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DESIGN DETAILS OF RAILWAYS, RAILROADS AND METROS

1.1. INTRODUCTION
There are many parts of the railway business which are interesting in their own right and

which questions are asked about from time to time.

1.2. DEADMAN

During the last decade of the 19th century, trains powered by electricity began to
appear. Since there was no fire for a fireman to attend, it was logical that only one man
was needed in the cab. However, it was thought that there should be some way of
ensuring he always kept alert and, indeed, that he always stayed in the cab while the

train was running. It therefore became usual to provide some sort of vigilance device.

The vigilance device was originally installed to cover the situation where a driver
collapsed due to illness whilst in charge of a train and it usually consisted of a spring
loaded power controller handle or button. It therefore quickly became known as the
"deadman's handle". More recently it has become known as a vigilance device or "driver's
safety device" (DSD). In France it is called "VACMA", short for "Veille Automatique de

Cont6le a Maintien d' Appui".

There are three types of deadman devices; a spring loaded master controller handle, a
spring loaded pedal or an "alerter". The deadman's handle usually requires constant
pressure to maintain operation. If the handle is released, the brakes will apply. The pedal
requires operation at regular intervals. One minute seems to be the normal time allowed
between pedal depressions. An audible "warble" warns the driver that he must depress
the pedal within 3 seconds. For an "alerter", the key thing is positive movement of the
controls: if you don't move something occasionally, the alerter will come on and you
have to acknowledge it. If not, it will cause a penalty brake application. This is the
popular system in the US. In some countries, a push button is provided in place of the

alerter system.

French railways used to favour a ring fitted round the controller handle. You have to grip
the ring and lift it against spring pressure to keep the brakes off. There is a time delay,
essential as most of the driving positions are in the centre of the cab away from the side
windows. Of course, you need to look out of the side window sometimes for shunting,
coupling and so on. It's not much good if you can't hold on to the "deadman" and there's

no time delay.

1.3. COUPLERS
In order for two railway vehicles to be connected together in a train they are provided

with couplers. Since there are a large humber of railway vehicles which might have to be
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coupled at one time or another in their lives, it would seem sensible to ensure that the
couplers are compatible and are at a standard position on each end of each vehicle. Of
course, life isn't as simple as that, so there are a variety of different couplers around.
However, there is a high degree of standardisation and some common types have

appeared around the world.
Link and Pin

The simplest type of coupler is a link and pin. Each vehicle has a bar attached to the
centre of the headstock (the beam across the end of the vehicle, variously called the end
sill or pilot in the US) which has a loop with a centre hole attached to it. Each coupler has
a bellmouth around the end of the bar to assist in guiding the bar with the hole into
place. The loops are lined up and a pin dropped into them. It's not very sophisticated but
it was used for many railways during the 19th century and has persisted on a few remote

lines to this day. The narrow gauge Ali Shan Railway in Taiwan as one such line.
Bar

The next type of coupler is the bar coupler. This is what is known as a semi permanent
coupler. It cannot be disconnected unless the train is in a workshop and access
underneath the train is available. It is normally used in EMUs which are kept in fixed
formations of two, three or four cars. The bar couplers are located within the unit, while
the outer ends of the unit have some type of easily disconnected coupler. Bar couplers
are simple, just consisting of a bar with a hole at the inner ends through which the car
body is connected by a bolt. Others consist of two halves which are just bolted together

as shown in this example:
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Two cars of a metro EMU unit used in Lyons, France coul with a bar coupler. This type is bolted in the centre, other
types are solid with a removable connection under the car hbody. The electrical and pneumatic connections are
carried in the cables hanging under the coupler bar.

Link Coupling:

This type of coupling is exactly what it says a set of three links which are hung from
hooks on each vehicle. A development of this is the "Instanter" coupler, which has a
middle link forged into a triangular shape to allow the distance between vehicles to be
(crudely) adjusted. This is to allow the side buffers used with the coupler to be adjacent

to each other and provide some degree of slack cushioning.

The coupler required a person to get down on the track between the two vehicles and lift
the coupling chain over the hook of the other vehicle. Sometimes a "coupling pole" was

used for quickly uncoupling freight wagons.
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placed over the hook of the next vehicle and the threaded bar is turned by turning the adjustment bar.

This has the effect of tightening the coupling between the vehicles.

This photo shows a screw coupler in the uncoupled position. This is a development of the

3-link coupling where the middle link is replaced by a screw. The screw is used to tighten

the coupling between the two vehicles so as to provide for cushioning by compressing the

side buffers. The following photos show typical screw couplings.
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provided with safety chains,

which were fitted in case the main coupling broke. Of course, all the work involved in
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connecting the two vehicles was carried out manually. It is hard work and sometimes

dangerous. It is still common in the UK and Europe.

Buckeye Coupler

Hinge Pin

Coupler Head

Jaw
(knuckle)

Hole for
locking pin

Plan view of standard Buckeye or Knuckle coupler. The coupler is made
of cast steel and the jaw moves about the hinge pin for coupling and
uncoupling action

By far the most common coupler seen around the world is known variously as the
"Knuckle", "Buckeye" or "Janney" coupler, diagram left. This is an automatic, mechanical
coupler of a design originating in the US and commonly used in other countries for both
freight and passenger vehicles. It is standard on UK hauled passenger vehicles and on
the more modern freight wagons. The term "Buckeye" comes from the nickname of the
US state of Ohio "the Buckeye state" and the Ohio Brass Co. which originally marketed
the coupler. It was invented in 1879 by a US civil war veteran named Eli Janney, who
wanted to find a replacement for the link and pin couplers then standard in the US. Link
and pin coupler required staff to stand between cars to couple and uncouple and there
were many injuries and even deaths as a result. Janney's invention solved these
problems and was taken up by a number of lines. The device eventually became standard

when the link and pin coupler was banned by the US government in 1900.

The coupler (shown above) is made of cast steel and consists of four main parts. The
head itself, the jaw or knuckle, the hinge pin, about which the knuckle rotates during the
coupling or uncoupling process and a locking pin. The locking pin is lifted to release the
knuckle. It does this by raising a steel block inside the coupler head which frees the

knuckle and allows it to rotate.
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The simplified animated diagram below shows the steps when two couplers are being

coupled.

To couple two vehicles, the knuckles must be open. When the two vehicles are pushed
together, the knuckles of the two couplers close on each other and are locked from
behind by a vertical pin dropping a steel block into place behind a raised casting on the
knuckle. To uncouple, one of the pins must be pulled up to release the block locking the

knuckle. This is done by operating a lever or chain from the side of the vehicle.

1.4. FULLY AUTOMATIC COUPLERS

More and more railways are using fully automatic couplers. A fully automatic coupler
connects the vehicles mechanically, electrically and pneumatically, normally by pushing
the two vehicles together and then operating a button or foot pedal in the cab to
complete the operation. Uncoupling is done by another button or pedal to disconnect the

electrical contact and pneumatic connection and disengaging the coupler mechanically.

Fully automatic couplers are complex and need a lot of maintenance care and attention.
They need to be used often to keep them in good working order. There are a number of

different designs in use. Two are shown here.
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Scharfenburg automatic coupler with the “male” and “female” mechanical connections at
the upper level, a single pneumatic connection in the centre below them and the electrical
connections underneath. The electrical contacts are covered by a screen rotating up from
the base of the coupler when the unit is uncoupled.

The Scharfenberg automatic coupler is a design widely used on European multiple unit
rolling stock of all types, ranging from high speed trains to light rail vehicles. The coupler
has a mechanical portion with pneumatic and electrical connections. The units are
coupled by pushing one onto the other. The electrical contacts mounted under the

mechanical coupler are protected by a cover when uncoupled.

Drawgear

Coupler Centering Device

Shock Absarber

\Cahle connection

Electrical Coupling Head

Air Pipe Connection

Coupler alignment bar

Diagram of Sc ] ic coupler ing the main parts.
This example has the electrical pling above the hanical head.
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A drawing of another version of the Scharfenberg coupler which has the electric contacts

over the coupler. The part names are included in this drawing.

Ready to Couple

Diagram of Scharfenburg coupler showing

the mechanical portions and how they engage.
The movement of the coupler parts is achieved

by small air cylinders acting on the roatating head.

Coupled

LUncoupled

A drawing of the mechanical portion of the Scharfenberg coupler showing how the two

couplers engage and uncouple.
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London Underground uses a type of automatic coupler known as the Wedgelock. It was

first introduced in 1935 and has remained
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mechanical, electrical and pneumatic connections. Older versions were fully automatic,
being released from a pushbutton in the driver's cab. More recent versions use a hand
operated release which has to be operated in each cab. A version of the coupler is also

used on the Glasgow Subway.

1.5. DOORS
There is an array of doors in use on rolling stock today. Plug doors, bi-folding doors, slam

doors, sliding pocket doors and exterior sliding doors immediately come to mind.

Sheffield tram with plug doors. The leading doors are shown closed and are flush with
the body. The rear doors are in the open position.

Plug doors are usually found on Light Rail Vehicles (LRVs) but can often be found on
heavy rail rolling stock too. These doors are bi-parting, i.e. two leaves open from the
middle. When they are opened, the doors 'pop' forward and then swing on a fulcrum
arrangement to open out onto the exterior of the vehicle. When the command to close is
received, the reverse operation takes place and the doors 'pull' inwards to line up snugly
with the side of the bodyshell. There is a rubber edging strip around the doors which
forms a seal when in the closed position. This type of door is a maintenance headache
with all the moving parts and occasionally unreliable rubber edges. However, it does
provide a tight seal and a flush exterior finish which looks good and is easy to clean when

passing the vehicle through a car washing machine.

Bi-folding doors are commonest on LRVs and consist of two panels per side of the
opening. Some European coaches have bi-folding doors opening one way only. The doors
are electrically controlled, either by the driver or by passengers (with a push button).
When the command to open is received, the doors fold inwards and the panels will end

up parallel to the step well or windscreen. The problem with these doors is that if the
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train is full of commuters as the panels swing in they can hit a person standing in this
area. They are also very difficult to seal requiring clearance on the underside for the
opening motion, which allows the ingress of water either in operation or when passing

through the train wash.

Sliding pocket doors are found on all types of rolling stock and, as the name implies, on
opening slide into a pocket between the inside of the bodyshell and the interior lining.
The lining in this area will usually protrude into the interior to accommodate the door
panel. The door panel can be bi-parting or a single leaf. The door operator can be over
the doorway or mounted on the floor behind a suitably positioned seat. The maintenance
headaches occur particularly with the runner provided along the bottom of the opening to
guide the runner for the panels. This becomes blocked with dirt over time causing the

doors to jam.

S R | J
London Underground 1995 tube stock with externally hung sliding doors. The doors open over the outside of the
body and partially obscure the windows. This design is less visually pleasing than plug doors but it allows a slim
body and less complex door operators.

Another type of door is the exterior sliding door or outside hung door and, again, is found
on a number of different types of rolling stock. It is a very popular type of door because
it is easier to design but most designs suffer from poor aesthetics due to the very visible
runner that is on the exterior or the bodyshell for the door(s) to open and close along.
Some types of these doors simply slide backwards and forwards on the runners for the
opening and closing motion. Usually at the command of the train driver or sometimes at
the behest of the passenger. More sophisticated types work in a similar manner to the
plug door, first 'popping' out before sliding back on the runner, similarly on the closing

cycle 'pulling' back in to the car shell opening.
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Slam doors were the standard used for years on British Railways rolling stock but have
now been 'outlawed' by the UK Health and Safety Executive and all stock still in service
with this type of door must be replaced by 2002. Personally, I do not think this will
happen. There are too many of these old vehicles left. The slam door is the traditionally
functional, swinging, hinged door that opens manually by the turn of a handle. What

more can be said about them?

1.6. AIR CONDITIONING
Most modern passenger vehicles are provided with air conditioning and they will also
have heaters in countries where the climate gets cold enough to require it. Here is the

basic layout of an air conditioned coach, also equipped with heating equipment.

Fan

Fresh
airin Evaporator
E— — Cool air into saloon —
I w T |‘| 1 r w
Recirculated Recirculated

- Ifl e It’l\'arm air into saloorl1fl ~f— ilb_fm—b— Ifl — If‘ 4
e —— | A e ——
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Compressor Condenser Fan Electric Heater

Diagram of typical passenger vehicle showing the layout of the air conditioning and heating equipment.

The air conditioner is designed to the so-called "split" arrangement, where the condenser
and compressor are mounted under the car floor and the evaporator and fans are
mounted in the roof. Sometimes there are two sets in the roof. The coolant from the
condenser is passed to the evaporator in the roof through a connecting pipe. On older
cars of the New York Subway, these connecting pipes doubled as handrails in the
passenger area. They were so cold to touch, you almost got frostbite if you held on to

them for too long.

The heater is a separate unit under the car floor, consisting of an electric resistance
heater and a fan. Hot air is blown into the car by the fan, having passed through the
heater from and underfloor intake. This intake collects some fresh air and uses some
recirculating air from inside the car. The same air intake arrangement is provided in the

roof for the air conditioning fan in the roof.

Some car heaters on EMU trains use resistance grids heated by the dynamic braking
system. Waste energy generated by braking is converted into electric energy by the

traction motors and this is fed into the heater grids.
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1.7. ESCALATOR STEPS

Escalator at Stratford, London, UK. This looks good but it is a very
lightweight design, with glass sidewalls and two flat steps at the
landings. It is not ideal for heawy use and the glass will need to be
cleaned regularly if it is not to look neglected. Note how the ends
of the handrails have to be protected hy steel pillars.

Escalators are common in public buildings and railway stations. However, their uses can
be quite different in terms of volume and speed. Most escalators seen in stores and office
buildings are fairly lightly used and slow speed. This example of a small lightweight
escalator as installed at Stratford station, London but those used in railway stations need
to be faster and heavier in construction because of the greater volumes of people which

use them.
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Escalator with four flat steps as fitted to a station on the Bangkok Transit
System.

One visible feature of transportation escalators is that more flat steps should provided at

the landings four instead of two, as shown in the photo, left.

The reason for having the larger number of flat steps is to allow people to board and
alight from the escalator more quickly. A two-step escalator will cause people to be more
cautions because the steps start to rise immediately the passenger boards. A four-step
escalator allows people more time to adjust to the movement, so the machine can be run

faster and provide increased capacity.
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1.8 ESCALATOR LOCATIONS

a station platform in Hong Kong. The up and down escalators are
separated by barriers and the up escalator is positioned away from the narrow side of the
platform to direct passengers away from the edge.

Escalators must be positioned carefully. On high capacity railways, they are important for

clearing platforms quickly at peak times when a lot of passengers have arrived on a train

and the platform needs to be clear for the next train. Ascending and descending

passengers need to be separated and barriers are often provided to help this.

Suicide pitrirvl London Underground tube station.

1.9. SUICIDE PITS

A feature of London's underground tube lines is
that stations are provided with suicide pits. In
London, there were so many suicides during
the early 1930s, that all the deep level tube
line stations were fitted with pits between the
rails to facilitate removal of the bodies or
rescue of the survivors. In recent times, there
have been between 100 and 150 suicides on
the system each year. This is two or three a
week. For some strange reason, the Jubilee

Line extension also has suicide pits even
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though the stations are equipped with platform edge doors.
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ROLLING STOCK AND EQUIPMENTS

2.1. AUXILIARY SYSTEMS ON ROLLING STOCK

2.1.1. Introduction

This page describes the on-board, compressed air auxiliary services required by trains

and how they are provided on the locomotive and passenger vehicles

2.1.2. On-Board Services

The modern passenger train provides a number of on-board services, both for

passengers and control systems. They are almost all electrically powered, although some

require compressed air and a few designs use hydraulic fluid. Since a train is virtually a

self contained unit, all the services are powered and used on board. Their use and

features can be summarised as follows:

Compressed air almost always used for brakes and sometimes for powering
automatic doors. Also once popular for powering traction power switches or
contactors. Usually used for raising pantographs on overhead line systems.
Always needs drying after compression to avoid moisture from condensation
getting into valves. The compressor is normally driven directly from the main
power source (the overhead line or third rail on electrified lines or the main

generator on diesel powered vehicles).

