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EXECUTIVE SUMMARY
CONTEXT

Metrolinx operates a comprehensive transportation system of light rail transit, bus and commuter rail
lines in the Greater Toronto and Hamilton Area (GTHA). The system includes the GO rail network which
is an essential part of Metrolinx’s service to the area commuters. GO Transit currently provides
commuter rail service on seven corridors in the GTHA, using conventional diesel-electric locomotives
and non-powered bi-level coaches in push-pull configuration.

In late 2008, Metrolinx published a Regional Transportation Plan — The Big Move — a multimodal vision
for regional transportation to strengthen the economic, social and environmental sustainability of the
Greater Toronto and Hamilton Area. The Big Move sets out a fast, frequent and expanded regional rapid
transit network as a key element of the plan. The plan includes establishing Express Rail and Regional
Rail services at speeds and frequencies that could be enhanced by system electrification.

ELECTRIFICATION STUDY

Metrolinx has initiated a study of the electrification of the entire GO Transit rail system as a future
alternative to diesel trains now in service. The electrification study is examining how the future GO rail
services will be powered — using electricity, enhanced diesel technology or a combination of the two —
when these services are implemented in the future. The report assesses the advantages and
disadvantages of a full range of technology options, including ac and dc powered systems and
alternative system technologies and enhancements. The report includes the existing GO Transit
network, the proposed extensions to St. Catharines, Kitchener/Waterloo, Allandale, Bloomington,
Bowmanville, as well as the future Airport Rail Link (ARL).

POWER SUPPLY AND DISTRIBUTION SYSTEM TECHNOLOGY ASSESSMENT

A broad range of existing and future potential electrification system technologies that could be used to
provide power to the future GO rail services were identified. The system technologies considered
included dc electrification systems, ac electrification systems at commercial frequency, ac electrification
systems at non-commercial frequency, combination of ac and dc electrification systems and alternative
system technologies and enhancements.

A detailed assessment of the technologies was performed' and the autotransformer-fed system
operating at 2x25 kV ac electrification voltage and commercial frequency of 60 Hz was selected and
recommended for development of conceptual design and cost estimate of the GO system electrification.
The chosen technology is fully compatible with the technology used by Agence Métropolitaine de
Transport (AMT) for electrification of their Deux Montagnes commuter line in suburban Montreal. In
the event that the entire Toronto-Montreal route is electrified in the future, VIA, freight and/or high
speed trains will be able to operate along the corridor without conflicts.

! power Supply and Distribution System Assessment for Metrolinx System Electrification, report prepared by LTK Engineering Services.
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TRAIN OPERATION SIMULATION AND ELECTRIFICATION SYSTEM MODELING

A comprehensive computer-aided train operation simulation and electrical system load-flow modeling
was performed for the operating schedule included in the Reference Case®. The trains consisted of 10
bi-level cars hauled by electric locomotives on all corridors, except the Airport Rail Link, where 2-car
single-level electric multiple unit trains were modeled. The results of the modeling studies provided the
performance of the rolling stock and the traction electrification system for evaluation of the conceptual
design suitability and adequacy. Further, the report predicted power demands at each substation and
system energy consumption for estimates of the electrification system operating costs.

CONCEPTUAL DESIGN DEVELOPMENT

Based on the train simulation system modeling studies, the conceptual design of the system was
developed. Assuming full electrification of all the seven corridors and the Airport Rail link, the system
can be supplied with power using seven (7) traction power substations, 17 autotransformer stations,
and four (4) switching stations. In order to provide the substation transformers with sufficient power
and to maintain high reliability of supply, the transformers will be connected to high voltage
transmission network, 230 kV, of the local power utility Hydro One. In order to limit provision of costly
high voltage transmission lines or cables, the traction power substations were located as close as
possible to Hydro One substations. For redundancy purposes, each Metrolinx substation will include
two equally rated traction power transformers. Power from the transformers to the power distribution
system and eventually the trains, will be delivered via wayside switchgear arrangements required for
control and protection of the overhead contact system (OCS).

2 The “Reference Case” describes existing attributes and planned enhancements of GO’s rolling
stock, rail infrastructure and services levels — as a basis for identifying and comparing rolling
stock and electrification system technologies that could be used for future services.
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1. INTRODUCTION

1.1. Purpose and Objective of the Report

Metrolinx is considering electrification of its GO transit system. All GO system corridors originate at
Toronto Union Station and radiate out to the west, east, and north of Toronto. Including the planned
expansions to Bowmanville, St. Catharines, Kitchener, Allendale, as well as the Airport Rail Link, the
system is planned to expand to an ultimate network of 316 route miles or 508 route kilometres.

The objective of the report is to perform a conceptual system design based on a comprehensive
computer-aided train operation simulation and electrical system load-flow report. The load-flow report
takes into account all relevant rolling stock performance characteristics, track alignment infrastructure
data, electrification system parameters and train operation data. Based on the fleet size and conceptual
system design, capital costs are estimated. The operation and maintenance (O&M) costs are based on
power demand requirement, energy consumption, the estimated workforce needed to operate and
maintain the rolling stock and the electrification system and including estimated cost of materials and
spare parts required.

The report includes the following:

e System operation modeling and load-flow simulation to identify the required number of substations,
autotransformer stations, and switching stations for the preferred technology

e Identification of preliminary locations of the traction power substations, autotransformer stations,
and the switching stations

e Determination of the required number and rating of power transformers in each facility

e Establishment of conductor sizes and materials for the overhead catenary system and the feeder
system

e Calculation of substation power demands and energy consumption

Document Definitions and Glossary of Terms are presented in Appendix A.
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The report will consider the following corridors for electrification as shown in Table 1-1.

Table 1-1 - Rail Corridors Considered for Electrification

Approximate Distance
Line From Via To
(miles) (km)
Hamilton TH&B 39.9 64.2
Lakeshore . .
West Hamilton Junction
es St. Catharines 71.2 114.6
Lakeshore Pickering Bowmanville 42.9 69.0
East
Milton Meadowvale Milton 31.2 50.2
Toronto,
Georgetown Union Georgetown Kitchener 62.6 100.7
Station
Barrie Barrie South Allandale 63.0 101.4
Richmond Hill Richmond Hill Bloomington 28.5 45.9
Stouffville Kennedy Lincolnville 31.1 50.0
Alrport Rail Airport Junction L(‘ester B. Pearson 154 24.8
Link Airport

The Table shows the lengths of each individual route, with segments shared by two or more lines being
reflected in each line. For example, both Lakeshore West lines, to Hamilton TH&B and to St. Catharines,
include the length of the Union Station to Hamilton Junction segment. The table includes the existing
GO network, and the proposed network expansions to St. Catharines, Kitchener, Allandale, Bloomington,
Bowmanville, as well as the future Airport Rail Link.

1.3. Sources of Report Data

The report evaluations were based on data developed under separate efforts, including:

e Operations Analysis and Operating Plan Development, report prepared by CANAC, Inc.

e Network Option Evaluation Report, report prepared by SDG

Numerous photographs are presented throughout the report to illustrate the various technology
options and electrification systems in service today. The photographs were taken by LTK employees.
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1.4. Report Standards
The work in the report was performed in compliance with the following standards:
e CSA®(C22.3 No.8-M91 Railway Electrification Guidelines

e AREMA* Manual for Railway Engineering

1.5. Report Presentation

This report is presented in a single volume containing the main body of the report and Appendices.
Further information on the electrification technologies can be found in the following companion
reports:

Rolling Stock Technology Assessment for Metrolinx GO System Electrification. The report evaluates
number of rolling stock technologies and concludes that the most suitable technologies for Metrolinx
GO system electrification are the electric locomotive hauled trains, the electric multiple unit (EMU)
trains, and the dual-mode locomotive hauled trains.

Power Supply and Distribution Systems Technology Assessment for Metrolinx GO System
Electrification. The report evaluates number of electrification system technologies and concludes that
the most suitable technology for Metrolinx Go system electrification is the 2x25 kV autotransformer
system operating at commercial frequency of 60 Hz and supplying overhead contact system (OCS)
consisting of catenary and feeder systems.

3 Canadian Standards Association

4 American Railway Engineering and Maintenance-of-Way Association
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2. CONFIGURATION OF TYPICAL AUTOTRANSFORMER-FED ELECTRIFICATION SYSTEM

2.1. Basic System Definitions

Traction Electrification System (TES) provides electrical power to the trains by means of the traction
power supply system, traction power distribution system, and traction power return system. In general,
each system is comprised of the following:

e Traction Power Supply System - includes traction power substations located along the route at
predetermined locations

e Traction Power Distribution System - consists of the OCS, along track feeder system,
autotransformer stations and switching stations

e Traction Power Return System - comprised of the running rails, impedance bonds, cross-bonds,
and the ground (earth) itself. In addition, the system is also equipped with static wires and
grounding connections

The traction power supply system delivers power to the distribution system. The trains collect their
propulsion power from the distribution system by means of pantographs and return the power to the
substations via the rails and the traction power return system.

