where each of these 

phase shifts is in use: 
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Table 12-5 

Phase Shift Across the Phase Breaks in the Countries Surveyed 

120° Phase Shift 

United Kingdom 

France 

USSR 

South Africa 

United States 

• Erie Lackawanna ( 60 Hz) 

* • New Haven (60 Hz) 

• Northeast Corridor ( 60 Hz) 

90° Phase Shift 

Japan 

Taiwan 

United States 

• New Haven {60 Hz) 

'l<The phase break at Cos Cob has a 90° phase shift while the other two 
phase breaks have a 120° phase shift. 

12. 6 Booster Transformers 

Booster transformers are used by some countries to reduce the 

earth return currents. The electromagnetic interference (EMI) 

induced by these earth currents often degrades performance of 

communications equipment. The booster transformer insures that 

most of the return current passes through the rails or through a 

separate return wire attached to the rails at many locations, thereby 

minimizing EMI. The countries which use booster transformers are 
listed in Table 12-6. 

Table 12-6 

Countries Surveyed That Use Booster Transformers 

United Kingdom 

USSR 

Japan 

Sweden 

South Africa 
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12. 7 Autotransformers 

Autotransformers are used by some countries to allow substations 

to be spaced further apart, while still obtaining the EMI reductions 

of the booster transformer. This is accomplished by using twice 

the catenary-to-rail voltage between the catenary and an additional 

feeder, which allows the catenary to supply as much as twice the 

power to the locomotive. The feeder and catenary are connected 

to the ends of the autotransformers located along the ways ide, while 

the center tap of the autotransformer is connected to the rail. The 

return feeder reduces the impedance and minimizes the earth return 

currents that cause EMI problems. The countries which use 

autotransformers are listed in Table 12-7. 

* 

Table 12-7 

Countries Surveyed that Use Autotransformers 

France 

Japan 

* USSR 

United States 

• New Haven (25 Hz) 

• New Haven ( 60 Hz) 

• Erie Lackawanna ( 60 Hz) 

Planned future use. 
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12. 8 Voltage-Regulated Transformers 

Voltage-regulated transformers are used on systems where · 

substations are connected through the catenary (double-end-feed). 

They serve the purpose of minimizing the current flowing between 

substations, which is caused by small voltage and phase differ-

ences of the utility-supplied power. The railroads are charged by the 

utilities for these unnecessary currents, which also increase losses 

to the railroad system while decreasing power factor (more power 

lag) at the substations. 

The surveyed countries which use Yoltage-regulated transformers 

are listed in Table 12-8. 

Table 12-8 

Countries Surveyed Which Use Volta&e-Regulated Transformers 

Recommendations 

12. 9 Further Work 

France 

Switzerland 

It is recommended that further work be performed using this survey 

as the basis to evaluate electrification systems for use in North 

America. To accomplish this recommendation the following two 

tasks are necessary: 

• First, conduct an analysis of the systems used in the 

United Kingdom, France and Japan to evaluate the use 

of each of these systems in its respective country, using 
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the following criteria: geography and terrain; utility 

network arrangement; railroad construction precedents; 

traffic density; date of construction; reliability/ flexibility 

of operations; and domestic railroad industry. The con

clusions should state the reasons for the design selec

tions regarding substation spacing, method of connec

tion to the utility, use of booster and autotransformers, 

phase break arrangements and protection details. 

• Second, using the results of the study of world-wide 

electrification practices, conduct an evaluation of seleCted 

electrification systems with regard to operations on North 

American Railroads. 

JL:rm 
TSC-1452-3 
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APPENDIX A 

Modified Wood- bridge Transformer Connection 

The modified Wood-bridge transformer was developed in Japan 

for use with their direct-grounded super high-tension network. 

This special transformer was required for the application because 

the primary three-phase winding had to be grounded and the sec

ondary winding had to provide a two-phase output for the railroad 

supply. As in the case of the Scott-connected transformer, a bal

anced load on the two- phase secondary produces a balanced three

phase load on the utility network. 

The diagram provided in Fig. A. 1 illustrates the modified Wood

bridge-connected transformer in the dashed area. The primary 

winding is constructed as a grounded wye and in Japan has a nomi

nal voltage of 275 kV line-to-line. The secondary winding is con

structed with two delta-connected windings which are connected 

across one phase. The·-voltage magnitude of this common phase, 

(Phase B), is 1/..f"3 less than the voltage across Phase A. An auto

transformer is then used as part of the modified Wood-bridge con

nection (in dashed area) to step up this voltage by ..f"3 to equalize 

the two output voltages. By phasor analysis using Fig. A. 2 it is 

shown that the output voltages have a 90° phase shift. It is also 

noted that the midpoints of Phase A and Phase B are at the same 

potential when the two phases are equally loaded so that if the mid

point of Phase A were grounded, the midpoint of Phase B could 

also be grounded without circulating current problems. 
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Fig. A. 1 Electrical Schematic Diagram of a Railroad Supply 

Connection in Japan Using the Modified Wood-bridge 

Transformer in Conjunction with the Autotransformer 
Feed System. 
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Analysis 

A current analysis is performed using Fig. A. 2 and assuming 

the following: 

I = I /240° c c..:..,_...;....;.._ 

N
1 

=primary turns/winding N2 =secondary turns/winding 

Current into the marked end of primary winding results in current 

out of the marked end of the secondary winding. 

The following equations are written for equal magnetomotive force 

between primary and secondary windings. 

I J..L 
N2. 

"(IA1 /180° + IA2 /180° ) = 
N1 a A. 1 

·~- 1120° 
N2 (! · /300°- + -r . /300°) = 
Nl Bl B2 

A. 2 

N ; 

I L24o0 
·· 

-2 (I /6"0° + tc2 !soo ) = 
N1 c Cl .... 

A. 3 

··- ....... ~. .• ·'."f 

Using Kirchoff's current law: 

Adding A. 4 and A. 5 and substituting terms from A. 2 and A. 3: 

N1 
IA = 1/2 N

2 
( Ic /240° - ~ /120°) A. 8 
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Adding A. 6 and A. 7 and substituting terms from A. 1, A. 2 and A. 3 : 

A. 9 

For balanced conditions I = Ib = I and therefore A. 8 be.comes · 
a c · 

'-.[3 N 1 
IA = ~ - I /270 6 

.::o N
2 

a A. 10 

and A. 9 becomes: 

A.ll . 

Note that the phase difference between Phase A and Phase B is 90° 

and that IB is '-.[3 larger than Phase A. The autotran~former on 

Phase B of Fig. A. 1 decreases the current magnitude and increases 

the voltage magnitude by a factor of the '-.(3. 

Similar voltage equations can be written with the results under balanced 

conditions of: 

VA '-.[3 
N2 

v /2709
· = 

Nl a A.12 

VB 
N2 

v L§_ = 
Nl a A. 13 

156 