Battery Normally provided on locomotives and trains as a basic, low voltage
standby current supply source and for start up purposes when livening up a dead

vehicle. The battery is normally charged from the on-board auxiliary power

supply.

Generator the traditional source on a train for on-board, low voltage supplies.
The generator is a DC machine driven by the diesel engine or, on electric
locomotives, by a motor powered from the traction current supply. On a coach,
the generator was often driven directly off an axle (a dynamo), a large bank of

batteries providing power for lighting when the train was stationary.

Alternator the replacement for the generator which provides AC voltages instead
of DC for auxiliary supplies. AC is better than DC because it is easier to transmit
throughout a train, needing smaller cables and suffering reduced losses. Needs a

rectifier to convert the AC for the battery charging and any other DC circuits.
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e- Converter the replacement for the alternator. This is a solid state version of the
alternator for auxiliary current supplies and can be a rectifier to convert AC to DC
or an inverter to convert DC to AC. Both are used according to local requirements
and some designs employ both on the same train. The name converter has

become generic to cover both types of current conversion.

2.1.3. Air Equipment

LV Supply
from battery
Compressor
contactor
E .
Compressor
__|_ &
governor
Air dryer Main reservoir
Current Cooling coils |:|:|
supply

Main reservoir pipe

Compressor Drain cock

To loco air To train air
brake controls brake controls

Schematic of compressed air supply on electric locomotive

Looking at compressed air supplies first, the diagram left shows a typical arrangement
for compressed air supply on a locomotive. The main items of equipment are a

compressor, cooling pipes, an air dryer, a storage reservoir and controls.

2.1.4. The Compressor

The compressor itself consists of a pump driven by an electric motor. Power from the
motor comes from the on-board electrical supply or, sometimes, directly from the
traction supply. On electric locomotives, the supply can come from the transformer, via a
rectifier and on a diesel locomotive, from the auxiliary alternator. On some diesel
locomotives, the compressor is driven directly from the diesel engine by way of a

connecting shaft.

2.1.5 The Pump

The traditional compressor pump was a piston in a cylinder. Later, two or three pistons
were provided to increase compression speeds and give greater capacity. Some
compressor manufacturers offer rotary pumps, which are generally much faster and
considerably quieter than reciprocating pumps. They are however, usually more
susceptible to mechanical faults and have lower capacity than reciprocating pumps.

Development of quiet, reliable compressors continues.

31


http://www.railway-technical.com/aux1.shtml#The-Compressor

2.1.6. Drives

Most compressors are directly coupled to their power source usually the electric motor.
Some are belt driven, another attempt to get quieter operation. Belt drives were
particularly common on the continent of Europe. As mentioned above, some diesel
locomotives drive the compressor pump directly through a mechanical link with the diesel

engine, so there is no separate electric motor.

2.1.7. Cooling

Compressing air makes it hot, so at least one set of cooling pipes will be provided. Some
compressors have two sets. The pumping is split into two stages and a set of cooling
pipes is provided between each, an inter-cooler and an after-cooler. Of course, the
cooling produces condensation, which collects as water in the air pipes and, combined
with oil from the compressor lubrication, forms a sludge which can quickly clog up
sensitive brake valves. To overcome this problem, air systems are nowadays always

provided with air dryers.

2.1.8. Drying

The air dryer consists of a pair of cylinders containing desiccant, which extracts the water
and allows dry air to pass into the main reservoir. Water collected is automatically
dumped once in each pumping cycle - the noise of the burst of water being discharged

can often be heard at the end of the compressor's pumping cycle.

2.1.9. Control

The compressor is controlled automatically by a "compressor governor". The governor is
designed to detect the point at which the compressed air level in the system has fallen to
the lowest permitted level. As this happens, the governor switch contacts close and send
a low voltage (LV) current to a "compressor contactor". The contactor is energised and
closes a switch in the power supply to start the compressor motor. When the pressure
reaches the required upper limit, the governor opens and the contactor switches out the
compressor motor. All compressors also have an ON/OFF switch in the cab and there is

usually a way of by-passing the governor in case something goes wrong with it.

2.1.10. Synchronisation

On a multiple unit train and when locomotives are coupled to operate in multiple, the
compressor operation is usually synchronised. This means that if one compressor
governor detects low air pressure, all compressors will switch on together throughout the
train. When the last governor detects the air pressure is restored to its proper level, all

compressors switch off together.
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2.1.11. Storage

Each compressor set-up will have its own storage reservoir, normally called the main
reservoir. This is a pressure-tested vessel, capable of storing enough air for multiple
operations of all the equipment on the locomotive plus the train brakes. If there is more
then one compressor, there will be more main reservoirs. Most modern locomotives have
several and a multiple unit train will often have one on each car, whether there is a
compressor on the car or not. Individual items of pneumatic equipment will also have
their own storage reservoirs. It is not a good idea to run out of air, particularly for
brakes! In New York City, this was carried to extremes, where some trains had a

compressor on every car of an 11-car train.

2.1.12. Distribution

Once compressed, the air has to be distributed around the locomotive and along the
train. Normally, for a freight train, the air is only needed for control of the braking
system and a "brake pipe" is run the length of the train to achieve this. For locomotive
hauled passenger trains too, a brake pipe is normally sufficient but for multiple unit

trains, a compressed air supply is usually provided on every car.
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Simplified schematic of compressed air supply on two EMU cars
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Compressed air distribution along a multiple unit train is by way of a "main reservoir
pipe" (MR pipe), sometimes called a "main line pipe". The pipe is usually connected
between cars by hoses. Each vehicle carries half the hose and is connected to the next
car's hose by a cast steel coupling head which is designed to fit its opposite humber. The
heads will automatically disengage if they are forced apart by the sudden uncoupling of
the train. They do this because, when the hoses become horizontal as the cars part, the

heads reach a position where they uncouple.

Most of the standard equipment is listed in the drawing above but most EMU trains use
air pressure to raise the pantograph (if fitted) and some third rail trains use air pressure

for control of shoe contact with the current rail.

2.1.13. Angle Cocks

Most EMU vehicles have a MR pipe "angle cock" at each end. The angle cock can be
closed to shut off the air supply at that point. Before uncoupling a vehicle, it is normal to
close the angle cock on either side of the uncoupling position. This prevents any kick
from the pipe as it is disengaged. Closing the angle cocks also has the effect of bleeding

off the air trapped in the hose. The angle cock has a special bleed hole for this purpose.

2.1.14. Automatic Couplers

Many EMU's are provided with automatic couplers, usually at the ends of the unit. The
coupler provides for all electrical, mechanical and pneumatic connections and is usually
remotely operated from the driver's cab, or at least, inside the car. In the case of the MR
pipe connection, a valve will open to provide the connection to the next unit once the

cars are confirmed as coupled.

Sometimes, automatic couplers are operated by a compressed air supply. This is used to
provide power to engage and disengage the mechanical coupling and to open and close

the connecting valves and contacts.

2.1.15. Air Operated Equipment

Apart from automatic couplers and brakes, already mentioned above, there are a number
of items on a train which can use compressed air for operation, although the modern
trend is away from air in favour of electric systems. There are some simple items like the
horn and the windscreen wiper and some more complex ones like traction control and
door operation. Each item will have its own isolating cock to allow for maintenance and

most of the larger systems have their own storage reservoir.

Many systems do not need the full main reservoir air pressure of 6 to 7 bar (120 to 140
Ibs./in2), so they are equipped with reducing valves on the upstream side of the

reservoir. Some are equipped with gauges as well, although most engineers prefer just a

34



test plug. Gauges stick out and get knocked off too easily. Nothing drains a reservoir

more quickly than a broken gauge.

2.1.16. Traction Equipment

Although electrical operation of traction control equipment is the most common, some
traction control systems use compressed air to operate circuit breakers, contractors or
camshafts. There is normally a traction control reservoir and its associated isolating cock

provided for each vehicle set of equipment.

2.1.17. Doors

Many rapid transit and suburban trains still use air operated door systems, controlled
from the cab at one end of the train but using air stored in reservoirs on each car. The
reservoirs are replenished automatically by way of their connection to the main reservoir
pipe. Door systems usually use lower than normal MR air pressure. However, electric

operators are the preferred option these days.

2.1.18. Air Suspension

Placing the car body on air pressure springs instead of the traditional steel springs has
become common over the last 20 years for passenger vehicles. The air spring gives a
better ride and the pressure can be adjusted automatically to compensate for additions
or reductions in passenger loads. The changes in air pressure are used to give the brake
and acceleration equipment the data needed to allow a constant rate according to the

load on the vehicle.

2.1.19. Driver's Brake Control

Most trains use compressed air for brake operation. Most locomotives and older EMU's
use a pneumatic brake control system which requires a brake valve to be operated by the
driver. The valve controls the flow of air into and out of the brake pipe which, in turn,
controls the brakes on each vehicle in the train consist. The driver's brake valve is
connected to the MR pipe in the cab so that there is always a constant supply of air
available to replenish the brake control system when required. An isolating cock is

provided in the cab so that the brake control can be closed off when the cab is not in use.

2.1.20. Pantograph Compressor

One additional compressor is often provided on units which have air operated
pantographs, i.e. those which are raised or lowered using compressed air as the power
medium. Opening up a completely dead locomotive is only possible if there is battery
power and some compressed air available to get the pantograph up to the overhead
power supply. After all, nothing will work on the loco without power. So, a small, battery

powered compressor is provided to give sufficient compressed air to raise the
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pantograph. As soon as the pan is up, full power is available to operate the main

compressor.
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2.2. ELECTRICAL AUXILIARY EQUIPMENT

2.2.1. Introduction

This page describes the on-board electrical services required by electric trains and how

they are provided on the locomotive and passenger vehicles.

2.2.2. On-Board Services

The modern passenger train provides a number of on-board services, both for

passengers and control systems. They are almost all electrically powered, although some

require compressed air and a few designs use hydraulic fluid. Since the train is virtually a

self contained unit, all the services are powered and used on board. Their use and

features can be summarised as follows:

Compressed air almost always used for brakes and sometimes for powering
automatic doors. Also once popular for powering traction power switches or
contactors. Usually used for raising pantographs on overhead line systems.
Always needs drying after compression to avoid moisture getting into valves. The
compressor is normally driven directly from the main power source (the overhead
line or third rail on electrified lines or the main generator on diesel powered
vehicles).

Battery Normally provided on locomotives and trains as a basic, low voltage
standby current supply source and for start up purposes when livening up a dead
vehicle. The battery is normally permanently charged from an on-board power
supply.

Generator the traditional source for on-board low voltage supplies. The generator
is a DC machine driven by the diesel engine or, on electric locomotives, by a
motor powered from the traction current supply. On a coach, the generator was
often driven directly off an axle (a dynamo), batteries providing power for lighting
when the train was stationary.

Alternator the replacement for the generator which provides AC voltages for
auxiliary supplies. AC is better than DC because it is easier to transmit throughout
a train, needing smaller cables, and suffering reduced losses. Needs a rectifier to
convert the AC for the battery charging and any other DC circuits.

Converter the replacement for the alternator. This is a solid state version for
auxiliary current supplies and can be a rectifier to convert AC to DC or an inverter
to convert DC to AC. Both are used according to local requirements and some
designs employ both on the same train. The name converter has become generic

to cover both types of current conversion.
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2.2.3. High Voltage and Low Voltage Systems

A locomotive or multiple unit is provided with two electrical systems, high voltage (HV)
and low voltage (LV). The high voltage system provides power for traction and for the
low voltage system. The low voltage system supplies all the auxiliary systems on the
train like lighting, air conditioning, battery charging and control circuits. The two are
separated because the high voltage required for traction is not needed for most of the

other systems on the train so it is wasteful and expensive to use the high voltage.

2.2.4. Converting HV to LV

The current drawn by a locomotive from the overhead line or third rail supply can be
supplied at voltages ranging from 25,000 volts AC to 600 volts DC. With the exception of
heaters and compressor motors which, on the lower voltage DC railways are normally
powered by the line current, all of these supply voltages are really too high to use
efficiently with the comparatively small loads required by the on-board services on a
train. The common approach therefore, has been to reduce the line voltage to a suitable
level - generally below 450 volts and on some systems as low as 37.5 volts. Most
systems have used a dynamo, a generator, an alternator or a current converter to get
the lower voltages required. Usually, different voltages are used for different

applications, the particular conversion system being specially designed to suit.

2.2.5. Development

The first electric lighting provided on steam hauled trains was supplied from a large
capacity battery contained in a box slung under the coach. The battery was recharged
by a dynamo powered by a belt driven off one of the coach axles. Of course, this meant
that the battery was recharged only when the train was moving and it had to have
sufficient capacity for prolonged station stops, particularly at terminals. The voltage
varied from system to system but was usually in the 12 to 48 volt range. Trains were
heated by steam piped from the engine. If the locomotive was electric or diesel, a train
heating boiler would be installed on the locomotive. Some European railways had train
equipped with both steam and electric heating. More recently, all heating has become

electric.

Electric trains originally used power obtained directly from the line for lighting and
heating. The lamp voltage was kept to a low level by wiring groups of lamps in series.
Each vehicle had its own switch which had to operated by a member of the crew. On
some railways, where there were tunnels, daytime crews were instructed to switch on all
the lights at the station before the tunnel and switch them off at the station after the

exit. Such stations were provided with staff allocated to this job.
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Schematic of Early DC Auxiliary Supply Setup

This diagram shows the basics for an early electric train set-up with a DC overhead line
power supply system. The line voltage supplies the lighting, heating and compressor
power requirements directly. The only reduction in voltage is achieved by wiring lamps
and heaters in series. Each circuit has its own switch. The compressor would also have a
governor, not shown here. This diagram shows a typical arrangement before about 1914.

After that time, trains were equipped with multiple unit control of auxiliary services,

where all cars were controlled from one position using separate control wires running
along the train. Multiple unit control of traction equipment arrived in the UK from the US
in 1903.

Batteries were still provided on some electric trains, especially those on underground
lines, for emergency lighting. A small number of lamps in each car were connected to the
battery so that some illumination was available if the main traction current supply was

lost. The batteries were recharged through a resistance fed from the traction current

supply.

2.2.6. Motor Generators

In the mid 1930s, electric multiple units began appearing with on-board, DC generators
to supply lights. This allowed lower voltages and reduced the heavy wiring required for
traction current fed lighting. Outputs from these generators ranged from 37 to 70 volts,

depending on the application. The generator was driven by a small electric motor
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powered by the traction supply. For this reason they were often referred to as "motor

generators".
Pantograph e  DC Overhead Line
[Circu'rt Breaker
Line Breaker To control
P circuits
Heating Switch
e Heaters Lighting
WG Switch Contactor
e — Lights
Compressor Switch Mlatar J_-
&> b Generator — 48 v Battery
* -_r— - T T T
“oltage
G 4
ompressor Re gulator
Zule Brosh -ve return through wheel and
running rail
Schematic of Motor Generator Supphy Setup

In this diagram of a motor generator system, the train lighting and battery are fed from
a generator driven by a motor at the line voltage. The return circuit is through ground,
using the car structure like a road vehicle. A voltage regulator is provided to reduce the
risk of damage through sudden changes in voltage caused by gaps in the current rail or
neutral sections in the overhead line. If the MG stops, the battery is disconnected from
the charging circuit and supplies a few emergency lights. In addition to supplying

lighting, the LV circuit was used to supply all the train's control circuits

2.2.7. Motor Alternators

By the late 1940s, fluorescent lighting was becoming popular and was recognised as
better, brighter and requiring less current that tungsten bulbs. However, if DC is used,
the lighting tubes become blackened at one end, so AC was adopted for lighting circuits
on trains. At first, some systems used a DC generator with an alternator added to the
drive shaft, a motor-generator-alternator. The DC output from the generator was used
for control circuits while the AC output from the alternator was used for lighting.