2.2. Autotransformer-Fed System Overview

A typical configuration of an autotransformer-fed (ATF) system is presented in Figure 2-1.

TRACTION POWER SUBSTATION AUTOTRANSFORMER SWITCHING
STATION STATION
THREE-PHASE A A
HIGH VOLTAGE 8 / .
UTILITY SYSTEM WITH © ¢
PHASE-TO-PHASE TRANSFORMER
CONNECTION / PRIMARY WINDING
TRANSFORMER FEEDER BUS TIE
a SECONDARY CIRCUIT BREAKER CATENARY BUS TIE
WINDING FEEDER BUS CIRCUIT BREAKER
‘ INCOMING CIRCUIT ‘
MEDIUM BREAKER CATENARY BUS INCOMING
‘ VOLTAGE ‘ CIRCUIT BREAKER
‘ ] SWITCHGEAR ‘ /
D) D D) D) D) D) 5] D) D D, CATENARY SYSTEM (OCS)
~ ~ [ [ ~ CIRCUIT BREAKERS
SINGLE-PHASE T T T T T T AN BN TLr[
FEEDER SYSTEM YO O DD YYD
FEEDER 1 ‘ ‘ ‘ ‘
FEEDER 2
SINGLE-PHASE FEEDER SYSTEM
CATENARY SYSTEM CIRCUIT BREAKERS
TRACK 3
L = L
TRACK 4
TRACTION POWER RETURN SYSTEM - RAILS, STATIC WIRE, AND GROUND
NOTES: SYMBOLS:
1. ALLHV, BUS INCOMING, FEEDER, AND CATENARY CIRCUIT BREAKERS ARE NORMALLY CLOSED. Lo TRACTION POWER —mm— PHASE BREAK
¥ TRANSFORMER
2. ALL BUS TIE CIRCUIT BREAKERS ARE NORMALY OPENED. —o—  HIGH VOLTAGE CIRCUIT BREAKER
¥ AUTOTRANSFORMER —~-  MEDIUM VOLTAGE CIRCUIT BREAKER

—E=— OVERLAP

Figure 2-1 - Typical Configuration of AC Autotransformer-Fed Electrification System
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The substation spacing depends on the rolling stock power demand, train consist size, train operation
characteristics and the electrification system design. Typical substation spacing for the
autotransformer-fed ac electrification system is approximately 50-60 km. Since the traction power
substations are located at such wide spacing, substations will normally supply power to several trains at
the same time, and relatively high power demand can be expected on the traction power transformers,
typically rated 20 MVA to 40 MVA each. With substations at such long spacing and the traction power
transformers feeding relatively high load, strong and highly reliable utility connections are required,
typically at 115 kV or 230 kV input voltage.

Since the traction distribution system is single-phase, the traction power transformers are also single-
phase with primary windings connected to only two phases of the local power utility three-phase
transmission network. This connection will exert unequal loading on the each of the three phases,
thereby creating a certain amount of unbalance in the utility system voltages and currents. In order to
mitigate the effects of the unbalanced voltages and currents, the transformer primary winding
connections should be alternated at successive transformers, for example, A-B, B-C, C-A, and so on.
Such connections will help to balance the utility system somewhat, but will cause adjacent catenary
sections to operate at different phases.

Modern autotransformer-fed systems operate at 2x12.5 kV ac or 2x25 kV® ac electrification voltages,
with the 2x25 kV system being the world standard. The substation transformer secondary windings are
wound with a center tap which is grounded and connected to the return system rails. For example, in a
2x25 kV autotransformer system, the transformer secondary winding is 50 kV and is connected to the
feeder and the catenary circuits.

At regular intervals, 8-12 km apart, autotransformer stations are installed, typically with one or two
autotransformers. The purpose of the autotransformers is to transform the 50 kV feeder-to-catenary
voltage to 25 kV catenary-to-ground voltage. In this manner, the power is distributed along the system
at 50 kV and the power is utilized by the trains at 25 kV. This is very advantageous, as the
autotransformer-fed system can achieve substation spacing comparable to 50 kV direct-fed systems
without the requirement for clearances necessary for electrification system operating at 50 kV.

At substations and at approximate mid-point between substations, phase breaks are installed in the
catenary system to separate sections of catenary system operating at different phases. The feeder
system is provided with a gap for the same reason. Adjacent to the catenary phase breaks and the
feeder gaps, wayside switching stations are installed to enable switching operations of the catenary and
feeder systems in the event of substation failure.

Power from the supply transformers and autotransformers is delivered to the catenary and feeder
circuits via medium voltage switchgear installed in buildings or by outdoor, pole-mounted circuit
breakers.

5 It should be noted that for the 2x25 kV autotransformer-fed system the autotransformer voltage ratings are as follows: primary winding 50

kV (feeder-to-catenary), and secondary winding 25 kV (catenary-to-rail). Since the feeder-to-rail and catenary-to-rail voltages are both 25 kV,
the system gained the name 2x25 kV. Because of almost universal acceptance of the name in the industry, the autotransformer-fed system
will be referred to as 2x25 kV in this study. Similarly, a direct-fed system, being installed with catenary system only, will be referred to as
1x25 kV system.
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2.3. Traction Power Supply System

Utility Power Supply

The traction power substations will receive electrical power from the local utility company, Hydro One,
at high voltage of 230 kV. For economic reasons, the traction power substations should receive power
directly from the power utility high voltage substations or transmission lines located in close proximity
to the rail corridors.

Connections to the utility high voltage system is required to ensure optimal supply reliability and to limit
voltage flicker, phase unbalance, and harmonic distortion that may result from the addition of the highly
fluctuating, single-phase, and non-sinusoidal traction loads.

It is desirable to supply each traction power substation by two high voltage lines that are electrically as
independent of each other as possible.
Substation Equipment

The substations will include all the necessary equipment to transform and control the ac voltage
between the utility company and the traction power system voltage which is used by the rolling stock.

A typical traction power substation includes the following major items of electrical equipment:
e High voltage supply line termination structures

e High voltage circuit breakers and disconnect switches

e Traction power transformers

e Medium voltage circuit breakers or switchgear assemblies

e AC feeder supporting gantries and return cables

e Substation auxiliary power transformers

e Signal and communications power supply systems, if desired

e Substation control building enclosure housing protective devices, programmable logic controllers
and supervisory control and data acquisition systems, instrumentation, indication, annunciation,
lighting, temperature control system, and substation battery

e Busbars and bus connections
e Power cables, control cables, and low voltage auxiliary power wiring

e Insulation and grounding systems, raceways, conduits, ductbanks, and other miscellaneous
equipment

e Substation ground mat
e Substation special equipment, if necessary

Due to the large electrical clearances required, high voltage equipment of traction power substations is
typically installed outdoors. Each item of equipment is delivered to the site separately and installed on
prepared foundations or footings.
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Switchgear, protective relays and control equipment are normally installed in prefabricated or field
constructed buildings. Optionally, the medium voltage circuit breakers may be installed outdoors.

High Voltage Circuit Breakers and Disconnect Switches

The function of the high voltage circuit breakers is to disconnect the traction power transformers from
the utility system following a fault, severe overload condition, or for maintenance. Each circuit breaker
should be equipped with disconnect switches to provide visible confirmation of isolation of the circuit
breaker during maintenance.

Traction Power Transformers

The substation traction power transformers step-down the utility power from high voltage to
distribution voltage. Normally, each substation is equipped with two equally-sized transformers, but
one transformer substation can be acceptable in the event that real estate constraints exit. Each
transformer should be rated to be capable of handling the entire substation load and to allow for
continuous system feeding in the event of outage of one of the utility feeders, transformer, or other
item of high voltage equipment.

The transformer primary winding is a simple single-phase winding. The secondary winding of each
transformer is equipped with center point which is grounded and connected to track rails. For a 2x25
kV system the secondary voltage is 50 kV providing two 25 kV voltages suitable for supply of the feeder
and catenary systems.

Medium Voltage Switchgear/Circuit Breakers

Each traction power substation includes a lineup of ac indoor switchgear or outdoor circuit breakers to
distribute power to the feeder and catenary systems, auxiliary power supply transformers, and
substation special equipment, if installed. In conjunction with the high voltage circuit breakers, the
medium voltage circuit breakers also isolate the traction power transformers. The switchgear or circuit
breakers should be configured to include main incoming circuit breakers, feeder and catenary busbars
with bus-tie circuit breakers, and the appropriate number of feeder and catenary system circuit
breakers.

Power to the overhead distribution system is supplied via feeder and catenary circuit breakers. The
function of the circuit breakers is to protect the overhead distribution system against short circuits and
to enable system outages for the purpose of equipment maintenance. It is recommended to equip each
main track and feeding direction with its own dedicated circuit breaker. Thus, for a two-track system
operating in the east-west (or north-south) directions, the following feeder and catenary circuit breakers
would be required:

e  Circuit breaker 1 - Track 1 east (or north)
e Circuit breaker 2 - Track 1 west (or south)
e  Circuit breaker 3 - Track 2 east (or north)
e  Circuit breaker 4 - Track 2 west (or south)

The substation and switching station feeder and catenary busbars need to be equipped with bus-tie
circuit breakers. The bus-tie circuit breakers are normally open and are closed only when two adjacent
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sections of the distribution system need to be connected in the event of a traction power transformer or
substation outage.

The substation auxiliary system can be protected by fuses or circuit breakers. The substation special
equipment, such as phase balancing equipment, harmonic filters, or power factor correction equipment
should be connected to the substation busbar via circuit breakers or circuit switchers.

Additionally, the use of a dedicated circuit breaker for the rolling stock maintenance facility is
recommended.

Substation Special Equipment

In special circumstances, and depending on specific system and rolling stock design features, the
traction power substations may also contain harmonic distortion filters, power factor correction
equipment, and static VAr compensators (SVCs) as briefly described below:

e Harmonic Filters — to limit individual harmonic and total harmonic distortion at the point of common
coupling of the traction power and utility equipment

e Power Factor Control Equipment — to control the power factor at the point of common coupling of
the traction power and utility equipment

e Static VAr compensators — to limit the traction power substation unbalance caused to the power
utility system, filter harmonics, and maintain bus voltage by supplying reactive power into or
drawing reactive power from the system

The actual need for such equipment can be determined by performing a follow up report to evaluate the
impact of traction power system loads onto the power utility system. Such report should determine
busbar voltage unbalance and current unbalance in nearby generators. Further, the report should
calculate individual and total harmonic distortion of voltage and current, especially in the event, that the
power utility has capacitors and filters installed on the high voltage system. Finally, the load power
factor should be calculated.

The results of the studies should be compared with limits previously agreed with the power supply
utility company, and decision on any special equipment requirements can be made accordingly.

2.4. Traction Power Distribution System

Feeder/Catenary System

In the autotransformer-fed system, traction power from substations is distributed to trains by the
overhead autotransformer feeder and catenary systems. The substations transformers utilize a center
tapped secondary winding where the autotransformer feeder system is connected to one end of the
substation transformer secondary winding and the catenary system is connected to the other end of the
winding through medium voltage switchgear. The secondary winding’s center tap is tied to the
rail/static wire/ground power return system.

For two track high-density train operation, two along-track feeders, one for each track, are normally
provided for redundancy in the system.

Phase Breaks
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As already mentioned, the primary windings of each traction power transformer are connected to only
two phases of the power utility three-phase system. In order to mitigate the utility system unbalance,
the two phase connections are rotated. For example, the first transformer can be connected to phases
A & B, the second to phases B & C, the third to phases C & A, and so on for each successive transformer.
Rotating the transformer connections causes the secondary windings of adjacent transformers to be
out-of-phase. In order to electrically separate the sections of distribution system which are operating at
different phases, phase breaks are installed in the overhead catenary system at the substations and at
switching stations. The autotransformer feeders are also sectioned at the locations of phase breaks by
using insulators.

Switching Stations

In order to provide for the autotransformer feeder and catenary system switching in the event of
substation outages, switching stations are provided between each pair of adjacent substations. To
facilitate the overhead system switching operations, each switching station is equipped with medium
voltage indoor switchgear or outdoor circuit breakers. The circuit breakers are configured in two
sections. The autotransformer feeder section includes circuit breakers on each side of the sectionalizing
point and a bus-tie circuit breaker. Similarly, the catenary section includes circuit breakers on each side
of the phase break and a bus-tie circuit breaker. The autotransformer feeder and catenary circuit
breakers are normally closed and the bus-tie circuit breakers are normally open. The feeder and
catenary circuit breakers of each track are intended to be arranged so they operate mechanically and
electrically together. The purpose of the bus-tie circuit breakers is to connect the adjacent sections of
the distribution system in the event of substation outage.

Autotransformer Stations

Autotransformer stations are an integral part of the autotransformer-fed system. Since substation to
switching station spacing is often large, each section of the distribution system may be equipped with
one or more autotransformer stations. The autotransformer stations are installed either between the
substation and the switching station or between the substation and end of the line in order to improve
the voltage profile along the system by transforming the feeder/catenary voltage to catenary/rail
voltage using autotransformers. Further, the autotransformer stations parallel the catenary and feeder
circuits of the two tracks and provide electrical sectioning points within the system.

Each autotransformer station is equipped with medium voltage indoor switchgear or outdoor circuit
breakers configured in a similar arrangement as in the switching stations. However, since the
autotransformer feeder and the catenary voltages on either side of the autotransformer stations are
always of the same phase and magnitude, there is no need for bus-tie circuit breakers. For the same
reason, overlaps or section insulators are used in autotransformer stations instead of phase breaks.

Benefits of Autotransformer Stations and Switching Stations

A key advantage of this arrangement is that the switchgear in the switching and the autotransformer
stations enables sections of the distribution system to be disconnected following a fault or for routine
maintenance. The switchgear is configured to permit paralleling of the overhead distribution system
conductors in multiple track areas. The conductor paralleling decreases the effective system impedance
between substations and trains which improves the train voltage profile along the system. The
paralleling also provides for current sharing between conductors of adjacent tracks and improves system
fault detection.
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Autotransformers

In the autotransformer system, the catenary-rail voltage is delivered by the feeder-catenary distribution
system via autotransformers. Autotransformers are installed at each autotransformer station and at
each switching station to transform the feeder-to-catenary voltage to catenary-to-rail voltage. The
autotransformer winding ratio must correspond to the distribution voltage (feeder-to-catenary) and the
traction voltage (catenary-to-rail) ratio.

The autotransformer-fed system enables power to be distributed along the system at higher than the
train utilization voltage. For example, in the 2x25 kV autotransformer system, power is distributed at 50
kV (feeder-to-catenary) while the trains operate at 25 kV (catenary-to-rail). This arrangement results in
a system with lower voltage drop along the alignment than is possible with 25 kV direct-fed system,
resulting in an improved train voltage profile along the line.

Similarly to the substation transformers, the autotransformers are constructed and tested in accordance
with IEEE 57 series of standards. The autotransformer coils should be also provided with extra bracing
to withstand pulsating radial and axial forces due to the highly fluctuating traction load.

2.5. Traction Power Return System

Return System Conductors

The traction power return system consists of the running rails, impedance bonds, cross-bonds, overhead
static wires, return conductors, and the ground (earth) itself. Both running rails of each track serve as
return conductors, except at special trackwork locations where electrical continuity is provided by
jumper cables connected to the rails.

In order to enable both rails to carry the return current and to maintain the double rail signalling track
circuits for broken rail protection commonly used by North American railroads, any existing dc track
circuits must be changed to ac track circuits using a different frequency from the 60 Hz traction power
system, for example 100 Hz.

Return System Continuity and Grounding

At locations requiring insulated rail joints, the electrical continuity of the return system is maintained by
the use of impedance bonds. The running rails should be cross-bonded for traction power equalization
through impedance bonds at every traction power substation and as required by the design of the signal
and/or train control systems. The cross-bonds are periodically connected to the static wire which is
used to connect the supporting structures of the feeder and catenary systems. The static wire is
grounded at frequent intervals. The result, based on current division, is that, portions of the return
current flow in the rails, the static wire, and the ground.

The purpose of this design is to reduce the effective return system resistance and provide as low an
impedance return system as possible in order to limit voltage rise along the rails (rail-to-ground
potentials), and to improve catenary fault detection by creating sufficiently high short-circuit currents.

Particular attention should be paid to return system grounding arrangements at, and in the vicinity of,
passenger stations to avoid undesirable voltage rise between the station metallic structures, rails, and
consequently, trains.

The cross-bond grounding must be coordinated with the signal system design.
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2.6. Normal And Contingency System Operation

Continuity of Supply

The power supply, distribution, and return systems should be designed so that adequate propulsion
power continues to be supplied to the system under normal and contingency operation. Therefore,
electrical continuity must be provided in the distribution system from substations to switching stations
under normal operating conditions and under single traction power transformer outage. Additionally,
electrical continuity must be provided from substation-to-substation under full substation outage
conditions.

At the substations, autotransformer stations, and switching stations, the distribution system continuity
is provided by the normally closed feeder and catenary circuit breakers. In the event that a feeder or
catenary circuit breaker needs to be opened for repair or maintenance, two approaches are possible:

e Provision of hand-operated or motor-operated outdoor or indoor type bypass disconnect switch

e Provision of a transfer bus and an additional circuit breaker which can substitute for any circuit
breaker via the transfer bus

The distribution system should be sectionalized into electrical sections to limit the length of the track to
be deenergized following a fault or for system maintenance. The sectioning can be performed at
substations, autotransformer stations, and switching stations, as well as at interlockings where
crossovers and turnouts are installed.