Emergency lighting was still tungsten, fed from the battery.

In the early 1960s, the motor alternator appeared. The appearance of silicon rectifiers
allowed the AC output of the alternator to be converted to DC for battery charging and
control circuits. The introduction of solid state electronics also saw the old mechanical

voltage regulators replaced.
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2.2.8. Electronic Auxiliaries
Modern auxiliary services on electrified railways are now mostly solid state systems,

using power and control electronics, as shown in the diagram below:

Panmgraphg +ve DC Owverhead Line

f Circut Breaker

J_ ‘ 2 % 3Phase

T Motars
DE - AC Transformer
Auxiliary 3 phase AC Output
Converter
Battery
I
AC '.DC L = DC Output
Rectifier T T
Axle Brush ’ -ye return through wheel and running rail

Block Diagram of Electronic Power and Auxiliary Services on DC EMU

The output from the DC to AC auxiliary converter is 3-phase AC at about 380 volts and is
used for train lighting and the AC motors of air conditioning fans and compressors. The
3-phase is also converted to DC by the rectifier which provides current for battery
charging and control circuits. The diagram on the left shows the set-up for a DC
overhead system but it is similar for AC systems except for the addition of the

transformer and rectifier as shown below.

41



FPantograph +re AC Owerhead Line

( Circut Breaker

Transformer

2 % 3Phase
Motors

AC - DC

Converter T

Transforrmer

DC,‘,'&‘C 3 phase AC
Auiliary Output
Corwerter

E

av
=3

ery

AC-DC

L
Rectifier T

DC Qutput

Ak

Axle Brush ’ -ve return through wheel and running rail

Block Diagram of Electronic Power and Auxiliary Services on AC EMU

On a locomotive hauled train, the individual coaches are provided with an on-board
converter supplied from a train line carrying a 3-phase supply generated on the
locomotive. On a diesel locomotive, this supply would come from an on-board alternator

driven by the diesel engine.

2.2.9. Gaps
A feature of electric railway operation is the gap or neutral section. Gaps occur in third

rail systems and neutral sections in overhead line systems. See also Electric Traction

Pages Power Supplies. The gap in a current rail is necessary at junctions to allow the

continuity of the wheel/rail contact and at substations to allow the line to be divided into
separate sections for current feeding purposes. Neutral sections in the overhead line are

also used for this purpose.

Although they are always kept as short as possible, gaps will sometimes cause loss of
current to the train. The train will usually coast over the gap but there will be a
momentary loss of current to the on-board equipment lights will go off for a second or
two and ventilation fans will slow down or stop. On trains provided with generators or
alternators, the momentum in the machine would often be sufficient to maintain some
generation over the gap and lighting often remained unaffected. The only difference
noticeable to the passenger was the change in the sound of the generator as it lost

power and then regained it a second or two later.
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Modern electronics has given us static inverters to supply on-board inverters but they
have no inertia and stop output as soon as a gap is encountered. To prevent the lights
going off at every little gap, all lights are connected through the battery. To prevent the
battery becoming discharged too quickly, the inverter starts a "load shed" at about a 60
second delay. After this time, the main lighting is switched out and only emergency lights
remain. Battery current is also used for emergency ventilation, essential controls and

communications.
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2.3. BOGIE PARTS & DESCRIPTION

2.3.1. Introduction

The bogie, or truck as it is called in the US, comes in many shapes and sizes but it is in
its most developed form as the motor bogie of an electric or diesel locomotive or an EMU.
Here it has to carry the motors, brakes and suspension systems all within a tight
envelope. It is subjected to severe stresses and shocks and may have to run at over 300
km/h in a high speed application. The following paragraphs describe the parts shown on

the photograph below, which is of a modern UK design.

Motor ’m‘i & Bogie Transom

Wheel
Disc Lifting Lug

Brake Hanger
S - Tt Support
-

Bogie
Frame

Neutral Section Switch Detector” : ake Hanger
Secondary Suspension Air Bag : G B:;I: e
. earbox
WSP System Lead Loase Leads for
to Axlebox
Connection to Carbody
Shock Absorber Motor Suspension Tube
Axlebox Cover 2
. Links to Brake Pads
Primary Suspension Coil Brake Cylinder

Bogie Frame

Can be of steel plate or cast steel. In this case, it is a modern design of welded steel box

format where the structure is formed into hollow sections of the required shape.
Bogie Transom

Transverse structural member of bogie frame (usually two off) which also supports the

carbody guidance parts and the traction motors.
Brake Cylinder

An air brake cylinder is provided for each wheel. A cylinder can operate tread or disc
brakes. Some designs incorporate parking brakes as well. Some bogies have two brake
cylinders per wheel for heavy duty braking requirements. Each wheel is provided with a

brake disc on each side and a brake pad actuated by the brake cylinder. A pair of pads is

44


http://www.railway-technical.com/bogie1.shtml

hung from the bogie frame and activated by links attached to the piston in the brake
cylinder. When air is admitted into the brake cylinder, the internal piston moves these
links and causes the brake pads to press against the discs. A brake hanger support

bracket carries the brake hangers, from which the pads are hung.
Primary Suspension Coil

A steel coil spring, two of which are fitted to each axlebox in this design. They carry the

weight of the bogie frame and anything attached to it.
Motor Suspension Tube

Many motors are suspended between the transverse member of the bogie frame called
the transom and the axle. This motor is called "nose suspended" because it is hung
between the suspension tube and a single mounting on the bogie transom called the

nose.
Gearbox

This contains the pinion and gearwheel which connects the drive from the armature to

the axle.
Lifting Lug

Allows the bogie to be lifted by a crane without the need to tie chains or ropes around

the frame.
Motor

Normally, each axle has its own motor. It drives the axle through the gearbox. Some

designs, particularly on tramcars, use a motor to drive two axles
Neutral Section Switch Detector

In the UK, the overhead line is divided into sections with short neutral sections
separating them. It is necessary to switch off the current on the train while the neutral

section is crossed. A magnetic device mounted on the track marks the start and finish of

the neutral section. The device is detected by a box mounted on the leading bogie of the

train to inform the equipment when to switch off and on.
Secondary Suspension Air Bag

Rubber air suspension bags are provided as the secondary suspension system for most

modern trains. The air is supplied from the train's compressed air system.
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Wheel Slide Protection System Lead to Axlebox

Where a Wheel Slide Protection (WSP) system is fitted, axleboxes are fitted with speed
sensors. These are connected by means of a cable attached to the WSP box cover on the

axle end.
Loose Leads for Connection to Carbody

The motor circuits are connected to the traction equipment in the car or locomotive by

flexible leads shown here.

Shock Absorber

To reduce the effects of vibration occurring as a result of the wheel/rail interface.
Axlebox Cover

Simple protection for the return current brush, if fitted, and the axle bearing lubrication.
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2.4. WHEELS AND BOGIES

2.4.1. Introduction

A short description of the principles of the wheel/rail interface.

2.4.2. The Wheel on the Rail

Railway wheels sit on the rails without guidance except for the shape of the tyre in
relation to the rail head. Contrary to popular belief, the flanges should not touch the rails.
Flanges are only a last resort to prevent the wheels becoming derailed a safety feature.
The wheel tyre is coned and the rail head slightly curved as shown in the following
diagram (Fig 1). The degree of coning is set by the railway company and it varies from
place to place. In the UK the angle is set at 1 in 20 (1/20 or 0.05). In France it's at 1/40.

The angle can wear to as little as 1 in 1.25 before the wheel is reprofiled.

Coning of Wheel Treads

Flanges

t/// Rails \

Wheel centrally
placed on rail

Straight Track

Fig 1: The shape and location of wheels and rails on straight track.

This diagram is exaggerated to show the principal of the wheel/rail interface on straight

track. Note that the flanges do not normally touch the rails.

On curved track, the outer wheel has a greater distance to travel than the inner wheel.

To compensate for this, the wheelset moves sideways in relation to the track so that the
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larger tyre radius on the inner edge of the wheel is used on the outer rail of the curve, as
shown in Fig 2.

Wheelset

A

Larger Diameter of Smaller diameter of
cone on outside rail cone on inside rail

Right hand curve

Fig 2: The location of the wheels in relation to the rails on curved track.

The inner wheel uses the outer edge of its tyre to reduce the travelled distance during
the passage round the curve. The flange of the outer wheel will only touch the movement
of the train round the curved rail is not in exact symmetry with the geometry of the
track. This can occur due to incorrect speed or poor mechanical condition of the track or

train. It often causes a squealing noise. It naturally causes wear.

Many operators use flange or rail greasing to ease the passage of wheels on curves.
Devices can be mounted on the track or the train. It is important to ensure that the
amount of lubricant applied is exactly right. Too much will cause the tyre to become
contaminated and will lead to skidding and flatted wheels.

There will always be some slippage between the wheel and rail on curves but this will be
minimised if the track and wheel are both constructed and maintained to the correct

standards.
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2.4.3. Bogies (Trucks)
A pair of train wheels is rigidly fixed to an axle to form a wheelset. Normally, two
wheelsets are mounted in a bogie, or truck as it is called in US English. Most bogies have

rigid frames as shown below (Fig 3).

i
!

L
&
|
=

Fig 3: A standard rigid bogie on curved track.

The bogie frame is turned into the curve by the leading wheelset as it is guided by the
rails. However, there is a degree of slip and a lot of force required to allow the change of
direction. The bogie is, after all, carrying about half the weight of the vehicle it supports.
It is also guiding the vehicle, sometimes at high speed, into a curve against its natural

tendency to travel in a straight line.

2.4.4. Steerable Bogies
To overcome some of the mechanical problems of the rigid wheelset mounted in a rigid
bogie frame, some modern designs incorporate a form of radial movement in the

wheelset as shown below (Fig 4)
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Fig 4: A bogie on curved track with radially steering wheelsets.

In this example, the wheelset "floats" within the rigid bogie frame. The forces wearing
the tyres and flanges are reduced as are the stresses on the bogie frame itself. There
are some desighs where the bogie frame is not rigid and the steering is through

mechanical links between the leading and trailing wheelset.
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2.5. VEHICLE SUSPENSION SYSTEMS

2.5.1. Introduction
Almost all railway vehicles use bogies (trucks in US parlance) to carry and guide the body
along the track. Bogie suspension design is a complex and difficult science which has

evolved over many years. Some of the significant steps in progress are described here.

2.5.2. Development

It was recognised very early in the development of railways that the interface between
vehicle body and wheel needed some sort of cushion system to reduce the vibration felt
as the train moved along the line. This was already part of road coach design and took
the form of leaf (laminated) steel springs mounted on the axles, upon which the vehicle

body rested. Railways in the UK used the same principle, as shown here.

Laminated steel spring . Securing strap

Bogie
Frame Upper leaf of spring
werapped round pin

on frame

\
outline of whe el \ e

Axlebox

Simplified Diagram of Laminated Steel Spring

The spring consisted of a set of different length steel plates arranged with the longest at
the top and the shortest at the base of the set. They were held together with a steel
strap in the centre. This strap formed the point of contact with the axlebox. The
laminations or "leaves" of steel gave rise to the "leaf spring" name more commonly used
today. They were also referred to as"elliptical" springs, on account of the curved shape

they often formed.

The top steel plate of the spring was secured to the vehicle underframe by having the
ends wrapped round steel pins. The pins, two for each spring assembly, were fixed to the
underframe. When mounted on the wheelset, the vehicle body weight was transmitted

through the pins and the laminated steel spring to the axlebox.
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The axlebox was only allowed vertical movement, since it was restrained by two "horns"
extending down from the underframe. The horns had "horn guides" (not shown) to

ensure security and to prevent twisting.

2.5.3. Plate Frame Bogie Primary Suspension

The natural progression from the rigid framed vehicles used in the early days of
European railways to a bogie vehicle brought with it a more sophisticated suspension
system. This system was based on a steel plate framed bogie with laminated spring
axlebox suspension, much as seen on the first vehicles, and with a secondary suspension

added between the car body and the bogie. First, we look at the primary suspension.

Half weight of car body
Laminated .
Steel Spring 1/16th weight of Serio s
. car body and FEme
=pring hogie
Hanger /

Brack et
attached to
boge frame

Sted or
Rubher Spring

.

Haorn P late Outline of Wheel

Upward force against spring Upward force against spring

Simplified Diagram of Plate Frame Bogie Suspension
Primary Suspension Only Shown

The diagram above shows a plate framed bogie with the primary, axlebox suspension.
The secondary, bolster suspension is left out for simplicity. The bogie carries half the car
weight which is then divided roughly equally between the two axles. If we said the whole
vehicle weight was 30 tonnes, each bogie would carry 15 tonnes and each axle 7.5
tonnes. For a civil engineer wanting to know the stresses on his structures and track, we
would tell him we had a 7.5 tonne axle load. Of course, we would include the carrying

load of passengers and freight in this calculation.

Returning to the primary suspension design, we see that the laminated axlebox spring is
fitted with two "spring hangers" attached to the outer ends of the longest spring plate.
Each hanger passes through a hole in a bracket attached to the bogie frame and is
screwed into another bracket at the bottom end. Between the two brackets is a steel or
rubber spring. The weight of the bogie on the axlebox is transmitted through the steel
laminated spring and the two spring hangers. Each spring hanger and its associated

spring carries 1/16th of the total car weight. The height of the bogie relative to the rail
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level could be adjusted by using the screwed spring hangers. The adjustment allowed for

small variations in wheel diameter.

2.5.4. Plate Frame Bogie Secondary Suspension
The secondary suspension of the bogie is mounted crosswise (transversely) in the centre.
End on, it looks as shown below:

Swing Lirk Tranzom Swing Link

Bodie Side

: Frame

Bogie Side
Frame

Spring Plank

Wheels

Cross Section of Bogie Showing Swing Links and Spring Plank

The bogie has a pair of transverse members called "transoms". They are rivetted or
welded (depending on the design) to the bogie side frames. A steel "swing link" is hung
from each end of each transom and a spring plank is laid across the bogie between them.
A side view of the bogie below shows the way the spring plank is supported by the swing
links.

112 weight of car body

Sicle Bearer Bogie Side

Bearer Rod  Swind Cinks  =Pring Plank Outline of Wheel

Simplified Diagram of Plate Frame Bogie Suspension
Including Secondary Suspension

The spring plank rests on bearer rods suspended between the swing links. This

arrangement allows the spring plank to rock from side to side and it will act in opposition
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to sideways movement of the bogie frame. The spring plank, as its name suggests,

carries springs, as shown in the next diagram.

Sitde Bearer Centre Bearing Side Bearar

4

Bodie
Bolster

Bodie Side
Frame

Bogie Side
Frame

il Spring Plank Cail
Spring Spring

Cross Section of Bogie Showing Spring Plank with Bolster Springs

A pair of steel coil springs (shown in red) rest on each end of the spring plank. On top of
them sits the bogie bolster. The bolster carries the vehicle body. The body is located by a
centre bearing, using a pin fitted to the underframe of the body and steadied by two side
bearers. The side bearers are flat to allow the body to slide on the bearer so that the

bogie can turn about the centre pin.