Normal Operation

During normal operation of the power system, i.e., when all major components of the system, such as
substation transformers, feeders, and autotransformers, are in service, the system will maintain rated
train operating performance during peak-hour traffic conditions. This includes providing full
performance train voltage levels to allow simultaneous starting of trains.

Contingency Operation

Normally, each traction power transformer feeds its own section of system. During a substation
transformer outage, continuity of supply to that section is achieved by closing of the substation feeder
and catenary system bus-tie circuit breakers. The remaining substation transformer then feeds both
sections of the system.

Each traction power transformer in a substation is recommended to be supplied by an independent,
dedicated transmission line. In this event, an outage of entire substation is unlikely. Nevertheless,
provision for such a contingency should be made in the system design. Following an outage of an entire
substation, the neighbouring substations should maintain continuity of supply. Therefore, each
substation must be capable of supplying its own section of the system as well as the adjacent sections
previously supplied by the out-of-service substation. This is facilitated at switching stations. During a
substation outage, the normally open switching station feeder and catenary bus-tie circuit breakers are
closed, thus extending the supply areas of the healthy substations in operation.

When a substation at the end of the system is out-of-service, the end-of-the-line is supplied from the
closest operating substation by closing bus-tie circuit breakers in the switching station and the outaged
substation.
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2.7. Autotransformer-Fed System Facilities

AC system substations have requirements for equipment that supports high voltage electrical input and
medium voltage output. The requirements for electrical clearances dictate that most of the substation
equipment be installed outdoors.

Typical 2x25 kV substation is shown in Figure 2-2 and typical 2x25 kV autotransformer station is shown
in Figure 2-3. Both installations are from Amtrak’s Northeast Corridor electrification system, New
Haven, CT to Boston, MA.

Figure 2-2 - Typical 2x25 kV System Substation

Figure 2-3 - Typical 2x25 kV System
Autotransformer Station

Visual impact of a typical two-track catenary and feeder system is illustrated in the Figure 2-4. At
overlaps and at interlockings the visual impact is higher than shown.
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Figure 2-4 — Typical Two-Track 2x25 kV OCS and
Feeder System with Side Pole Construction

The OCS poles are installed at both sides of the track and are spaced approximately 55-60 m apart on
tangent track, with the spacing decreasing progressively with decreasing radius of curves.

Visual impact of a typical multi-track catenary and feeder system is illustrated in the Figure 2-5. For
multiple-track OCS and feeder system portal structures are used. The portal construction can be
extended to accommodate practically any number of tracks. The portal spacing is comparable to the
OCS pole spacing.

Figure 2-5- Typical Multi-Track 2x25 kV OCS and
Feeder System with Portal Construction
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3. TECHNICAL CHARACTERISTICS OF AC ELECTRIFICATION SYSTEMS

3.1. General

The electrification system includes the following impacts:
e  Power Utility Impact on utility or customer systems

e Electromagnetic Field Impact on humans

e Electromagnetic Interference Impact on other equipment

3.2. Power Utility Impact

Power Demand Characteristics. Power demand of traction power supply systems is significantly
different from power demand produced by the usual utility loads. Although there are exceptions, most
of the utility loads are relatively slowly changing, well distributed amongst the three phases of
transmission and distribution circuits, nearly sinusoidal, and typically with high power factor.
Occurrence of short circuits is moderate especially on transmission circuits. As discussed below, the
same cannot be said about the traction loads, as they are highly fluctuating, single-phase, contain
harmonics, and the system is subject to higher occurrence of short circuits.

Power Fluctuation. Traction power demand is of a highly fluctuating nature. This is a result of abrupt,
impulse-like changes in power requirements of trains as they accelerate and decelerate, as they
encounter or leave track grades, and as they enter and leave distribution system feeding sections. The
magnitude and frequency of the impulses increase during peak time (rush-hour) periods of operation as
longer trains operate at shorter headways.

Phase-to-Phase Connections. AC electrification system traction loads are single-phase and are
connected to a utility three-phase system phase-to-phase. The unequal phase loadings of the three
phases cause the utility system currents to be unbalanced. The different currents in each phase cause
unequal voltage drops in the three-phase utility network and this causes the utility voltages and currents
to be unbalanced.

Harmonic Content. The train load on the electrification system substations consists of number of single-
car and/or multi-car trains operating simultaneously on the system. The power electronics of the rolling
stock propulsion and auxiliary systems generate harmonic currents. The harmonic currents generated
by the rolling stock produce harmonic voltages along the traction power distribution system and inject
harmonics into the utility power supply system. However, the harmonics of rolling stock equipped with
modern propulsion systems using integrated gate bipolar transistor (IGBT) based propulsion converters
are usually negligible and in many cases can be ignored.

If it is found necessary to lower the harmonic content, filtering equipment installed on-board the rolling
stock often satisfies the relevant standards.

System Faults. Traction power distribution systems are subjected to faults and short circuits in a greater
degree than utility power systems. This is mainly due to relatively low overhead system clearances,
which are often further reduced under bridges and in tunnels, and due to a relatively large number of
support insulators used per kilometre of the system.

Power Factor. Low power factor has been a concern in the past when rolling stock was equipped with
thyristor-controlled propulsion equipment. Today, modern rolling stock is invariably utilizing propulsion
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systems with IGBT-based four-quadrant converters which can be designed to operate with power factor
approaching unity.

Power Demand Impact. The traction load is likely to have some effect on the utility power supply
system and, in most onerous cases, on other adjacent systems and subsystems. The power demand
fluctuation may cause a voltage flicker at utility busbars. This flicker may cause customer light flickering
and may affect the operation of some electronic equipment. Also, the fluctuating currents flowing in
the traction power supply equipment can cause pulsating forces which can be of significant magnitude,
and therefore, can be potentially harmful to substation equipment.

The voltage and current phase unbalance causes flow of negative sequence current in the rotors of
rotating machinery and may increase heating of utility generators and utility customer motors.

The rolling stock injects harmonic currents into the traction power distribution and return systems
where they are combined with any existing harmonics of the power utility system. The harmonic
currents produce voltage drops at harmonic frequencies at the utility busbars, and in turn, the distorted
busbar voltages produce harmonic currents in the bus-connected equipment. The harmonics may cause
malfunction of some electronic equipment, EMI into wayside equipment, increased equipment heating
and, in severe cases, resonance of the utility system. As already mentioned, modern propulsion systems
equipped with integrated gate bi-polar thyristor converters exhibit very low harmonics.

Due to OCS impedance, rolling stock operating with low power factors causes voltage drop in the OCS
resistance and reactance. By comparison, modern rolling stock with power factor close to unity causes
voltage drops mainly in the OCS resistance while the reactive voltage drop is significantly reduced. Since
the OCS reactance is typically three to four times larger than the resistance, a significant reduction in
voltage drop can be achieved and the traction power substations can be located further apart.

The short circuit current may cause EMI into wayside equipment, voltage dip at utility busbars, and
pulsating forces in substation equipment.

In general, the impact of modern traction electrification system and the vehicle propulsion equipment it
supplies on the power utility system is relatively minor, and remedial measures are seldom required.
However, corrective equipment, in the form of phase balancing equipment, harmonic filters, and power
factor correction equipment, is available, should it be required in a particular situation.

3.3. Electromagnetic Field Impact®

Electromagnetic Fields (EMF). Flow of ac power produces two types of fields, electric fields and
magnetic fields. Both, electric and magnetic fields are present in electric rolling stock, in electrical
substations, and along an electrified railroad.

EMF Studies. Numerous epidemiological studies and comprehensive reviews have evaluated magnetic
field exposure and risk of cancer in children™. Since the two most common cancers in children are

6 This section has been prepared using information from National Cancer Institute (NCI) website www.cancer.gov and from World Health
Organization (WHO) website www.who.int.

7 A. Ahlbom, E. Cardis, A. Green, M. Linet, D. Savitz, A. Swerdlow, Review of the Epidemiologic Literature on EMF and Health, Environmental
Health Perspectives 2001, 109(6), 911-933.

8 World Health Organization, International Agency for Research on Cancer, Volume 80: Non-ionizing radiation, Part 1, Static and Extremely Low-
frequency (ELF) Electric and Magnetic Fields. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, 2000, Lyon, France.
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leukemia and brain tumours, most of the research has focused on these two types. A report in 1979
pointed to a possible association between living near electric power lines and childhood leukemia®.
Among more recent studies, findings have been mixed. Some studies have found an association
between electromagnetic fields and cancer, others have not.

Currently, researchers conclude that there is limited evidence that magnetic fields from power lines
cause childhood leukemia, and that there is inadequate evidence that these magnetic fields cause other
cancers in children. Researchers have not found a consistent relationship between magnetic fields from
power lines or appliances and childhood brain tumours.