This type of arrangement began to be replaced by more modern designs from the 1960s
but it is still common around the world and there are many variations. Nevertheless, the

basic principles of primary and secondary suspension on bogies are common throughout.

2.5.5. Cast Steel Bogies
In the US, cast steel was the most popular material for bogies and a simple basic design

evolved as we can see in the diagram left.

In its simplest form, as used under the standard American freight car, sprung suspension
was only provided for the bolster. The bogie conmsisted of three main parts the bolster
and the two side frames. The basic arrangement provided for a set of steel coil springs
provided inside an opening in each side frame of the bogie. The bogie bolster (truck
bolster in the US) was mounted on top of these springs and held in place by guides cast
into or bolted onto the bolster. The axleboxes were not sprung and merely slotted into
the frame, which rested directly on them. The ride wasn't soft but it was adequate. Some
later versions of this truck have axlebox springs simple coil springs inserted between the

top of the axlebox and the truck frame.
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Of course, nothing is a simple as it looks as first sight. So it is with the US freight truck,
which is actually a bit more complicated than seen above. If you bear in mind that a

freight car can become five times heavier when it is loaded than when it is empty, it
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becomes clear that the suspension must be stronger to carry the load. The US type has a

second set of bolster springs as shown left.

The second set of springs only comes into contact with the truck bolster when it is
depressed by the extra weight loaded on the vehicle. The loaded springs are stiffer than
the empty springs so that the stability is maintained regardless of the load applied. These
loaded springs are normally fitted with friction blocks (not shown for simplicity) on top to

allow proper alignment and to regulate the reaction of the spring to the load.

Freight bogies in Europe and UK are also fitted with load compensation systems using
double springs and friction damping devices butthey are usually more comples than the

simple US design.

2.5.6. Equaliser Bar Suspension

Truck Bolster assem by, with

@wing lirks, gnng plank and Cazt Steel
bolster sparings Truck Side
Steel Coil Spring Frame

) 2 Sum

E qualizer Bar Outline of Wheel

Diagram of Equaliser Bar Bogie
(Commonwealth Bogie)

A design popular in the US was the equaliser bar truck, which we can see in the following

simplified diagram. It was also known as the Commonwealth Bogie.

The side frame of the bogie was usually of bar construction, with simple horn guides
attached, allowing the axleboxes vertical movements between them. The axleboxes had
a cast steel equaliser beam or bar resting on them. The bar had two steel coil springs
placed on it and the truck frame rested on the springs. The effect was to allow the bar to
act as a compensating lever between the two axles and to use both springs to soften
shocks from either axle. The truck had a conventional bolster suspension with swing links

carrying a spring plank.
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In a reversal of British practice, the equaliser bar truck had leaf springs supporting the

bolster and coil springs acting as the primary suspension.

2.5.7. Rubber Suspension

Steel springs provide a solid and reliable cushion for vehicle suspension but steel is heavy
and requires maintenance because of wear and rust. Rubber however, if it could be
produced with sufficient strength and durability, could perform the same function and it
was used for minor parts of steel suspension systems from the late 19th century. Then,
in the 1950s, some EMU trains were equipped with rubber packs replacing the steel in

both primary and secondary suspension positions.

Adebox oke

Angled rubber spring
pack

/

Bogie frame

S,
Cutline of wheel \ Axle

Adebox

Diagram of Rubber Axlebox Suspension

The axlebox is specially shaped, as shown here, to allow the fitting of rubber packs at an
angle which will allow the forces to be transmitted to the bogie frame. In some designs
used by the London Underground for many years, a cast steel yoke was provided to carry
the axlebox and rubber chevrons which formed the suspension packs. The yoke was
adjustable (not shown) relative to the bogie frame to permit some variation in its position

to compensate for wheel wear.

Bolster suspensions were also redesigned at this time to allow rubber to be used instead
of steel. Angled rubber packs, shaped like chevrons like the axlebox suspension, replaced
the traditional steel springs and were quite successful until they were superseded in later

designs by air springs.

Although successful in lighter applications, rubber suspensions can require careful design
to be an effective and reliable alternative to steel because sometimes strange effects on
other parts of a train can appear. One well documented case, in London Underground,
describes how the performance of traction motor brushes deteriorated when rubber

suspension was introduced in the early 1960s. Extensive trials were needed before the
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cause and the cure, a modified form of motor brush tension spring, was finally

discovered.

2.5.8. Air Suspension
It was only a matter of time before trains began using compressed air in their suspension
system. They first appeared in the 1960s and were considered somewhat of a novelty at

the time but, nowadays, air suspension is a standard fitting for passenger vehicles.

Apart from the provision of a better ride, air suspension has one additional feature rare
on conventional steel or rubber suspension systems the ability to provide an accurate
load/weight signal which can be used to modify the acceleration and braking of a multiple

unit train. A diagrammatic arrangement of an air sprung bogie is shown below.
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one either side of axebox Damper

Diagram of hogie with steel primary and air bag secondary suspension

The weight of the car body (well, half of it, since the other half is carried by the other
bogie) rests on the air bag, which is mounted on the top of the bogie frame. Compressed
air is fed into the air bag through a levelling valve attached to the underside of the car
body. The valve is operated by a lever attached to one end of a link, whose other end is
fixed to the bogie frame. Any vertical movement between the car body and the bogie is

detected by the lever which adjusts the levelling valve accordingly.

When the load on the car is changed at a station by passengers boarding and alighting,
the weight of the body changes and the levelling valve adjusts the air pressure in the air
bags to match. The effect is that the car body maintains almost a constant height from
rail level, regardless of load. I say almost a constant height because the primary springs
will depress to some degree with the additional load. If the car load is reduced, the
levelling valve will allow excess air pressure to escape. This can sometimes be heard as
an intermittent gentle hissing from under the cars at a terminus as all the passengers

alights from a modern EMU.
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In this transverse view of a car with air suspension, the two air bags provided on a bogie
can be seen. Inside each is a solid rubber suspension pack sufficiently strong to carry the

suspension load, retained in case the air bag should burst or the air supply is lost.

One other feature of air suspension systems is that they can only alter the air bag
pressure when the train is stationary. Constant changes of vehicle height would cause
excessive bouncing if the system operated while the train was running. The levelling
valve is automatically locked out of use when the train is moving or when the doors are

closed depending on design.

This type of arrangement often uses a bolsterless truck or bogie, as shown is the
diagrams above. It is a very simple design where the bogie frame is fabricated, usually in
welded box-sections, into the form of the letter H. The crossbar of the H is where the
bolster would be. It is called the transom. Instead of being suspended on springs it is
solid with the side pieces. The car body (secondary) suspension is through the air bags
mounted on the ends of the "crossbar" of the H. This type of bogie is now popular on

passenger rolling stock.

59



2.6. PBL 90 ELECTRO-PNEUMATIC BRAKE CONTROL SYSTEM

2.6.1. Background

This is a simplified description of the air brake control system known as PBL 90. It is
based on the UIC standard and is now used on some locomotives in the UK. It is
assumed that if you have chosen this page, you probably have a good understanding of

train braking systems in general and of air brakes in particular.

2.6.2. Introduction

The PBL 90 electro-pneumatic system is a Brake Control Panel (type PBL 90) mounted
inside the equipment compartment, usually on the brake frame. The Brake Control Panel
performs the function of the driver's brake valve on a conventional British locomotive and
is standard equipment on the SNCF and SNCB. In French it is known as the "Robinet de

Mechanicien" (driver's brake valve).

The principle of operation of the Brake Control Panel is that it transfers the driver's
braking commands (or those of an ATO system should it ever be fitted), which originate
as electrical signals, into pneumatic signals to control the pressure in the brake pipe. It
also transmits the signals electrically along the train to provide electro-pneumatically

assisted brake control on each vehicle.

The Brake Control Panel is also designed to respond automatically to unplanned or
emergency losses of brake pipe pressure to ensure that such incidents cause the train to

stop as quickly as possible.

In order to simplify understanding of the Brake Control Panel, this descriptive paper
begins with a series of simplified schematics which show the panel with only its principal

parts.

2.6.3. The Parts of the Brake Control Panel

The following diagram shows a simplified schematic of the brake control panel and its
connections to the Main Brake Handle as Set Up mode is initiated. The Application and
Release Valves are energised and the Main Relay Valve charges the Brake Pipe up to 3

Bar.
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Simplified Schematic of PBL 90 Electro-Pheumatic Brake Control System

The locomotive is being prepared for service and the brake control system is being set
up. The Brake Control Panel is provided with a connection to the Main Reservoir Pipe and
is supplied with air from that pipe at 10 bar. There are also connections to the Brake Pipe

and the Equalising Reservoir.
The principal components of the Brake Control Panel are as follows:

A Pilot Reducing Valve which converts air from the Main Reservoir at 10 bar to a
pressure of 5 bar the control pressure required for the maximum pressure of 5 bar

normally allowed in the Brake Pipe.

An Equalising Reservoir, not actually mounted on the Brake Control Panel, provides a
volume reservoir by means of which Brake Pipe pressure is regulated. Variation of the
pressure in the Equalising Reservoir will cause a corresponding variation of pressure in

the Brake Pipe.

A Main Relay Valve which responds to changes in Equalising Reservoir pressure to
control the supply of air to, and the exhaust of air from the Brake Pipe. If the Equalising
Reservoir pressure in the control chamber at the top of the valve becomes greater than
that in the Brake Pipe, the valve will open to allow the Main Reservoir supply to recharge

the Brake Pipe. If the control chamber pressure is lower than that of the Brake Pipe, the
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valve will lift and open an exhaust to discharge Brake Pipe pressure. When the control
chamber and Brake Pipe pressures are equal, both the supply and exhaust ports of the

valve are closed and the Brake Pipe pressure will remain unchanged.

A Release Magnet Valve which, when energised, connects the 5 bar output from the
Pilot Reducing Valve to the Equalising Reservoir and to the upper chamber of the Main

Relay Valve. When de-energised, the valve is lifted by a spring.

An Application Magnet Valve which, when energised, prevents a loss of Equalising
Reservoir pressure. When de-energised with the Release Valve, it allows Equalising
Reservoir air to escape and cause a reduction in Brake Pipe pressure. When de-

energised, the valve is lifted by a spring.

A 3 Bar Pressure Switch which ensures that a minimum pressure of 3 bar is
maintained in the Equalising Reservoir (and thus the Brake Pipe). This provides an
emergency pneumatic control pressure for the Brake Pipe. It should be noted that, under
normal conditions, a pressure drop to a level of 3 bar in the Brake Pipe is sufficient to

give maximum brake effort. A further reduction will not increase the brake effort.

A 4.8 Bar Pressure Switch which is used to overcome small leaks to maintain the

Brake Pipe pressure at a fully charged level.

An E.P. Brake Pressure Switch which detects brake pipe pressure and gives electrical
signals along the e.p. control train wires to allows remote control of local control units on

other vehicles with e.p. equipment.
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2.6.4. Set-up

On a 'dead' locomotive the Brake Pipe pressure will be at zero because the Emergency
Valve (not shown) is de-energised whilst the locomotive is shut down. When "Set Up" is
initiated, the Emergency, Application and Release Valves are energised. The Release
Valve is energised through the closed contacts "A" and those of the 3 Bar Pressure
Switch. The Application Valve is energised through closed contacts "A" and the <4.8 Bar

contacts of the 4.8 Bar Pressure Switch.

Energising the Release Valve causes compressed air, supplied at 5 Bar from the Pilot
Reducing Valve, to pass to the Equalising Reservoir and to the upper chamber of the
Main Relay Valve. The pressure in the upper chamber of the Main Relay Valve, being
greater than that in the Brake Pipe, causes the port at the base of the valve to open and
allows the Main Reservoir air supply to charge the Brake Pipe until it reaches a pressure
of 3 bar.

2.6.5. Set-up Complete
When the brake pipe has reached the 3 bar pressure level, it can be said that the set-up

is complete. The control system looks like this:
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Simplified Schematic of PBL 90 Electro-Pneumatic Brake Control System
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When the pressure in the Equalising Reservoir reaches 3 Bar, the 3 Bar Pressure Switch
contacts open and cause the Release Valve to de-energise, closing off the supply from

the Pilot Reducing Valve. The Application Valve remains energised.

When the pressure in the Brake Pipe reaches 3 Bar, the Equalising Reservoir pressure
detected in the Main Relay Valve equalises with that of the Brake Pipe and the port at the
base of the valve closes under spring pressure. The air pressure in the Brake Pipe now
remains at 3 Bar. The Brake Pipe pressure is low enough to ensure that the brake

remains applied.

2.6.6. Release

To release the Main brake, the Brake Pipe must be charged to a pressure greater than
4.8 Bar. This is done by selecting the Release position of the Main Brake handle. The
handle must be held in this position against its spring pressure until the Equalising
Reservoir gauge indicates 4.8 Bar. The Brake Pipe pressure will then rise to 5 bar under
the control of the Pilot Reducing Valve. For Release, the control switches and valves are

reconfigured to the positions shown in the diagram below:
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PBL 90 Electro-Pnumatic Brake Control System

When the Main Brake Handle is moved to the Release position, contact "R" closes and

causes the Release Valve to energise. The Application Valve will already be energised if
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the Brake Pipe pressure is below 4.8 bar (Contacts 'A’' closed and <4.8 bar contacts

closed).

With both the Release and Application Valves energised, the Brake Pipe will begin to
charge in the same way as occurs in Set Up mode. When the Equalising Reservoir
pressure reaches 4.8 Bar, the <4.8 Bar contacts will open and the >4.8 Bar contacts will
close. This will cause the Application Valve to de-energise but the Release Valve remains
energised (through the >4.8 bar contacts) and open to allow the Brake Pipe to charge up

to 5 bar under the control of the output pressure of the Pilot Reducing Valve.

2.6.7. Running

When release of the brakes is complete, the driver can allow the brake handle to return
to the mid position and set the brake system to the "Running" position. The brakes
remain released and the brake pipe pressure is maintained at the 4.8 bar pressure
automatically as shown in the next diagram, unless a rapid discharge of the pipe occurs

or the Application position is selected:
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Simplified Schematic of PBL 90 Electro-Pneumatic Brake Control System

During normal running with the brake released and the Main Brake Handle in the Mid
position, the Release Valve is held open by the contacts 'A' and the >4.8 contacts of the

4.8 Bar Pressure Switch. The energised Release Valve allows an upper level of 5 Bar to
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be maintained in the Brake Pipe under the control of the output pressure of the Pilot

Reducing Valve.

The purpose of this setting is to allow the brake control to automatically maintain brake
pipe pressure against any small leaks or losses in the brake pipe. This prevents the

brakes form "leaking on" and stopping the train unnecessarily.

2.6.8. Application

In order to apply the train brakes, it is necessary to reduce the pressure in the Brake
Pipe to below 4.8 bar. This will occur when the Main Brake Handle is moved to the
Application position (against spring pressure) causing contacts 'A' to open and de-
energise both Application and Release Valves, regardless of their former state. The brake

control now appear as in the diagram below:
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Simplified Schematic of PBL 90 Electro-Pneumatic Brake Control System

With the Application and Release Valves de-energised, air escapes through the
Application Valve exhaust from the Equalising Reservoir and the upper chamber of the
Main Relay Valve so that the pressure in the Brake Pipe becomes greater than that in the
upper chamber and opens the valve to exhaust the Brake Pipe. The reduction in the

Brake Pipe pressure causes the brakes on the train to apply.
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Because the Release Valve is de-energised, the connection between the Pilot Reducing
Valve and the Equalising Reservoir is closed to prevent the loss of air from the Equalising

Reservoir being replaced.

2.6.9. Maintaining a Constant Brake

Once the desired level of braking is reached, the driver should allow the brake handle to
return to the Mid position. This will energise the Application Valve through closed
contacts 'A' and the <4.8 bar contacts of the 4.8 bar pressure switch. The Release Valve

remains de-energised (see diagram below).
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Simplified Schematic of PBL 90 Electro-Pneumatic Brake Control System

With the Application Valve energised, the exhausting of the upper chamber of the Main
Relay Valve ceases and the exhaust port of the valve will close when the Brake Pipe
pressure equalises with that in the upper chamber. The Brake Pipe pressure will now be

held at a constant level, as will the brake effort on the train.

2.6.10. Partial or Full Release
If the driver requires a full release of the brake, he must move the Main Brake Handle
from the Mid position to the Release position. The brake control panel will then appear as

described above underRelease and the Brake Pipe pressure will restore to 5 bar.
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If the driver requires a partial release of the brake to reduce the retardation effort but
still maintain an application, he must move the Main Brake Handle to the Release
position until the required reduction in brake effort is achieved, then restore the handle
to the Mid position. The Mid position must be selected before the Brake Pipe pressure

reaches 4.8 bar otherwise the train brakes will be fully released.

When the Main Brake Handle is returned to the Mid position, the Release Valve will be
de-energised by the opening of the contacts 'R'. The Application Valve will remain
energised. Recharging of the Equalising Reservoir will cease and the supply of Main
Reservoir air to the Brake Pipe will stop as soon as the pressure in the upper chamber of

the Main Relay Valve equalises with that in the Brake Pipe.

2.6.11. Electro-Pneumatic Assistance

In addition to providing the driver with a means of controlling the pressure in the Brake
Pipe from the locomotive, the Brake Control Panel is equipped with a pressure switch
(the EP Brake Pressure Switch) which provides electro-pneumatic control of the brakes
on each vehicle equipped with electro-pneumatic brake valves. The pressure switch
detects differences in pressure between the Equalising Reservoir and the Brake Pipe and
sends corresponding electrical signals to either an Application or Release Wire running
the length of the train. The brake control equipment on each vehicle responds to these

signals to apply or release the brake.

When the application position is selected, the Equalising Reservoir pressure falls below
that of the Brake Pipe. The difference in pressure unbalances the EP Brake Pressure
Switch and causes a contact to close and energise the application train wire. This results

in a local brake application on each vehicle on the train.

When the pressure in the Equalising Reservoir and the Brake Pipe is equal, as during a

constant level of brake application (see above), the EP Brake Pressure Switch achieves a

state of equilibrium and the feed to the Application wire is broken. This holds the existing

level of brake on individual vehicles.

When the Release position is selected (see above), the pressure in the Equalising
Reservoir rises above that in the brake pipe causing the EP Brake Pressure Switch to
unbalance and close a contact in the Release train wire to release the brakes on

individual vehicles.
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2.7. AIR BRAKES

2.7.1 Introduction
The air brake is the standard, fail-safe, train brake used by railways all over the world. In
spite of what you might think, there is no mystery to it. It is based on the simple physical

properties of compressed air. So here is a simplified description of the air brake system.

. Operation on Each Vehicle

.1. Release
.2. Application
..3. Lap

.4. Additional Features of the Air Brake
.5. Emergency Air Brake

.6. Emergency Reservoirs

.7. Distributors

.8. Two-Pipe Systems

.9. Self-Lapping Brake Valves

.10. Other Air Operated Systems

.11. Comment.
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2.7.2. Basics

A moving train contains energy, known as kinetic energy, which needs to be removed
from the train in order to cause it to stop. The simplest way of doing this is to convert
the energy into heat. The conversion is usually done by applying a contact material to
the rotating wheels or to discs attached to the axles. The material creates friction and
converts the kinetic energy into heat. The wheels slow down and eventually the train

stops. The material used for braking is normally in the form of a block or pad.

The vast majority of the world's trains are equipped with braking systems which use
compressed air as the force to push blocks on to wheels or pads on to discs. These
systems are known as "air brakes" or "pneumatic brakes". The compressed air is
transmitted along the train through a "brake pipe". Changing the level of air pressure in
the pipe causes a change in the state of the brake on each vehicle. It can apply the
brake, release it or hold it "on" after a partial application. The system is in widespread

use throughout the world.
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2.7.3. The Principal Parts of the Air Brake System
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Block Diagram of Basic Air Brake Equipment

The diagram shows the principal parts of the air brake system and these are described
below.

Compressor

The pump which draws air from atmosphere and compresses it for use on the train. Its

principal use is is for the air brake system, although compressed air has a number of
other uses on trains.

Main Reservoir

Storage tank for compressed air for braking and other pneumatic systems.
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Driver's Brake Valve

The means by which the driver controls the brake. The brake valve will have (at least)
the following positions: "Release", "Running", "Lap" and "Application" and "Emergency".

There may also be a "Shut Down" position, which locks the valve out of use.

The "Release" position connects the main reservoir to the brake pipe . This raises the air
pressure in the brake pipe as quickly as possible to get a rapid release after the driver

gets the signal to start the train.

In the "Running" position, the feed valve is selected. This allows a slow feed to be
maintained into the brake pipe to counteract any small leaks or losses in the brake pipe,

connections and hoses.

"Lap" is used to shut off the connection between the main reservoir and the brake pipe
and to close off the connection to atmosphere after a brake application has been made.
It can only be used to provide a partial application. A partial release is not possible with

the common forms of air brake, particularly those used on US freight trains.

"Application" closes off the connection from the main reservoir and opens the brake pipe
to atmosphere. The brake pipe pressure is reduced as air escapes. The driver (and any

observer in the know) can often hear the air escaping.

Most driver's brake valves were fitted with an "Emergency" position. Its operation is the
same as the "Application" position, except that the opening to atmosphere is larger to

give a quicker application.
Feed Valve

To ensure that brake pipe pressure remains at the required level, a feed valve is
connected between the main reservoir and the brake pipe when the "Running" position is
selected. This valve is set to a specific operating pressure. Different railways use

different pressures but they generally range between 65 and 90 psi (4.5 to 6.2 bar).
Equalising Reservoir

This is a small pilot reservoir used to help the driver select the right pressure in the brake
pipe when making an application. When an application is made, moving the brake valve
handle to the application position does not discharge the brake pipe directly, it lets air
out of the equalising reservoir. The equalising reservoir is connected to a relay valve
(called the "equalising discharge valve" and not shown in my diagram) which detects the
drop in pressure and automatically lets air escape from the brake pipe until the pressure

in the pipe is the same as that in the equalising reservoir.
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The equalising reservoir overcomes the difficulties which can result from a long brake
pipe. A long pipe will mean that small changes in pressure selected by the driver to get a
low rate of braking will not be seen on his gauge until the change in pressure has
stabilised along the whole train. The equalising reservoir and associated relay valve
allows the driver to select a brake pipe pressure without having to wait for the actual

pressure to settle down along a long brake pipe before he gets an accurate reading.
Brake Pipe

The pipe running the length of the train, which transmits the variations in pressure
required to control the brake on each vehicle. It is connected between vehicles by flexible
hoses, which can be uncoupled to allow vehicles to be separated. The use of the air
system makes the brake "fail safe", i.e. loss of air in the brake pipe will cause the brake

to apply. Brake pipe pressure loss can be through a number of causes as follows:

e A controlled reduction of pressure by the driver

e A rapid reduction by the driver using the emergency position on his brake valve

e A rapid reduction by the conductor (guard) who has an emergency valve at his
position

e A rapid reduction by passengers (on some railways) using an emergency system
to open a valve

e A rapid reduction through a burst pipe or hose

e A rapid reduction when the hoses part as a result of the train becoming parted or

derailed.

Angle Cocks

At the ends of each vehicle, "angle cocks" are provided to allow the ends of the brake
pipe hoses to be sealed when the vehicle is uncoupled. The cocks prevent the air being

lost from the brake pipe.
Coupled Hoses

The brake pipe is carried between adjacent vehicles through flexible hoses. The hoses

can be sealed at the outer ends of the train by closing the angle cocks.
Brake Cylinder

Each vehicle has at least one brake cylinder. Sometimes two or more are provided. The
movement of the piston contained inside the cylinder operates the brakes through links

called "rigging". The rigging applies the blocks to the wheels. Some modern systems
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use disc brakes. The piston inside the brake cylinder moves in accordance with the

change in air pressure in the cylinder.
Auxiliary Reservoir

The operation of the air brake on each vehicle relies on the difference in pressure
between one side of the triple valve piston and the other. In order to ensure there is
always a source of air available to operate the brake, an "auxiliary reservoir" is
connected to one side of the piston by way of the triple valve. The flow of air into and

out of the auxiliary reservoir is controlled by the triple valve.
Brake Block

This is the friction material which is pressed against the surface of the wheel tread by the
upward movement of the brake cylinder piston. Often made of cast iron or some
composition material, brake blocks are the main source of wear in the brake system and

require regular inspection to see that they are changed when required.

Many modern braking systems use air operated disc brakes. These operate to the same

principles as those used on road vehicles.
Brake Rigging

This is the system by which the movement of the brake cylinder piston transmits
pressure to the brake blocks on each wheel. Rigging can often be complex, especially
under a passenger car with two blocks to each wheel, making a total of sixteen. Rigging
requires careful adjustment to ensure all the blocks operated from one cylinder provide
an even rate of application to each wheel. If you change one block, you have to check

and adjust all the blocks on that axle.
Triple Valve

The operation of the brake on each vehicle is controlled by the "triple valve", so called
because it originally comprised three valves - a "slide valve", incorporating a "graduating
valve" and a "regulating valve". It also has functions - to release the brake, to apply it
and to hold it at the current level of application. The triple valve contains a slide valve
which detects changes in the brake pipe pressure and rearranges the connections inside

the valve accordingly. It either:

e recharges the auxiliary reservoir and opens the brake cylinder exhaust,
e closes the brake cylinder exhaust and allows the auxiliary reservoir air to feed into

the brake cylinder
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e or holds the air pressures in the auxiliary reservoir and brake cylinder at the

current level.

The triple valve is now usually replaced by a distributor a more sophisticated version with

built-in refinements like graduated release.
2.7.4 Operation On Each Vehicle

2.7.4 1. Break Release
This diagram shows the condition of the brake cylinder, triple valve and auxiliary

reservoir in the brake release position.
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Schematic Diagram of Air Brake System on VYehicle in Release Position

The driver has placed the brake valve in the "Release" position. Pressure in the brake
pipe is rising and enters the triple valve on each car, pushing the slide valve provided
inside the triple valve to the left. The movement of the slide valve allows a "feed groove"
above it to open between the brake pipe and the auxiliary reservoir, and another
connection below it to open between the brake cylinder and an exhaust port. The feed
groove allows brake pipe air pressure to enter the auxiliary reservoir and it will recharge
it until its pressure is the same as that in the brake pipe. At the same time, the
connection at the bottom of the slide valve will allow any air pressure in the brake
cylinder to escape through the exhaust port to atmosphere. As the air escapes, the
spring in the cylinder will push the piston back and cause the brake blocks to be removed
from contact with the wheels. The train brakes are now released and the auxiliary

reservoirs are being replenished ready for another brake application.
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2.7.4 2. Brake Application
This diagram shows the condition of the brake cylinder, triple valve and auxiliary

reservoir in the brake application position.
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Schematic Diagram of Air Brake System on Vehicle in Application Position

The driver has placed the brake valve in the "Application" position. This causes air
pressure in the brake pipe to escape. The loss of pressure is detected by the slide valve
in the triple valve. Because the pressure on one side (the brake pipe side) of the valve
has fallen, the auxiliary reservoir pressure on the other side has pushed the valve
(towards the right) so that the feed groove over the valve is closed. The connection
between the brake cylinder and the exhaust underneath the slide valve has also been
closed. At the same time a connection between the auxiliary reservoir and the brake
cylinder has been opened. Auxiliary reservoir air now feeds through into the brake
cylinder. The air pressure forces the piston to move against the spring pressure and
causes the brake blocks to be applied to the wheels. Air will continue to pass from the
auxiliary reservoir to the brake cylinder until the pressure in both is equal. This is the
maximum pressure the brake cylinder will obtain and is equivalent to a full application.
To get a full application with a reasonable volume of air, the volume of the brake cylinder

is usually about 40% of that of the auxiliary reservoir.

75



2.7.4 3. Lap
The purpose of the "Lap" position is to allow the brake rate to be held constant after a

partial application has been made.
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Spring

Schematic Diagram of Air Brake System on Vehicle in Lap Position

When the driver places the brake valve in the "Lap" position while air is escaping from
the brake pipe, the escape is suspended. The brake pipe pressure stops falling. In each
triple valve, the suspension of this loss of brake pipe pressure is detected by the slide
valve because the auxiliary pressure on the opposite side continues to fall while the
brake pipe pressure stops falling. The slide valve therefore moves towards the auxiliary
reservoir until the connection to the brake cylinder is closed off. The slide valve is now
half-way between its application and release positions and the air pressures are now is a
state of balance between the auxiliary reservoir and the brake pipe. The brake cylinder is
held constant while the port connection in the triple valve remains closed. The brake is

"lapped".

Lap does not work after a release has been initiated. Once the brake valve has been
placed in the "Release" position, the slide valves will all be moved to enable the recharge
of the auxiliary reservoirs. Another application should not be made until sufficient time
has been allowed for this recharge. The length of time will depend on the amount of air

used for the previous application and the length of the train.
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2.7.4.4. Additional Features of the Air Brake
What we have seen so far is the basics of the air brake system. Over the 130 years since

its invention, there have been a number of improvements as described below

2.7.4.5. Emergency Air Brake

Most air brake systems have an "Emergency" position on the driver's brake valve. This
position dumps the brake pipe air quickly. Although the maximum amount of air which
can be obtained in the brake cylinders does not vary on a standard air brake system, the
rate of application is faster in "Emergency". Some triple valves are fitted with sensor
valves which detect a sudden drop in brake pipe pressure and then locally drop brake
pipe pressure. This has the effect of speeding up the drop in pressure along the train it

increases the "propagation rate".

2.7.4.6. Emergency Reservoirs

Some air brake systems use emergency reservoirs. These are provided on each car like
the auxiliary reservoir and are recharged from the brake pipe in a similar way. However,
they are only used in an emergency, usually being triggered by the triple valve sensing a
sudden drop in brake pipe pressure. A special version of the triple valve (a distributor) is

required for cars fitted with emergency reservoirs.

2.7.4.7. Distributors

A distributor performs the same function as the triple valve, it's just a more sophisticated
version. Distributors have the ability to connect an emergency reservoir to the brake
system on the vehicle and to recharge it. Distributors may also have a partial release

facility, something not usually available with triple valves.

A modern distributor will have:

a quick service feature where a small chamber inside the distributor is used to

accept brake pipe air to assist in the transmission of pressure reduction down the

train

e a reapplication feature allowing the brake to be quickly re-applied after a partial
release

e a graduated release feature allowing a partial release followed by a holding of the
lower application rate

e a connection for a variable load valve allowing brake cylinder pressure to adjust to
the weight of the vehicle

e chokes (which can be changed) to allow variations in brake application and

release times
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e an inshot feature to give an initial quick application to get the blocks on the
wheels
e brake cylinder pressure limiting

e auxiliary reservoir overcharging prevention.