EMF Limits. A number of national and international organizations have formulated guidelines
establishing limits for occupational and residential EMF exposure. The exposure limits for EMF fields
were developed by the International Commission on Non-lonizing Radiation Protection (ICNIRP), a non-
governmental organization formally recognized by the World Health Organization (WHO), following
reviews of all the peer-reviewed scientific literature, including thermal and non-thermal effects. The
standards are based on evaluations of biological effects that have been established to have health
consequences. The main conclusion from the WHO reviews is that EMF exposures below the limits
recommended in the ICNIRP international guidelines do not appear to have any known consequence on
health.

In Canada there are no national standards for occupational and residential exposure to EMF. Health
Canada, the department of the government of Canada, issued a Guideline document in 1999 which is
enforced through the federal and provincial regulations and standards.

In USA, the American Conference of Governmental Industrial Hygienists (ACGIH) publishes
recommended occupational exposure limits. Further, the Federal Communications Commission (FCC)
and the Institute of Electrical and Electronics Engineers (IEEE) publish their own standards.

Both, Canada and USA have been taking part in the International EMF Project coordinated by WHO. The
Project’s missions include provision of coordinated international response to concerns about possible
health effects due to EMF exposure and to facilitate development of internationally acceptable
standards for EMF exposure.

Measurements Along Electrified Railroad. Electric Research & Management, Inc. (ERM) performed a
survey to quantify the levels of extremely low frequency (ELF, 3-3,000 Hz) electric and magnetic fields
(EMF) and radio-frequency (RF, 300 kHz to 50 GHz) electric fields near electric facilities along Amtrak’s
Northeast Corridor (NEC) between New Haven, CT, and Boston, MA. This work was sponsored by the
Federal Railroad Administration (FRA) and contracted to ERM with oversight by the Volpe National
Transportation Systems Center.

According to EMRY, the maximum ELF electric and magnetic field readings were compared with
exposure limits in the American Conference of Industrial Hygienists (ACGIH) and Institute of Electrical
and Electronic Engineers (IEEE) C95.6 standards™. None of the limits were exceeded.

9 N. Wertheimer, E. Leeper, Electrical Wiring Configurations and Childhood Cancer, American Journal of Epidemiology 1979, 109(3), 273-284.

10 DOT/FRA/RDV-06/01, EMF Monitoring on Amtrak's Northeast Corridor: Post-Electrification Measurements and Analysis, October 2006.

11 IEEE C95.6, Standard for Safety Levels with Respect to Human Exposure to Electromagnetic Fields 0 To 3 kHz.
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All radio frequency readings were logged directly as a percentage of the occupational FCC standard.
None of the readings were greater than 3 % of this standard. Thus, all readings were also less than 3 %
of the IEEE €95.1*2 and ACGIH occupational limits. Because the general public limits are lower than the
occupational by factor of 2.2, the electric field limits for the general public were similarly never
exceeded.

3.4. Electromagnetic Interference Impact

General. In the direct-fed system all traction current is flowing to the train along the entire substation-
to-switching station OCS length. Similarly, the current travels back to the substation along the entire
return system length. The current in the catenary may induce electromagnetic fields in nearby signal
and communication circuits and cause interference. The return current in the rails may cause an
undesirable voltage rise. Increased potentials along the rails cause increased voltages between rolling
stock and platform, with possible discomfort for passengers boarding and alighting trains.

In the autotransformer-fed system, the major portion of catenary and return currents flow between the
much closer-spaced autotransformer stations or between an autotransformer station and a switching
station, often in opposite directions. Also, the catenary and feeder conductors are much closer to each
other than the OCS and rail in the direct-fed system. Therefore, the induction effects are lower and the
potential rise along the rails is lower in the autotransformer-fed system than in the direct center-fed
system.

Depending on the train position along the autotransformer system, the current in the feeder may flow in
the opposite direction than the current in the catenary. In this event, certain electromagnetic field
cancelation occurs. This field cancelation mitigates, to some degree, the effects of electromagnetic
interference on other wayside equipment as well as communications and signalling circuits.

The induction effects occur at fundamental and harmonic frequencies. The effects of induced magnetic
fields on humans should be considered during electrification system design. Testing both inside the
vehicle and at passenger boarding platforms should be verified per European standards EN50061 and
DIN VDE 0848, part 4. The limit for dc field exposure is 1 mT. The limit for ac fields is 500 uT from 1 Hz
to 7.5 Hz, falling linearly on a log plot to 3.75 uT at 1 kHz and then flat to 30 kHz.

EMI/EMC Plan. EMI and Electromagnetic Compatibility (EMC) Plans should be developed for the rolling
stock and the wayside communications and signal systems during preliminary design stage of any
electrification project. All susceptible systems should be identified and characterized. Preliminary
specifications for Conducted, Induced and Radiated EMI should be developed. Although not applicable
at present, provisions for Cab Signal Interference (CSl) and PTC equipment installed on the rolling stock
should be included as directed by Metrolinx. Emission limits curves should be developed for all
potential generators of EMI. The limits curves should be sufficiently lower than the susceptibility limits
to provide a comfortable margin of safety.

Limits for the individual subsystems that comprise the vehicle must be established in advance of building
the vehicle to have assurance that overall vehicle and train limits are met during manufacture.
Subsequently, prototype laboratory EMC testing should be performed during manufacture for all critical
systems and for verification of emission limits by measurement during field testing.

12 IEEE C95.1, Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz.
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Conducted EMI. Conducted emissions can be produced by the wayside traction supply equipment and
the rolling stock. Care must be taken during the design phase of each to prevent generation of
harmonic currents that could cause interference to the wayside track signal, communications system
and the public power grid. These currents flow in the OCS, through the vehicle and return to the
substation via the running rails. The conducted EMI testing only applies to vehicles that use external
power from catenary. Self-powered vehicles, such as diesel locomotives, are exempt from this
requirement.

Induced EMI. Induced interference results from high-powered electrical equipment on the vehicle
inducing harmonic currents in a loop directly under the vehicle. The loop consists of the two inner axles
and the running rails between them. When the vehicle pass over impedance bonds or signal connection
points, interference is possible. Mitigation starts in the design phase with good EMI avoidance
techniques. Laboratory testing is done in the prototype stage to verify the design. Final wayside field
testing is done to verify the emission limits.

Radiated EMI. Radiated interference can be generated from the vehicle and radiate through space
similar to a radio transmitter. Mitigation methods must be taken in the design phase. The established
limits should specify the frequency range and measuring distance and should be based on broadband
EMI measured in dBuV/m/MHz. The goal is to avoid destructive interference with railroad
communications, signal and public radio and TV reception. Testing, including a frequency scan, should
be performed on the wayside with appropriate antennae and RF spectrum analyzer. Testing should be
carried out in at least three phases:

e Phase 1 - Base Case — performed prior to electrification commencement
e Phase 2 - After electrification is completed with the line energized and without trains
e Phase 3 - Line energized with a train operating in full acceleration and braking modes

Cab Signal Interference and Positive Train Control. As provisions for possible future CSI and PTC
systems, appropriate noise rejecting cab signal track receivers must be applied to rolling stock equipped
with ac propulsion systems. The verification test is done onboard the vehicle by measuring the EMI at
the output of these track receivers. Excessive Cab Signal Interference could result in cab signal reliability
or safety problems. It should be noted that CSl is a separate item from conducted and radiated EMI, and
is often forgotten by foreign vehicle suppliers who are not familiar with cab signal systems in North
America.

Existing Wayside Signals. The design and operation of existing wayside signals, including grade crossing
warning devices should be reviewed to determine if changes are required in order to achieve EMC with
electrified territory to avoid subsequent operational problems.

Traction Power Substations. Testing is recommended in the substations to verify the harmonics
injected back into the power utility grid are within IEEE Std. 519 limits. This testing should be performed
on the wayside at the substation. This is a power quality issue.
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4. ROLLING STOCK SIMULATION AND ELECTRIFICATION SYSTEM MODELING METHODOLOGY

4.1. Procedure

The computer load-flow report simulations are performed in the following steps:

Development of report criteria

Development of rolling stock performance characteristics

Data collection, including:

» Route alignment gradients, speed restriction, and passenger station locations
» Rolling stock physical and performance characteristics

» Train operation data, including the train consist sizes, schedules, routes, and passenger station
dwell times

» Electrical network data, substations, paralleling stations, switching stations, OCS, and power
utility network

Conversion of collected data into computer input data

Trip duration computer runs and development of string charts
Analysis of trip duration and string chart results

Collection of electrical power utility parameters

Conversion of electrical data into computer input data

Electrical system computer runs, including:

» All equipment in-service scenarios

» Contingency conditions such as substations out-of-service

Analysis of electrical output results. The analysis includes the following calculations:
» Derivation of train voltage profile along each system route

» Calculation of feeder and catenary system currents

» Determination of substation and autotransformer power demands

» Determination of substation power demands and energy consumptions

Based on the analysis of the electrical network results, the proposed electrification system conceptual
design is verified.