All of these features are achieved with no electrical control. The control systems
comprise diaphragms and springs arranged in a series of complex valves and passages
within the steel valve block. Distributors with all these features will normally be provided

on passenger trains or specialist high-speed freight vehicles.

2.7.4.8. Two Pipe Systems

A problem with the design of the standard air brake is that it is possible to use up the air
in the auxiliary reservoir more quickly than the brake pipe can recharge it. Many
runaways have resulted from overuse of the air brake so that no auxiliary reservoir air is

available for the much needed last application. Read Al Krug's paper North American

Freight Train Brakes for a detailed description of how this happens. The problem can be

overcome with a two-pipe system as shown in the simplified diagram below.
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Block Diagram of Two-Pipe Air Brake System

The second pipe of the two-pipe system is the main reservoir pipe. This is simply a
supply pipe running the length of the train which is fed from the compressor and main
reservoir. It performs no control function but it is used to overcome the problem of
critical loss of pressure in the auxiliary reservoirs on each car. A connecting pipe, with a
one-way valve, is provided between the main reservoir pipe and the auxiliary reservoir.

The one-way valve allows air from the main reservoir pipe to top up the auxiliary
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reservoir. The one-way feature of the valve prevents a loss of auxiliary reservoir air if the

main reservoir pressure is lost.

Another advantage of the two-pipe system is its ability to provide a quick release.
Because the recharging of the auxiliaries is done by the main reservoir pipe, the brake
pipe pressure increase which signals a brake release is used just to trigger the brake

release on each car, instead of having to supply the auxiliaries as well.

Two pipe systems have distributors in place of triple valves. One feature of the distributor
is that it is designed to restrict the brake cylinder pressure so that, while enough air is
available to provide a full brake application, there isn't so much that the brake cylinder
pressure causes the blocks to lock the wheels and cause a skid. This is an essential
feature if the auxiliary reservoir is being topped up with main reservoir air, which is

usually kept at a higher pressure than brake pipe air.

Needless to say, fitting a second pipe to every railway vehicle is an expensive business
so it is always the aim of the brake equipment designer to allow backward compatibility -
in much the same way as new computer programs are usually compatible with older
versions. Most vehicles fitted with distributors or two-pipe systems can be operated in
trains with simple one-pipe systems and triple valves, subject to the correct set-up

during train formation.

2.7.4.9. Self Lapping Brake Valves

Self lapping is the name given to a brake controller which is position sensitive, i.e. the
amount of application depends on the position of the brake valve handle between full
release and full application. The closer the brake handle is to full application, the greater
the application achieved on the train. The brake valve is fitted with a pressure sensitive
valve which allows a reduction in brake pipe pressure according to the position of the
brake valve handle selected by the driver. This type of brake control is popular on

passenger locomotives.

2.7.4.10. Other Air Operated Equipment
On an air braked train, the compressed air supply is used to provide power for certain
other functions besides braking. These include door operation, whistles/horns, traction

equipment, pantograph operation and rail sanders. For details, see Auxiliary Equipment.
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2.8. ELECTRICALLY CONTROLLED PNEUMATIC BRAKES

2.8.1. Introduction
A description, specially written by Randy Buchter of the Electronically Controlled

Pneumatic brakes being used on various railroads in the US.

2.8.2. ECP Brakes - Background
A new form of electrical control of air braking is currently being tested by a number of
railroads in the US. It is known as ECP and uses modern electronic techniques to

overcome the problems of air braking on long freight trains.

The pure air control brake system invented by George Westinghouse in the 1860s and

still used by almost all freight trains in the US and in many other parts of the world
suffers from two main problems. It takes a long time for the air messages to travel along
the train and there is no graduated release. For example, the delay for a reduction in
train line pressure to travel from the leading locomotive to the rear of a 150 car consist
can be 150 seconds. Also, you have to fully release the brake and wait for the supply
reservoirs to recharge before you can reapply. Electrical control can overcome these
difficulties.

ECP refers to Electronically Controlled Pneumatic brakes, key word being "Electronically"
as opposed to "electrically". Older systems fitted to passenger trains, (E-P_brakes) use
several train wires to operate individual valves or variations in switching of the wires to
control brakes. Most of these systems use a second train line for main reservoir air
supplies and they do not have the built-in two-way communications that ECP systems
have. A car in an ECP brake train can do a self-diagnosis and report the information to

the engineer and it only requires the standard train line pipe.
Operation

There is a control box on top of the engineer's console. When he wants to apply brakes
the engineer pushes the button until the readout shows the amount of brake cylinder
pressure (or percentage of braking effort) he wants. He releases the button; the control
unit then codes and sends the signal to all cars. They in turn receive and interpret the
message. They then begin allowing compressed air from their reservoirs to go to the
brake cylinder until the desired cylinder pressure is achieved. The microprocessors on the
cars will continuously monitor brake cylinder pressure against leakage and maintain the

desired pressure.

If the engineer wants to reduce brake cylinder pressure he simply pushes the release

button until the desired level is indicated, either partial or full release. Again a signal is
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coded and transmitted to the cars. The cars in turn do as commanded. If the engineer
asks for only a partial reduction of braking effort, he can increase the effort again as
needed without doing a full release first. The processor on the car is constantly

monitoring brake pipe, reservoir tank and brake cylinder pressures.

When braking commands are not being transmitted, the head end (control) unit is
sending out status messages. The last car in the train (which knows it is last due to the
head end doing a train query and initialisation at start-up) will respond to each status
message from the head end. All cars in the consist will monitor these messages, and if a
car fails to receive three status messages in a row from either the head end or the rear
end, it will assume that the train is broken in two or that the electrical line is broken. It
will then initiate an emergency stop, while trying to tell the other cars and loco that it is

doing so.

2.8.3. Power Sources

Each car has a rechargeable battery to provide the high power requirements when
solenoids need to be activated. When the high power is not being used, the batteries will
trickle recharge from the communications/power cable. (If the train uses radio
communication the batteries will recharge while the car is in motion via an onboard
generator creating power from the motion of the car, either an axle generator, or natural

frequency vibration generator or some other type of device.)

The hardwired system uses roughly 25% of its signal capacity for brake commands and
status messages. Distributed power, controlled via the same cable uses another 10-15%,
leaving 60-65% of the signal capacity for special monitors on the car, such as bearing

sensors, temperature sensors for reefers on tankers, pressure sensors for tankers, etc.

2.8.4. Manufacturers Systems

TSM, which was a subsidiary of Rockwell International, developed the first working ECP
brake units. They are now owned by WABCO. In addition, Westinghouse Air Brake, New
York Air Brake (a subsidiary of Knorr Corp.), GE/Harris and a small company called

Zeftron, are developing ECP units.

TSM's first units worked in an "overlay" mode, where a module was placed between the
air pilots and the actual valves, so that the system could work both ways. Zeftron started
out working on an "emulator" brake valve, which totally eliminates the air pilots. The
system, which must always be powered, looks for ECP commands. If it finds none, it
monitors brake pipe pressure and behaves just like a standard air brake. If ECP

command signals are present, the units behave like an ECP brake.
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Because of the sequential operations of standard brakes, there is a flow control which
limits how fast the air can flow into the brake cylinder. On ECP systems, because there is
instantaneous reaction from all cars at once, these flow controls are not used. The lack of
sequential activation and flow controls combined is what makes ECP brakes so

responsive.

TSM is now introducing an emulator system. This enables cars fitted with it to work in
ECP trains and non-ECP trains. New York Air Brake has a system available for sale in the
very near future. Westinghouse Air Brake is playing it cool, waiting for all of the specs to

be written and all of the bugs worked out before they commit to anything.

2.8.5. Benefits

Some of the benefits of ECP braking have already been mentioned; instantaneous
response to the engineer's commands on all vehicles, graduated release of brakes and
continuous replenishment of reservoirs. But there are other and more significant benefits

for the industry as a whole.

With the new responsiveness of ECP braking, braking distances will be reduced. A range
of 30 - 70% reduction has been quoted. This will allow shorter stopping distances and
will, in turn, allow higher speeds. The improved train handling will reduce slack action,

breakaways and derailments and will lead to a reduction in draft gear maintenance.

There may be a price to pay. Although the current view is that brake shoe and wheel
wear will be reduced, it is easy to see that engineers will develop their handling skills
with the new system and this will lead to higher speeds needing more and heavier brake
applications. A wise railway management will recognise this and will review its speed

limit zones to ensure the maximum benefits are obtained without excessive brake usage.

2.8.6. Developments
There was much discussion amongst experts regarding the need for an end-of-train
(EQOT) device or letting the last car act as the end-of-train beacon. It seems that the last

word on EOT beacons was that there will be one!

There are committees that are developing specs right now to permit the addition of
monitors onto cars. The monitors will have their own microprocessors and will only send
a signal to the head end when something on the car is going out of specified limits. This
keeps the communications line open for brake commands, loco commands, and

emergency messages.

82



A further development will be the use of the electronic train line for diagnostics, where
the head end position can be informed of hot boxes, car load temperatures, tanker

pressures, wagon doors not closed, parking brake off/on and the like.

2.8.7. ECP Record

There was a record-breaking, 600 km round trip by a train fitted with ECP braking in
Australia. On 28 June 1999, a train comprising 240 wagons, five GE Dash 8 diesel-
electric locomotives and weighing 37,500 tonnes was equipped with the GE Harris EPx
radio-based, electronic brake control system. It was the longest and heaviest train ever
to be fitted with an ECP brake system. The locomotives were fitted with the same
company's Locotrol remote locomotive control system. The train operated over the BHP

Iron Ore line between Port Headland and Yandi Mine. Source IRJ.
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2.9. ELECTRO-PNEUMATIC BRAKES

2.9.1. Introduction

Originally designed for subways or metros, the electro-pneumatic brake has more
recently been used on main line passenger railways and some specialised freight
operations. Its main advantage over the air brake is its speed of control and quick on-
vehicle reaction times, giving instantaneous control of the whole train to the driver. Its

speed of operation makes it ideal for automatic train operation (ATO). E.P. braking is not

the same as ECP braking. ECP brakes have been introduced recently in an attempt to
overcome the drawbacks of the air brake system on long freight trains. An article on this

site here ECP Brakes has been written by Randy Buchter.

2.9.2. Background

Even the most modern, purely air brake systems rely on the transmission of an air signal
along the brake pipe. This is initiated from the front of the train and has to be sent to all
vehicles along the train to the rear. There will always be a time lapse (called the
propagation rate) between the reaction of the leading vehicle and the reaction of one at
the rear. This time lapse is a considerable restraint on operation. It causes the braking of
vehicles to happen at different times along the train so that while some cars are slowing
down, others are still trying to push, unbraked, from the rear. When releasing, the front
of the train is pulling the rear, still braking, and causes stress to the couplers. Another

drawback is the lack of a graduated release, an elusive goal for many years.

The introduction of electric traction and multiple unit control was the spur which
eventually produced electrically controlled air brakes. The rise of rapid transit operations
in cities, with their high volume and frequent stops and starts, meant that quick
responses to brake commands and accurate stopping at stations was an essential
ingredient in getting more efficiency. E-P brakes first appeared in the US. They were tried

on the New York Subway in 1909 and then on London Underground in 1916.

2.9.3. Principles of the E-P Brake
There are many types of e-p brake systems is use today and most of them were
developed as an "add-on" to the original air brake system and, as a result, incorporated

some common principles in their design as follows:

e The e-p brake operates as the service brake while the air brake is retained for
emergency use

e The e-p brake does not compromise the fail-safe or "vital" features of the air
brake
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e The air brake normally remains in the "Release" position, even while the e-p brake
is in "Application" and the same brake cylinders are used.

e E-P brakes are invariably used on multiple unit passenger trains.

e E-P brakes use a number of train wires to control the electrically operated brake
valves on each car.

e The train wires are connected to a brake "valve" or controller in the driver's cab.

E-P brakes should not be confused with ECP (Electronically Controlled Pneumatic) brakes.
E-P brakes are used on multiple unit passenger trains whereas ECP brakes have been
developed recently for use on freight trains. ECP brakes do not always require a train

wire and, if they do, it is usually a single wire.

2.9.4. A Simple E-P Brake System

Eqqualising .
; Driver's
Reseryvair
Brake “Valvwe Mzin Feseryair
- Compressar
Feed Valve _‘)
Angle Cock Wtain Reservair Pipe EELS CREE

c Angle Cock Brake Pipe V Brake Pipe on

Second Yehicle
Hoze

Coupled Hoses
Between Vehicles

A palication
Ex. Walve

Brake Block

Wiheel
Brake

Cylinder

Block Diagram of Electro-Pneumatic Brake System

The diagram left shows the pneumatic layout of a simple e-p brake system. The special

wiring required is shown in the e-p brake electrical diagram.

The standard air brake equipment is provided as the safety system for back-up purposes.
A main reservoir pipe is provided along the length of the train so that a constant supply
of air is available on all cars. A connection pipe is provided between the main reservoir
and the brake cylinders on each car. An "application valve" in this connection pipe will
open when required to allow main reservoir air into the brake cylinders. Because the
brake pipe is fully charged during an e-p application, the triple valve is in the release

position so the brake cylinder is connected to the exhaust. For e-p operation, a "holding
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valve" is added to the triple valve exhaust. When an e-p application is called for, the

holding valve closes and prevents brake cylinder air escaping through the exhaust.

2.9.5. E-P Application
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Schematic Diagram of Electro-Pneumatic Brake on Vehicle in Application Position

This diagram shows the operation of the holding and application valves during an e-p

brake application.

The application valve is energised and open while the holding valve works the opposite
way, being energised and closed. Main reservoir air feeds through the application valve

into the brake cylinder to apply the brakes in the usual way.

2.9.6. Brake Cylinder Pressure

It is essential to ensure that, during braking, the train wheels do not skid. Skidding
reduces the braking capability and it damages wheels and rails. Wheels involved in a skid
will often develop "flats", a small flat patch on the tyre which can normally only be
removed by reprofiling the wheel in a workshop. To reduce the risk of skidding, brake
cylinder pressure must be restricted. In a pure air brake system, a natural restriction is
imposed by the maximum allowed brake pipe pressure and in the proportion of volume
between the auxiliary reservoir and the brake cylinder. In an e-p equipped train, the
main reservoir supply is not restricted, so it would be possible to go on pumping air into
the brake cylinder until it burst. Of course, this will not happen because the brake
cylinder is fitted with a safety valve (not shown in the diagram) set at the maximum

pressure normally obtained in full braking.
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2.9.7. E-P Brake Release
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Schematic Diagram of Electro-Pneumatic Brake on Vehicle in Release Position

In the "Release" position (diagram left), both electrically operated valves are de-
energised, the application valve being closed and the holding valve being open. Once the
holding valve is open, brake cylinder air can escape and release the brakes. It is possible
to stop the release by energising the holding valve again. This prevents any more brake
cylinder air escaping. By adjusting the applications and releases of the brake during the
stop, the driver is able to get a very precise stopping position. In addition, the response
of the equipment to his commands is instantaneous on every car. This sort of control is
essential for a rapid transit service on a metro line with frequent stops, heavy patronage

and short headways.

2.9.8. E-P Control

Electro-Pneumatic brakes are controlled by the driver's brake valve handle. It is usually
the same handle used to control the air brake. Electrical contacts are provided so that
selection of a position will energise the train wires required to operate the e-p valves on

each car, as shown left.

Current to operate the brake control is supplied from a battery through a control switch,
which is closed in the operative cab. In the release position, all contacts are open and the
e-p valves on each car are de-energised. In the "Application" position, the holding and
application contacts are energised and the holding and application valves will be

energised on each car to cause the brakes to apply. Note that the contact for the holding
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wire is arranged to close first so that no air will escape when the application valve is

opened.
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Schematic Diagram of E-P Brake Electrical Control System

In the "Holding" position, only the holding wire is energised. If this position is selected
after an application, the brake cylinder pressure remains at the value reached at that
time. If after a partial release, the brake cylinder pressure will remain at the lower value
achieved at that time. In effect, the driver can add or subtract air at will and can obtain

an infinite variety of braking rates according to the requirements of each stop.

In all other positions, only the holding wire is energised. In reality, it is not needed to

allow the operation of the air brake but it is closed anyway to act as a back up.

2.9.9. E-P Variations
There have been a number of developments of the e-p braking system over the years,
including a common addition the "Self Lapping" brake. There have also been "retardation

controllers" and, more recently, variable load control and single wire or P-wire control.

2.9.10. Self Lapping Brakes

A "self lapping" brake is really a brake controller (brake stand or brake valve, call it what
you will) in the driver's cab, where the position of the brake handle between "Release"
and Application" corresponds to the brake rate achieved by the equipment in theory at
least. This is similar in principle to the self lapping controllers fitted to some air braked
locomotives. A number of different systems have been adopted, including one which uses

a pressure sensitive valve detecting brake cylinder pressure and comparing it with the
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position of the brake handle. When the pressure corresponds to the position of the brake
handle, the application electrical connection is opened to keep the brake cylinder

pressure at that level.

Another version was developed, using a mercury filled tube inside the brake controller.
The mercury was used to conduct the control current to the application and holding
wires. The shape of the tube was oval and it was aligned "forward and aft" so it allowed
the mercury to flow forward if the train started braking. When "Application" was called
for, the movement of the brake handle towards full application tilted the mercury tube
backwards and caused the holding and application valves to be energised. As the train
brakes applied, the mercury detected the slowing of the train and it ran forward in the
tube. This had the effect of cutting off the application so that the rate of braking

conformed to the angle of the tube set by the driver's movement of his brake handle.

2.9.11. Retardation Controller
The mercury brake controller was an adaption of a device introduced to London

Underground in the mid-1930s called the "mercury retarder" or "retardation controller".
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To*Application”
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Diagram showing the principle of operation of a Mercury Retarder.

The "brake on™ signal is transmitted from the driver's brake controller
through mercury contained in the oval tube. The mercury permits the
signal to be passed to the application wire. As soon at the train begins

to brake, the mercury will be forced forward by the deceleration. At a
predetermined brake rate, the mercury will disconnect from the application
wire and any further increase in braking will cease. If the braking rate is
reduced, the mercury will run back and reconnect the application
connection.

The mercury retarder is a dynamic switch set into the e.p. brake application circuit,
comprising a glass tube filled with mercury. It is mounted parallel to the motion of the

train so that the mercury fluid reacts to the train's braking. The tube is curved so that
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the electrical contact at the base is always covered with mercury but a second contact,
set higher up the rear of the tube, becomes exposed when the mercury runs forward
during braking. It has the effect of measuring the deceleration rate. It cuts off application
at a pre set level, no matter how much more the driver tries to put into the brake
cylinders. Its main purpose was to reduce flatted wheels. It also acted as a crude form of

load compensation.

In the London Underground version, two retarders were provided and they were
stationary, being fixed in the driving car. They were used to regulate the rate of braking
at the full application end of the range, primarily to reduce skidding and the dreaded
"flats" on wheels. One retarder limited the application while the second was used to
reduce the brake cylinder pressure by releasing some air through a special "blow down"

valve.

Retardation controllers were later used to control braking rates on the world's first ATO
railway, the Victoria Line. Four were used in all, each being set at a different angle and
selected as necessary to give the required braking rate. They were also used by British
Rail as self-lapping brake controllers provided on the EMU stocks built in the 1960s and
70s.

2.9.12. Variable Load Control

Although the retardation controller is a form of load control - because the braking rate is
monitored, a heavier train will require more brake cylinder pressure, so the retarder will
not reach its setting until the right rate is reached - it is rather crude. It only monitors
the whole train, not individual cars. This means that lightly loaded cars in a generally
heavy train are still at risk from a skid or wheelslide, as it is called. The solution is in
variable load control. The car weight is monitored, usually by a lever fitted between the
car and the bogie, which detects the bogie spring depression as weight increases. The
lever is connected to a regulating valve in the brake cylinder feed pipe, so that the brake
cylinder pressure is varied in relation to the weight of the car. With the introduction of air
suspension, load control is achieved by monitoring the level of air in the suspension
system and regulating brake cylinder pressure accordingly. Nowadays, the same load

signals are used to vary acceleration and dynamic braking according to car weight.
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2.9.13. P-Wire Control

As train control systems grew more complicated, more train wires were required and the
traditional 10-wire jumper used by so many railways grew to the 40-wire jumper often
seen today. In an attempt to reduce wiring, a novel form of e-p brake control appeared
in the 1970s called the P-wire system. The brake rate was controlled by a single wire
carrying pulses of different lengths to correspond to different brake rates. The pulse
width was modulated to correspond to the brake demand required and it became know
as the PWM (Pulse Width Modulation) system or P-wire, for short. The system was "fail-
safe" in that no pulse activated the full brake while a continuous pulse kept the brake

released.

2.9.14. PBL90 System

No survey of the electro-pneumatic brake would be complete without a reference to the
European system known as PBL90. This is not a pure e-p brake system as used on
metros and suburban systems but more of an electrically assisted air brake control
system. It is designed to allow vehicles with no electro-pneumatic brake controls to

operate in a train with e-p control available on the locomotive or power car.
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2.10. VACUUM BRAKES

2.10.1. Introduction
The vacuum brake was, for many years, used in place of the air brake as the standard,
fail-safe, train brake on railways in the UK and countries whose railway systems were

based on UK practice. Here is a simplified description of the vacuum system.

2.10.2. Basics

A moving train contains energy, known as kinetic energy, which needs to be removed
from the train in order to cause it to stop. The simplest way of doing this is to convert
the energy into heat. The conversion is usually done by applying a contact material to
the rotating wheels or to discs attached to the axles. The material creates friction and
converts the kinetic energy into heat. The wheels slow down and eventually the train

stops. The material used for braking is normally in the form of a block or pad.

The vast majority of the world's trains are equipped with braking systems which use
compressed air as the force used to push blocks on to wheels or pads on to discs. These
systems are known as "air brakes" or "pneumatic brakes". The compressed air is
transmitted along the train through a "brake pipe". Changing the level of air pressure in
the pipe causes a change in the state of the brake on each vehicle. It can apply the
brake, release it or hold it "on" after a partial application. The system is in widespread

use throughout the world. For more information, see Air Brakes.

An alternative to the air brake, known as the vacuum brake, was introduced around the
early 1870s, the same time as the air brake. Like the air brake, the vacuum brake
system is controlled through a brake pipe connecting a brake valve in the driver's cab
with braking equipment on every vehicle. The operation of the brake equipment on each
vehicle depends on the condition of a vacuum created in the pipe by an ejector or
exhauster. The ejector, using steam on a steam locomotive, or an exhauster, using
electric power on other types of train, removes atmospheric pressure from the brake pipe
to create the vacuum. With a full vacuum, the brake is released. With no vacuum, i.e.

normal atmospheric pressure in the brake pipe, the brake is fully applied.

The pressure in the atmosphere is defined as 1 bar or about 14.5 Ibs. per square inch.
Reducing atmospheric pressure to 0 Ibs. per square inch, creates a near perfect vacuum
which is measured as 30 inches of mercury, written as 30 Hg. Each 2 inches of vacuum

therefore represents about 1 Ib. per square inch of atmospheric pressure.

In the UK, vacuum brakes operated with the brake pipe at 21 Hg, except on the Great
Western Railway which operated at 25 Hg.

92


http://www.railway-technical.com/air-brakes.shtml

The vacuum in the brake pipe is created and maintained by a motor-driven exhauster.
The exhauster has two speeds, high speed and low speed. The high speed is switched in
to create a vacuum and thus release the brakes. The slow speed is used to keep the
vacuum at the required level to maintain brake release. It maintains the vacuum against
small leaks in the brake pipe. The vacuum in the brake pipe is prevented from exceeding
its nominated level (normally 21 Hg) by a relief valve, which opens at the setting and lets

air into the brake pipe to prevent further increase.

2.10.3. Principal Parts of the Vacuum Brake System
This diagram shows the principal parts of the vacuum brake system as applied to an

electric or diesel train. The systems used on steam locomotives were somewhat different.

Exhauszter

Driver's
Brake Yalve

“acuum Brake Pipe Brake Pipe on

Second Yehicle
\ Yacuum Rezervaoir

Coupled Hozes
Dummy Coupling Brake Block Betweesn Yehicles

Wheel Brake Cylinder (Blue)

Ball Yalve

Brake Rigding

Block Diagram of Basic YVacuum Brake Equipment

a-Driver's Brake Valve

The means by which the driver controls the brake. The brake valve will have (at least)
the following positions: "Release”, "Running”, "Lap" and "Brake On". There may also be a
"Neutral" or "Shut Down" position, which locks the valve out of use. The "Release"
position connects the exhauster to the brake pipe and switches the exhauster to full

speed. This raises the vacuum in the brake pipe as quickly as possible to get a release.

In the "Running" position, the exhauster keeps running but at its slow speed. This
ensures that the vacuum is maintained against any small leaks or losses in the brake

pipe, connections and hoses.

"Lap" is used to shut off the connection between the exhauster and the brake pipe to

close off the connection to atmosphere after a brake application has been made. It can
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be used to provide a partial release as well as a partial application, something not

possible with the original forms of air brake.

"Brake On" closes off the connection to the exhauster and opens the brake pipe to

atmosphere. The vacuum is reduced as air rushes in.

Some brake valves were fitted with an "Emergency" position. Its operation was the
same as the "Brake On" position, except that the opening to atmosphere was larger to

give a quicker application.
b-Exhauster

A two-speed rotary machine fitted to a train to evacuate the atmospheric pressure from
the brake pipe, reservoirs and brake cylinders to effect a brake release. It is usually
controlled from the driver's brake valve, being switched in at full speed to get a brake
release or at slow speed to maintain the vacuum at its release level whilst the train is
running. Exhausters are normally driven off an electric motor but they can be run directly

from a diesel engine.
c-Brake Pipe

The vacuum-carrying pipe running the length of the train, which transmits the variations
in pressure required to control the brake. It is connected between vehicles by flexible
hoses, which can be uncoupled to allow vehicles to be separated. The use of the
vacuum system makes the brake "fail safe", i.e. the loss of vacuum in the brake pipe will

cause the brake to apply.

d-Dummy Coupling

At the ends of each vehicle, a dummy coupling point is provided to allow the ends of the
brake pipe hoses to be sealed when the vehicle is uncoupled. The sealed dummy

couplings prevent the vacuum being lost from the brake pipe.
e-Coupled Hoses

The brake pipe is carried between adjacent vehicles through flexible hoses. The hoses

can be sealed at the outer ends of the train by connecting them to dummy couplings.
f- Brake Cylinder (shown in blue)

Each vehicle has at least one brake cylinder. Sometimes two or more are provided. The
movement of the piston contained inside the cylinder operates the brakes through links

called "rigging". The rigging applies the blocks to the wheels. I do not know of a vacuum
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brake system which uses disc brakes. The piston inside the brake cylinder moves in
accordance with the change in vacuum pressure in the brake pipe. Loss of vacuum

applies the brakes, restoration of the vacuum releases the brakes.
g-Vacuum Reservoir

The operation of the vacuum brake relies on the difference in pressure between one side
of the brake cylinder piston and the other. In order to ensure there is always a source of
vacuum available to operate the brake, a vacuum reservoir is provided on, or connected
to the upper side of the piston. In the simplest version of the brake, shown above, the
brake cylinder is integral with the vacuum reservoir. Some versions of the brake have a

separate reservoir and a piped connection to the upper side of the piston.
h-Brake Block

This is the friction material which is pressed against the surface of the wheel tread by the
upward movement of the brake cylinder piston. Often made of cast iron or some
composition material, brake blocks are the main source of wear in the brake system and

require regular inspection to see that they are changed when required.
I-Brake Rigging

This is the system by which the movement of the brake cylinder piston transmits
pressure to the brake blocks on each wheel. Rigging can often be complex, especially
under a passenger car with two blocks to each wheel, making a total of sixteen. Rigging
requires careful adjustment to ensure all the blocks operated from one cylinder provide
an even rate of application to each wheel. If you change one block, you have to check

and adjust all the blocks on that axle.
j-Ball Valve

The ball valve is needed to ensure that the vacuum in the vacuum reservoir is maintained
at the required level, i.e. the same as the brake pipe, during brake release but that the
connection to the brake pipe is closed during a brake application. It is necessary to close
the connection as soon as the brake pipe vacuum is reduced so that a difference in
pressure is created between the upper and lower sides of the brake cylinder piston. See

the next paragraph Operation on Each Vehicle.
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2.10.4.0Operation on Each Vehicle

a-Brake Release

Yacuum Reservoir

Brake Cylinder

Pizton

\““ Bl Valve

Connection to
Brake Rigging

Connection to
Brake Pipe

Diagram of YWacuum Brake Cylinder - Brake Released

This diagram shows the condition of the brake cylinder, ball valve and vacuum reservoir

in the release position. The piston is at the bottom of the brake cylinder. Note how the

brake cylinder is open at the top so that it is in direct connection with the vacuum

reservoir.

A vacuum has been created in the brake pipe, the vacuum reservoir and underneath the

piston in the brake cylinder. The removal of atmospheric pressure from the system has

caused the ball valve to open the connection between the vacuum reservoir and the

brake pipe. The fall of the piston to the bottom of the brake cylinder causes the brake

blocks to be released from the wheaels.
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b-Brake Application

acuum Reservoir

Erake Cylinder

Piston

*\\ Ball Valve

\

Connection to
Brake Pipe

Connection to
Brake Rigging

Diagram of Yacuum Brake Cylinder - Brake Applied

This diagram shows the condition of the brake cylinder, ball valve and vacuum reservoir
in the application position. The vacuum has been reduced by the admission of
atmospheric pressure into the brake pipe. This has forced the piston upwards in the
brake cylinder. By way of the connection to the brake rigging, the upward movement of

the piston has caused the brake blocks to be applied to the wheaels.

The movement of the piston in the brake cylinder relies on the fact that there is a
pressure difference between the underside of the piston and the upper side. During the
brake application, the vacuum in the brake pipe is reduced by admitting air from the
atmosphere. As the air enters the ball valve, it forces the ball (in red in the diagram
above) upwards to close the connection to the vacuum reservoir. This ensures that the
vacuum in the reservoir will not be reduced. At the same time, the air entering the
underside of the brake cylinder creates an imbalance in the pressure compared with the

pressure above the piston. This forces the piston upwards to apply the brakes.
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2.10.5. Additional Features of the Vacuum Brake

a-Accelerators

The vacuum brake had one major advantage over the original air brake system. It could
provide a partial release, which the air brake could not. However, it is slower in operation
than the air brake, particularly over a long train. This eventually led to the adoption of
accelerator valves, which helped to speed up the operation on each vehicle. The
accelerator valve is fitted to each vehicle on the connection between the brake pipe and
the brake cylinder. It detects the loss of vacuum when the pressure rises in the brake
pipe and opens the pipe to atmosphere on the vehicle. This helps to reduce the vacuum
more quickly on each vehicle and therefore increases the propagation rate along the
brake pipe. In the more sophisticated versions fitted to EMUs accelerators valves were
electrically operated by the movement of the driver's brake valve to the "brake on"

position.

b-Two Pipe Systems

Brake Gauge

Driver's Brake

Yalve Feed Valve Exhiaster
Drrive from Diesel Engine

High “acuum Reservaoir

7.1'—-

lzalating alve

Reservair Fipe

Brake Pipe

¥
¥

Dumimy Coupling

Brake Cylinder

Ball Yalve

Brake Rigging

Schematic of Two Pipe Vacuum Brake System Used on BR Diesel Cars
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Another version of the vacuum brake used two train pipes. The usual brake pipe
operated in the conventional way but the second pipe was provided to give an additional
supply to speed up the brake release. The second pipe is called the reservoir pipe. The

diagram below shows a schematic of the system, with the reservoir pipe shown in grey.