To develop a conceptual design of the electrification system, a comprehensive computer-aided train
operation and electrical system load-flow modeling and simulation is performed. Following are the
assumptions in the model.
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4.2. Modeling Features

To develop a conceptual design of the electrification system, a comprehensive computer-aided train
operation and electrical system load-flow modeling and simulation is performed. The modeling was
performed with the following features:

e Train Operation. The Reference Case train schedule was used in the system modeling with train
consisting of ten (10) coaches hauled by one (1) electric locomotive.

e Maximum Performance. All trains are modeled to operate at maximum acceleration rate, maximum
deceleration rate and up to the maximum authorized speed.

e System Modeled in Its Entirety. Since it is possible that some substation may supply more than one
route and some switching stations and autotransformer stations may be serving more than one
route, it is necessary to model the system in its entirety. Modeling of the system route-by-route
would give unrealistic results.

All corridors are included in the simulation, with the entire OCS network supplied by appropriately
spaced and rated substations, switching stations, and autotransformer stations.

4.3. Evaluations Performed
Detailed evaluation of the following results is performed:

e Voltage profiles along all electrified corridors. This is the most important set of results, as the
voltage available to the train directly affects its performance. Unless the minimum train voltages
are above minimum specified values, the system design, such as substation locations, will need to
be modified.

e Current flows in the feeders and OCS. The currents in the feeder and OCS are used to define the
switchgear rating, calculate the conductor temperatures, and verify adequacy of OCS conductor
sizes.

e Power demands and energy consumption at each traction power substation. The substation power
demands are used to determine continuous and overload ratings of major substation equipment.
Energy consumption is used to estimate possible energy savings due to regeneration of rolling stock.
Also, this data is used for estimating the power utility demand and energy charges.

Based on the simulations, adequacy of the conceptual system design is verified. The design is modified
and rechecked in iterative fashion, as necessary. The system modifications may include change in
substation or autotransformer station locations, adding an additional substations or autotransformer
stations, or modifying rating of transformers.

4.4. Computer Simulation Software Used

The train operations and load-flow simulations were performed using computer software TrainOps
Version 14. The software was developed by LTK Engineering Services (LTK) specifically to perform
traction power studies and is a comprehensive software tool used for design and analysis of both dc and
ac traction power systems. TrainOps was developed by identifying key elements which exist in other
traction power simulators. These elements were improved where necessary (i.e. train dispatch file) and
combined with a highly accurate method for modeling vehicle performance and power/voltage/current
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requirements into one comprehensive tool. The program is written in C++ and is Microsoft Windows-
based with many user definable features, including customizable vehicle performance parameters.

LTK’s traction vehicle/electrical system simulation software is unique in the industry in several respects.
The performance of each train in the model is dynamically determined by the continuously varying
voltage at the trains during the simulation, as occurs in the real world. Therefore, the program
accurately models the tractive effort and current curves for the desired vehicle and automatically
adjusts these curves as the traction power voltage varies along the traction power distribution system.
This software also allows the simulator to model very accurately modern ac drive systems which include
automatic, voltage dependent current or tractive effort limitations or adjustments, including detailed
modeling of vehicle regeneration.

The TrainOps model can represent one or more “routes” on which trains run. A route consists of one or
more track segments on which the trains will operate under different operational criteria such as
headway, train length, acceleration, deceleration and speed limits. In general, trains on each route
operate independently of other routes in the model, except for the voltage dependency mentioned
earlier. Any electrical connections between the route power supplies or distribution systems feeding
more than one route are correctly represented.

The program produces a wide array of color graphical outputs, which aid in the analysis of the traction
power system by visually displaying the data rather than printing the data in tabular form. The output
charts and graphs include the following:

e Train tractive effort and current vs. speed

e Train speed vs. time and distance

e String charts for each route

e Train voltage profile for each route

e Substation average power over pre-defined time intervals for each substation
e Substation instantaneous power for each substation

e Substation energy consumption for each substation

e Feeder/catenary RMS currents

Other important features include multi-route simulation and per-train scheduling. There is no limit to
the number of routes, or train types. All output is graphical and is produced directly by the program
without external software or manual effort. The simulator uses modern equation solution methods (i.e.
spare matrix techniques and direct inversion of matrixes), is very fast and accurate, and very large and
complex models can be simulated with ease.

The TrainOps software uses a dynamic performance algorithm for adjusting the trains’ performance
based on the instantaneous system electrical loading where most other simulators assume a fixed
performance value irrelevant of actual train voltage. TrainOps uses "snapshots" at one second intervals
to increment the calculations of vehicle performance and the system electrical load. TrainOps uses the
train’s actual voltage and its corresponding current to determine the load on the traction power system.
As these values change, the available tractive effort is recalculated and applied to the performance of
the train to determine the trains’ current requirements. This is performed individually for each train on
the system at each snapshot. The calculations are modified each time there is a change to the system,
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and consequently, train locations vary slightly from run to run due to actual performance associated
with each train’s actual train voltage. Therefore, each train on the system affects all other trains on the
system and vice versa.

Each train’s performance is individually calculated based on local conditions and the subsequent
location of each train updated. The electrical system is then re-evaluated through a matrix calculation.
The result is a more accurate representation of system performance under actual conditions as
individual train performance is dependent on both the traction power system and other trains on the
system. Train performance may appear to vary run to run, but this is actually representative of total
system dynamics that are seen in service.

The simulation output is dependent on operating assumptions such as system population which is
determined by headway, train consist, and train departure scheduling. The results presented in this
report represent only one possible combination of such operating assumptions. Variable operator
behaviour, dwell times, passenger loads, and weather or track conditions, along with potential train
bunching and special events trains will change actual system performance. Design standards were
developed for minimum train voltage to try to allow for real-world performance and operation
anomalies since there is no practical way to simulate every possible scenario or situation.

Further details on the TrainOps system modeling software are presented in Appendix B.
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REPORT CRITERIA

5.1. General

The following criteria are developed for the report:

System voltages, nominal, maximum, minimum, and emergency minimum, to evaluate the system
substation, autotransformer station and switching station locations, and the train performance

Conductor currents and their effect on the distribution system conductor temperatures

Power demands to develop transformer and autotransformer continuous and overload ratings

5.2. System Voltages And Train Performance

Industry Practice

The suitability of the selected locations for traction power substation, switching station, and
autotransformer locations is verified by determining the train voltage drop profile along the system. In a
traction power system, comprising of the utility network, substation equipment, feeders, catenary
conductors, and rails, every train on the system should have adequate voltage at the pantograph to
achieve desired performance of its propulsion system. The adequate voltage levels are defined by the
American Railway Engineering and Maintenance-of-Way Association®® (AREMA) recommendations.

The AREMA Manual for Railway Engineering defines the following standard voltages:

Nominal Operating Voltage. Voltage measured at the pantograph of a train located at the
substation feed point while full rated power is being drawn from the appropriate substation
transformer or transformers if connected in parallel, 25 kV for the Metrolinx system.

Normal Upper Voltage Limit. Voltage measured at the pantograph of a train located at the
substation feed point with no traction power being drawn from the appropriate substation
transformer or transformers, if connected in parallel. The Normal Upper Voltage Limit is 110% of
the Nominal Operating Voltage, 27.5 kV for the Metrolinx system.

Normal Lower Voltage Limit. Voltage measured at the pantograph of a train located at the point of
maximum voltage drop with the OCS functioning for normal design conditions, assuming no
substation outage and rated continuous power being developed by the rolling stock. The Normal
Lower Voltage Limit is 80% of the Nominal Operating Voltage, 20 kV for the Metrolinx system.

Emergency Minimum Operating Voltage. Voltage measured at the pantograph of a train operating
under emergency conditions, such as a substation outage, loss of one or more transformers at a
substation, or utility supply problems. Rated vehicle power and performance is not available, but
reduced operation is possible, assuming that on-board logic automatically degrades the vehicle
performance. The Emergency Minimum Operating Voltage Limit is 70% of the Nominal Operating
Voltage, 17.5 kV for the Metrolinx system. As per the American Railway Engineering and

13 AREMA, Manual for Railway Engineering, Chapter 33, Electrical Energy Utilization, Part 3, Recommended Voltages, published in 2006.
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Maintenance-of-Way Association recommendations, this limit applies to vehicle design only and is
not to be used as a criterion for the traction power system design.

Metrolinx System Voltages

Taking into account the AREMA recommendations, the traction power supply and distribution system
voltage levels for the Metrolinx 2x25 kV autotransformer-fed system, as developed for this report, are
shown in Table 5-1.

Table 5-1 - 2x25 kV Autotransformer-Fed System Voltages

System Location Voltage (kV) | Voltage (p. u.)
Traction Power Substation Input Voltage 230 1.00
Traction Power Substation Feeder-to- 55.0 1.10
Catenary
Normal Upper Output Voltage
Limit Catenary-to-Rails 27.5 1.10
Traction
Power Feeder-to-
Supply Traction Power Substation No- | Catenary 523 1.05
System Load Output Voltage
Catenary-to-Rails 26.25 1.05
Feeder-to-
Traction Power  Substation | Catenary >0.0 1.00
Nominal Output Voltage
Catenary-to-Rails 25.0 1.00
Traction Normal Lower Vo!tage Limit for Catenary-to-Rails 20.0 0.80
Power All Systems in Service
Distribution | Emer ini i
gency Minimum Operating .
Y Cat -to-Rail 17.5 0.70
System Voltage for Outage Conditions atenary-to-nails

Use of the Voltage Criteria in the Report

The nominal traction power supply system voltages were used in the computer simulations and the
distribution system voltages along the various lines were calculated and compared to the values
presented in the above table.

The Normal Lower Voltage Limit was used as criterion in evaluation of the simulated system
performance. For computer runs simulating the all equipment in-service condition (i.e. all substations,
switching stations, autotransformer stations, traction power transformers, feeders, and
autotransformers in-service), the lowest train voltage along any of the three corridors during rush-hour
operation should not fall below the Normal Lower Voltage Limit.
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Under system outage conditions, the lowest train voltage along any of the three corridors during rush-
hour operation should not fall below the Emergency Minimum Operating Voltage for Outage Conditions.
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5.3. Conductor Currents And Temperatures

As already mentioned, traction power demand is highly fluctuating, and consequently, the currents in
the system conductors are correspondingly fluctuating. The temperatures of the overhead conductors
will vary in accordance with such current variation, and will depend on the conductor size, material, and
environmental conditions.

The highest currents and temperatures in the distribution system conductors occur in the catenary and
feeder conductors adjacent to the traction power substations. In order to prevent overheating and
annealing of the feeder and catenary system conductors, it is always recommended to check the
conductor temperatures during a design stage of a project. The conductor temperatures should be
calculated using a transient method* and plotted versus time over the rush-hour interval.

Such detailed evaluation is not in the scope of the report. In order to evaluate the suitability of the
conductors used in the report, the calculated load current root-mean-square (RMS) values are
compared with the estimated ampacities of the distribution system conductors.

The distribution system conductors considered for the Metrolinx commuter system in this report and
their ampacities are shown in Table 5-2.

Table 5-2 — Configuration and Ampacity of Typical 2x25 kV Traction Power Distribution System

Number of Size (kcmil Approximate Total
Conductor Conductors per or AW.G.) Material A:1p acity (A) Approximate
Track B pacity Ampacity (A)
Feeder Wire 1% 556.5 ACSR 730 730
Messenger Wire 1 4/0 H. D. Copper 480
870
Contact Wire 1 4/0 H. D. Copper 390

The ampacity of the feeder and messenger wires were obtained from the Westinghouse Reference
Book®. The ampacity of the contact wire was obtained from the AREMA Manual”. In the above
mentioned references, the ampacities were calculated based on the following conditions:

e Ambient air temperature 25°C

14 T. Kneschke, Overhead Conductor Selection Based on Transient Current and Temperature Analysis for Better Traction Electrification System
Economics, IEEE Catalog Number 03CH37424, 2003 IEEE/ASME Joint Rail Conference, Chicago, IL.

15 For single-track and two-track systems one feeder per track is used. For higher number of tracks, only two feeders are required.
16 Westinghouse Electric Corporation, Electrical Transmission and Distribution Reference Book, published in 1964.

17 AREMA, Manual for Railway Engineering, Chapter 33, Electrical Energy Utilization, Part 4, Railroad Electrification Systems, published in 2006.
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e Conditions Sunny

e Conductor operating temperature, copper 75°C

e Conductor operating temperature, alloys and ACSR 100°C

e Emissivity 0.5

e Wind velocity 0.61 m/s

e Frequency 60 Hz

e Contact wire wear 30% (70% of the conductor original cross-section area remains)

The actual conductor ampacities can be expected to be somewhat lower in Toronto, especially in the
summer, when the daily maximum ambient temperature is just over 26°C and can reach 40°C under
extreme conditions.

5.4. Power Demands and Transformer Ratings

Power Demand Characteristics

Traction power substations experience highly fluctuating loading due to the abrupt, impulse-like
changes in power requirements of trains as they accelerate, decelerate, or as they encounter or leave
track grades. The magnitude and frequency of the impulses increase during peak power demand time
periods, since longer trains are likely to operate at shorter headways. Therefore the power demand also
fluctuates in the same manner as the load. The rush hour period occurs twice a day, in the morning and
in the afternoon, and the maximum power demands usually occur during this time. For traction power
substations to supply this load cycle, the substation equipment must have sufficient continuous and
overload power ratings as recommended by the AREMA guidelines®,

Transformer and Autotransformer Ratings

Traction power system simulations were performed for the peak demand rush-hour period in order to
determine the power ratings of the transformers and autotransformers. In order to determine the
traction power transformer continuous ratings, the maximum power demand for each substation was
averaged over 2-hour, 1-hour, 15-minute and 1-minute time intervals. Power utilities typically require a
power demand value based on a particular time period, usually corresponding to the billing interval (e.g.
15-minute average). The results of the report provide these values based on the prescribed headway
and consist for each route. The continuous and overload power ratings were assigned to the respective
power demand averages are shown in Table 5-3.

18 AREMA, Manual for Railway Engineering, Chapter 33, Electrical Energy Utilization, Part 6, Power Supply and Distribution Requirements for
Railroad Electrification Systems, published in 2006.
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Table 5-3 — Continuous and Overload Rating of Traction Power Transformers and Autotransformers

Traction Power Transformer and Autotransformer
Demand Period ONAN¥ Continuous and Overload Ratings (% of Rated
Power)
2 Hours 100, Continuous Rating
1 Hour 150
15 Minutes 200
1 Minute 250

Based on the simulations predicted power demands, the ratings of the transformers and
autotransformers can be defined.

19 Oil Natural Air Natural transformer cooling method.
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6. REPORT INPUT DATA

6.1. Data Collection

The data for the electrification system modeling and simulation includes data in the following major
groups:

e Rolling stock data

e Track alignment data

e Electrification system data
e Operations data

The data is discussed in more detail in the following sections.

6.2. Rolling Stock Data

The most onerous rolling stock operation, as far as the power demand is concerned, was selected for
the system modeling. The highest power demand on the system substations would be caused by a fleet
of trains composed of EMU units. The proposed GO vehicle data were input into the TrainOps model,
and included the following data:

e Mechanical characteristics, including the car empty, design, and rotating weight, axle count, and
cross-sectional area

e Electrical characteristics, including the car nominal, maximum, and minimum operating voltages,
and auxiliary (hotel) power

e Propulsion system data, including the car tractive effort, power factor, electrical and mechanical
efficiencies, and the maximum acceleration rate

e Braking system data, including the maximum deceleration rate

The rolling stock input data are presented in Appendix C.

6.3. Track Alignment Data

The track alignment data were received from CANAC and include the following:

e Route gradients with respect to milepost

e Track speed restriction along each route

e Locations of passenger stations

The system track alignment data including the gradients, speed restriction and passenger station
locations were obtained from a report titled Operations Analysis and Operating Plan Development,
prepared as a part of the Metrolinx electrification report by CANAC, Inc.

6.4. Electrification System Data

Data used for the electric network simulations include the following:
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e Equivalent impedance of the utility system at the point of common coupling, i.e. the substation
traction power transformer connection point

e Traction power substation transformer impedances
e Autotransformer impedances

e Impedances of the traction power distribution and return systems between substations, switching
station, and autotransformer stations

A simplified schematic diagram of the proposed Metrolinx GO system to be electrified is shown in Figure
6-1.

The electrification system input data are presented in Appendix D.

6.5. Operations Data

The operation data used in the electrical network simulations were received from CANAC and include
the following:

e Train timetable, including departure location and departure time for each train

e Operating time data including the time of simulation start and finish, and the power simulation time
interval

The morning rush-hour operation usually exhibits higher traffic densities than the evening rush-hour.
This is due to the fact that in the morning, commuters are making an effort to reach their work places in
a limited time frame, while in the evening, some commuters may not return immediately after working
hours and may stay in the city for education, entertainment and other purposes. Therefore, the report
was performed for the more onerous morning rush-hour traffic density.

The system operations data including the train timetable were obtained from a report titled Operations
Analysis and Operating Plan Development, prepared as a part of the Metrolinx electrification report by
CANAC, Inc.
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4 METROLINX

7. ELECTRIFICATION SYSTEM MODELING RESULTS

7.1. System Voltages

The train voltage profiles, as measured between pantograph and running rail, were calculated against
time for morning rush-hour traffic. The calculations were performed for all commuter rail lines under
normal operating conditions with all electrical equipment in service. The minimum voltages for each
corridor are shown in the Table 7-1 for all substations in service condition.

Table 7-1 — Minimum System Voltages — All Systems in Service

Minimum Voltage (kV)
System Lakeshore Line
Condition West Lakeshore | Milton George- Barrie |Richmond St(?Uff' A|rpf)rt
. . town . oy ville Rail
Line East | Line . Line Hill Line . .
St. Line Line Link
TH&B .
Catharines
All  Systems
In Service 24,527 | 24,527 24,944 | 24,079 | 24,703 | 24,443 | 24,616 | 25,021 | 24,766

The results show that the minimum voltage in each corridor is above the Normal Lower Voltage Limit of
20 kV as defined voltage criteria.

7.2. Conductor Currents

Normally, conductor temperatures vs. time are derived on transient basis using the one-second output
from the computer load-flow simulations. However, since the RMS currents were well below the
ampacity of the overhead system conductors, as shown in Tables 7-2 and 7-3, and annealing of the
conductors is highly unlikely, the predicted conductor temperatures were not calculated.
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C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRVv14.7.3.0
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Toronto - Metrolinx
Elect Locomotive Hauling 10car For All
Routes Except Airport

EMU 2car Train Airport

A METROLINX
'\“f + of the Gover

AT Peak 2 Hr Average Power for Feeder: LW Mimico to Oakville
Run Duration: 21:15:03
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C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr

Netw ork Type: AC; Netw ork Is: On

Run Date and Time: 24-Nov-2010 13:33:48

Toronto - Metrolinx

Elect Locomotive Hauling 10car For All
Routes Except Airport

EMU 2car Train Airport

LTK RRVv14.7.3.0

AT Peak 2 Hr Average Power for Feeder: LW Burlington to Oakville
Run Duration: 21:15:03
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C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - w th 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars, Dixie Rd SS 17.6MP].rr

Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48

LTK RRVv14.7.3.0
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A METROLINX

Toronto - Metrolinx
Elect Locomotive Hauling 10car For All AT Peak 2 Hr Average Power for Feeder: LW Burlington to Hamilton
Routes Except Airport Run Duration: 21-15:03

EMU 2car Train Airport u uration: :15:

[mm waAvg B MWAVg [ MVARAvg|

amilton TH&B ATS

AT Rame

C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu, Bect Locom Haul 10cars, Dixie Rd SS 17.6MP.ir
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRV14.7.3.0

Toronto - Metrolinx

Bect Locomtive Hauling 10car For Al AT Peak 2 Hr Average Power for Feeder: LW Burlington to St Catherine
Routes Except Airport R D tion: 21:15:03

EMU 2car Train Airport un Duration: 21:15:
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St Catherine ATS:

AT Name

C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRVv14.7.3.0
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A METROLINX
'\“f + of the Gover

Toronto - Metrolinx
Elect Locomotive Hauling 10car For All AT Peak 2 Hr Average Power for Feeder: LE Scarborough to Don Yard
Routes Except Airport Run Duration: 21:15:03

EMU 2car Train Airport u uration: :15:

[mm waAvg B MWAVg [ MVARAvg|

2 Hr Average Power (MW, MVA, MVAR)
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& Don Yard ATS:
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C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu, Bect Locom Haul 10cars, Dixie Rd SS 17.6MP.ir
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRV14.7.3.0

Toronto - Metrolinx
Elect Locomotive Hauling 10car For Al AT Peak 2 Hr Average Power for Feeder: LE Don Yard to Bathurst
Routes Except Airport R D tion: 21:15:03
EMU 2car Train Airport un Duration: 21:15:
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0.704

0.654

0.604

2 Hr Average Power (MW, MVA, MVAR)
o © © o o o o o
N R @w w s A @ @
A U/ SR AU LU A 4

015

0.104

0.05

0.0
hi
<
@
5
£
g
&
@
=
@

AT Name

Ci\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRVv14.7.3.0
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A METROLINX

Toronto - Metrolinx
Elect Locomotive Hauling 10car For All AT Peak 2 Hr Average Power for Feeder: RH Don Yard to Bloomington
Routes Except Airport Run Duration: 21:15:03

EMU 2car Train Airport u uration: :15:
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AT Name

C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu, Bect Locom Haul 10cars, Dixie Rd SS 17.6MP.ir
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48

LTK RRVv14.7.3.0

Toronto - Metrolinx

Bect Locomtive Hauling 10car For Al AT Peak 2 Hr Average Power for Feeder: SL Scarborough to Linconville
Routes Except Airport R D tion: 21:15:03

EMU 2car Train Airport un Duration: 21:15:
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Unionville ATS
Linconville ATS:

AT Name

C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Bect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRVv14.7.3.0
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AN METROLINX
WY i T

Toronto - Metrolinx

Elect Locomotive Hauling 10car For All AT Peak 2 Hr Average Power for Feeder: LE Scarborough to Durham
Routes Except Airport Run D om: 21.15:0
EMU 2car Train Airport u uration: 21:15:

[mm waAvg B MWAVg [ MVARAvg|
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\Dixie Rd 17.6MP - Current\Update Source ImpediToronto - Metrolinx 11-24-10 - wth 24hr Sched [S Volt 1.05pu,Elect Locom Haul 10cars, Dixie Rd SS 17.6MPL.rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRV14.7.3.0
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AN METROLINX

rent of Ontario

TRACTION POWER SUBSTATION TRANSFORMER POWER DEMANDS

Toronto - Metrolinx

Eeect Locomotive Hauling 10car For All
Routes Except Airport

EMU 2car Train Airport

AC Source Power
Run Duration: 21:15:03
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source - Burlington West T1
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Source - Oshawa T1

Source - Oshawa T2:
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An METROLINX

MAXIMUM SUBSTATION TRANSFORMER POWER DEMANDS AVERAGED OVER SEVERAL TIME
INTERVALS

Toronto - Metrolinx

Bect Locomive Hauling 10car For Al AC Substation Peak Average Input Power
e meam A Run Duration: 21:15:03

EMU 2car Train Airport 1 21:15:
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Dixie Rd SS_Dixie Rd SS_t1

Dixie Rd SS_Dixie Rd SS_t2
New Market SS_New Market SS_t1
New Market SS_New Market SS_t2

Scarborough SS_Scarborough SS_t2

Oshawa SS_Oshawa SS_t1
Oshawa SS_Oshawa SS_t2

Burlington West SS_Burlington West SS_t2
Scarborough

Burlington West

AC Substation

C:\...\Dixie Rd 17.6MP - CurrentUpdate Source Impec\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Vot 1.05pu,Blect Locom Haul 10cars, Dixie Rd SS 17.6MP].ir
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 24-Nov-2010 13:33:48 LTK RRV14.7.3.0
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{0 METROLINX

WIDE ENERGY CONSUMPTION
24-HOUR POWER DEMAND WITH 1-HOUR RUNNING AVERAGE

Toronto - Netroln Total Train Count: 639

Hect Locomotive Hauling 10car For All System Energy Distribution, kWh Total Car Count: 5679

Routes Except Airport Run Duration: 21:15.08 Total Train Mies: 19135.2

EMU 2car Train Airport un Duration: 21:15: Bectrical Train Mies: 19135.2
Total Car Mies: 189710.7

Bectrical Car Miles: 189710.7

Source kVAh 1013932.9

Propulsion kVAh 816057.5

Net Train kVAh: 996038.4

Car kVAh / Car Hectrical Mile: 5.25
Source kVAh / Car Bectrical Mie: 5.34

B Regen 0
B AC Feeders 1414
@ Transmi Blocszs

O Hotel Loads 161152.8

W Propulsion 799735.6)

C:\...\Dixie Rd 17.6MP - Current\Update Source Imped\Toronto - Metrolinx 11-24-10 - wth 24hr Sched [S Vott 1.05pu,Bect Locom Haul 10cars, Dixie Rd SS 17.6MP.ir
Netw ork Type: AC; Netw ork Is: On

Run Date and Time: 24-Nov-2010 13:33:48 LTK RRv14.7.3.0
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-/L

METROLINX

Toronto - Metrolinx

Rect Locoruive Haulng 10car For Al Cumulative Power for All Active AC Sources
utes Except Airpor S iy

EMU 2car Train Airport Run Duration: 21:15:03
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C:\...\Revision\Dixie Rd 17.6MP\Toronto - Metrolinx 09-29-10 - w th 24hr Sched [S Volt 1.05pu,Blect Locom Haul 10cars,Dixie Rd SS 17.6MP].rr
Netw ork Type: AC; Netw ork Is: On
Run Date and Time: 01-Oct-2010 14:34:46 LTK RRVv14.7.3.0
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