The two-pipe system was introduced on diesel railcars where the exhauster was driven
directly off the diesel engine. Since the engine was only idling if the train was stationary,
the exhauster would only be running at slow speed. This meant that the restoration of
the vacuum in the brake pipe and cylinders along the train would be very slow. To get a
rapid brake release when it was needed to start the train therefore, a "high vacuum"
reservoir was provided on each car, the reservoirs being supplied from a second train
pipe called the Reservoir Pipe. These additional reservoirs were characterised by their
operating vacuum of 28 Hg, as opposed to the 21 Hg used in the brake pipe and brake

cylinders.

While the train is moving and the driver's brake valve is in the "Running" position, the
exhauster is connected to the reservoir pipe and through the driver's brake valve to the
brake pipe. A automatic feed valve fitted between the reservoir pipe and the driver's
brake valve limits the maximum vacuum passing to the driver's brake valve at 21 Hg.
This means that the vacuum in the brake pipe and brake cylinders will be limited to 21
Hg. However, the vacuum created by the exhauster in the reservoir and high vacuum

reservoirs will reach 28 Hg, as shown in the diagram above in grey.

To apply the brake, "Brake On" is selected by the driver and the brake pipe is opened to
atmosphere at his brake valve. The exhauster will continue to run and maintain the 28
Hg reservoir level. The connection to the feed valve is closed by the driver's brake valve
when it is in the "Brake On" position A partial application can be made by moving the

handle to "Lap".

To get a release, the brake valve is moved to the "Running" position. There is no
"Release" position. As soon as "Running" is selected, the connection to atmosphere is
closed and the connection to the feed valve and exhauster opens to start restoring the
vacuum. As there is a store of "high" vacuum available in the reservoir pipe and

reservoirs, the process is speeded up to give a rapid release.

Each reservoir has an automatic isolating valve between itself and the brake pipe. This
valve is set to 19 Hg and closes if the vacuum in the reservoir falls below this level. This
has the effect of preventing the reservoir from being emptied. The volume of the
reservoir is such that it can restore the vacuum for several applications and releases

before it drops below 19 Hg.
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c-Equalising Reservoir

A problem with both air and vacuum brakes is that the driver's brake valve is at one end
of a long pipe. If a partial application is required on a long train, a good deal of skill is
required to estimate how much air to let in (or let out on an air braked train) to get the
application wanted. To help set the brake to the right level, some vacuum brake systems
have an equalising reservoir. This is fitted between the driver's brake valve and the brake
pipe and it acts in conjunction with a relay valve or "air admission valve". When the
driver moves the brake valve to the "Brake On" position, air is admitted into the
equalising reservoir, not directly into the brake pipe. He monitors the lowering of the
vacuum using the gauge provided in the cab. The reduction of vacuum causes the air
admission valve to open the brake pipe to atmosphere. When the vacuum level in the
brake pipe has fallen to the level set in the equalising reservoir, the air admission valve

closes to maintain the brake pipe vacuum at that level.

The main advantage of the equalising system is that it allows the driver to select a level
of brake quickly, using the small volume of the equalising reservoir instead of having to
wait for the level along a whole train's length of brake pipe to settle before he knows

what the real level is.

2.10.6. Other Vacuum Operated Equipment

On an air braked train, the compressed air supply is used to provide power for certain
other functions besides braking. These include door operation, whistles, traction
equipment, pantograph operation and sanders. Some of these devices on vacuum fitted
trains are operated using the vacuum supply. Some electric trains with vacuum brakes

have been fitted with vacuum operated pantographs, warning horns and rail sanders.

2.10.7. Vacuum Brakes on Steam Locomotives

So far, we have concentrated on the vacuum brake equipment provided for electric and
diesel operated vehicles but by far the largest number of trains fitted with vacuum brakes
were steam hauled. The principle of operation was the same as for other types of train

but there were some differences as described below.
Ejectors

For some reason, exhausters are called ejectors on steam locomotives. They are, of
course, steam operated. The ejector consists of a series of cones inside a tube. Steam is
allowed to pass through the cones so that a vacuum is created in the tube and thus in
the brake pipe to which it is connected. There are always two ejectors, large and small,
which provide the brake release and vacuum maintenance functions respectively. The

large ejector provides the rapid build-up of vacuum required for brake release and the
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small ejector provides the constant vacuum needed to keep the brake pipe and cylinder

vacuum at the correct level to maintain brake release.

On some locomotives, ejectors were combined with the driver's brake valve. Most had
only "Brake On", "Running" and "Brake Off" positions and many were combined with a
steam brake fitted to the locomotive and tender. The more sophisticated allowed a single
brake application to apply the brakes on the train before they were applied on the
locomotive. This gave a smooth and even stop and prevented "bunching" of coaches
behind the locomotive. Drivers were taught that it was best to slow the train down and
then gently ease off the brakes as the train came to a stop. This required them to restore
much of the vacuum by the time the train was brought to a stand, allowing a quick

release without having to run the large ejector for very long, thereby saving steam.

2.10.8. Comment

The vacuum brake was not widely popular outside the UK and UK inspired railways, but it
has the advantage of being simple in design and of having the ability to get a partial
release, something the air brake could not do without additional equipment. The vacuum
brake was not as effective as the air brake, it taking longer to apply and requiring large
cylinders to provide the same brake effort as the air brake. It was also slow to release

and requires additional equipment to speed up its operation.
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2.11. PASSENGER COACH PARTS

A diagram showing the standard names used in the UK for passenger coach parts.

[ndicator

Gangway
Bellows Roof Cant Rail ~ Waist Rall  Solebar Dame
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Brake Frame
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Air Bag Battery  Auxiliary Inverer/ EBogie Oirawbar
Tumblehome _ .. Toilet Retention 1 el g Wheel
Air Conditioning T el Condenser
Condenser

Notes:

1. The Dome is the three dimensional part which forms the end of the roof where it

meets the body end.

2. Tumblehome is the inward curve of the lower body panel as it falls towards the

solebar.
3. In the US, there are various alternative names applied to these parts.

4. The air conditioning units are usually split so that the heavy compressor and
associated pumps are under the floor and the distribution fans are mounted in the vehicle
roof.
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2.12. ELECTRONIC POWER FOR TRAINS

2.12.1. Introduction
This page describes the most recent developments of electric train power equipment
including the latest IGBT controlled 3-phase Alternating Current (AC) motors and the new

permanent magnet motor.

2.12.2. AC and DC Differences

Yaltage Yoltage

AN
VAVAY

D Yoltage : AC Yoltage

Representation of Visual Difference between DC and AC voltages

To understand the principles of modern traction power control systems, it is worth a look
at the basics of DC and AC circuitry. DC is direct current - it travels in one direction only
along a conductor. AC is alternating current so called because it changes direction,
flowing first one way along the conductor, then the other. It does this very rapidly. The
number of times it changes direction per second is called the frequency and is measured
in Hertz (Hz). It used to be called cycles per second, in case you've read of this in
historical papers. In a diagrammatic representation, the two types of current appear as

shown in the diagram above left.

From a transmission point of view, AC is better than DC because it can be distributed at
high voltages over a small size conductor wire, whereas DC needs a large, heavy wire or,
on many DC railways, an extra rail. DC also needs more frequent feeder substations than
AC the ratio for a railway averages at about 8 to 1. It varies widely from one application

to another but this gives a rough idea. See alsoElectric Traction Pages Power Supplies.

Over the hundred years or so since the introduction of electric traction on railways, the
rule has generally been that AC is used for longer distances and main lines and DC for
shorter, suburban or metro lines. DC gets up to 3000 volts, while AC uses 15,000 -
50,000 volts.

Until recently, DC motors have been the preferred type for railways because their
characteristics were just right for the job. They were easy to control too. For this reason,

even trains powered from AC supplies were usually equipped with DC motors.
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2.12.3. AC Locomotives with DC Drives

Pantngraphﬁ +ve AL Overhead Line

r Circuit Breaker

Tap Changer
D Maotars

Transformer

Auxiliary Circuits

¥

Asle Brush L -we return through wheel and running rail

Schematic of AC locomotive with Tap Changer control of transformer output

This diagram (above) shows a simplified schematic for a 25 kV AC electric locomotive
used in the UK from the late 1960s. The 25 kV AC is collected by the pantograph and
passed to the transformer. The transformer is needed to step down the voltage to a level
which can be managed by the traction motors. The level of current applied to the motors
is controlled by a "tap changer", which switches in more sections of the transformer to
increase the voltage passing through to the motors. It works in the same way as

the resistance controllers used in DC traction, where the resistance contactors are

controlled by a camshaft operating under the driver's commands.

Before being passed to the motors, the AC has to be changed to DC by passing it through
a rectifier. For the last 30 years, rectifiers have used diodes and their derivatives, the
continuing development of which has led to the present, state-of-the-art AC traction

systems.
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2.12.4. The Diode

Diodes

AC Input

Capacitor T
= DZ Cotpost

Schematic of Bridge Rectifier used to convert AC to DC

A diode is a device with no moving parts, known as a semi-conductor, which allows
current to flow through it in one direction only. It will block any current which tries to
flow in the opposite direction. Four diodes arranged in a bridge configuration, as shown
below, use this property to convert AC into DC or to "rectify" it. It is called a "bridge
rectifier". Diodes quickly became popular for railway applications because they represent
a low maintenance option. They first appeared in the late 1960s when diode rectifiers

were introduced on 25 kV AC electric locomotives.

2.12.5. The Thyristor

Pantograph +ve AC Overhead Line
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Schematic of AC electric locomotive power system with thyristor control
and separately excited DC motors

The thyristor is a development of the diode. It acts like a diode in that it allows current to
flow in only one direction but differs from the diode in that it will only permit the current

to flow after it has been switched on or "gated". Once it has been gated and the current
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is flowing, the only way it can be turned off is to send current in the opposite direction.
This cancels the original gating command. It's simple to achieve on an AC locomotive
because the current switches its direction during each cycle. With this development,
controllable rectifiers became possible and tap changers quickly became history. A
thyristor controlled version of the 25 kV AC electric locomotive traction system looks like

the diagram here on the left.

voltage A tapping is taken off the transformer for each DC motor
and each has its own controlling thyristors and diodes. The

AC from the transformer is rectified to DC by chopping the

Time cycles, so to speak, so that they appear in the raw as half

cycles of AC as shown on the left.
Vigual representation of DC
rectified from AC

Yoltage

In reality, a smoothing circuit is added to remove most of
V\N\[\/\ the "ripple" and provide a more constant power flow as

‘ Time shown in the diagram (left). Meanwhile, the power level for

the motor is controlled by varying the point in each

Representation of Smoothed | rectified cycle at which the thyristors are fired. The later in
DC Rectified from AC

the cycle the thyristor is gated, the lower the current

available to the motor. As the gating is advanced, so the amount of current increases
until the thyristors are "on" for the full cycle. This form of control is known as "phase

angle control".

2.12.6. SEPEX

In more recent thyristor control systems, the motors themselves are wired differently
from the old standard DC arrangement. The armatures and fields are no longer wired in
series, they are wired separately separate excitement, or SEPEX. Each field has its own

thyristor, which is used to control the individual fields more precisely.

Since the motors are separately excited, the acceleration sequence is carried out in two
stages. In the first stage, the armature is fed current by its thyristors until it reaches the
full voltage. This might give about 25% of the locomotive's full speed. In the second
stage, the field thyristors are used to weaken the field current, forcing the motor to

speed up to compensate. This technique is known as field weakening and was already

used in pre-electronic applications.
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A big advantage of SEPEX is that wheel slip can be detected and corrected quickly,
instead of the traditional method of either letting the wheels spin until the driver noticed

or using a wheel slip relay to switch off the circuit and then restart it.
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2.12.7. DC Choppers
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Thytistor control circuit for DC supply to DC motors

The traditional resistance control of DC motors wastes current because it is drawn from

the line (overhead or third rail) and only some is used to accelerate the train to 20-25
mph when, at last, full voltage is applied. The remainder is consumed in the resistances.
Immediately thyristors were shown to work for AC traction, everyone began looking for a
way to use them on DC systems. The problem was how to switch the thyristor off once it
had been fired, in other words, how to get the reverse voltage to operate on an
essentially one-way DC circuit. It is done by adding a "resonant circuit" using an inductor
and a capacitor to force current to flow in the opposite direction to normal. This has the
effect of switching off the thyristor, or "commutating" it. It is shown as part of the
complete DC thyristor control circuit diagram (left). It has its own thyristor to switch it on

when required.

Two other features of the DC thyristor circuit are the "freewheel diode" and the "line
filter". The freewheel diode keeps current circulating through the motor while the
thyristor is off, using the motor's own electro magnetic inductance. Without the diode

circuit, the current build up for the motor would be slower.

Thyristor control can create a lot of electrical interference with all that chopping, it's

bound to. The "line filter" comprises a capacitor and an inductor and, as its name
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suggests, it is used to prevent interference from the train's power circuit getting into the

supply system.

Voltage The thyristor in DC traction applications

Time thyristor is "OR" controls the current applied to the motor by

chopping it into segments, small ones at
Average
Yoltage

Time gradually enlarging as speed increases. This

the beginning of the acceleration process,

chopping of the circuit gave rise to the

Diagram of DC voltage being "chopped" . " " . .
by thyristor control to give average voltage nickname "chopper control". It is visually

represented by the diagram below, where

the "ON" time of the thyristor is regulated to control the average voltage in the motor
circuit. If the "ON" time is increased, so does the average voltage and the motor speeds

up. The system began to appear on UK EMUs during the 1980s.

2.12.8. Dynamic Braking

Trains equipped with thyristor control can readily use dynamic braking, where the motors
become generators and feed the resulting current into an on-board resistance (rheostatic
braking) or back into the supply system (regenerative braking). The circuits are
reconfigured, usually by a "motor/brake switch" operated by a command from the driver,
to allow the thyristors to control the current flow as the motors slow down. An
advantage of the thyristor control circuitry is its ability to choose either regenerative or
rheostatic braking simply by automatically detecting the state of receptivity of the line.
So, when the regenerated voltage across the supply connection filter circuit reaches a

preset upper limit, a thyristor fires to divert the current to the on-board resistor.

2.12.9. The GTO Thyristor

By the late 1980s, the thyristor had been developed to a stage where it could be turned
off by a control circuit as well as turned on by one. This was the "gate turn off" or GTO
thyristor. This meant that the thyristor commutating circuit could be eliminated for DC
fed power circuits, a saving on several electronic devices for each circuit. Now thyristors
could be turned on and off virtually at will and now a single thyristor could be used to

control a DC motor.

It is at this point that the conventional DC motor reached its ultimate state in the railway

traction industry. Most systems now being built use AC motors.
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2.12.10. AC Motors

There are two types of AC motor, synchronous and asynchronous. The synchronous
motor has its field coils mounted on the drive shaft and the armature coils in the
housing, the inverse of normal practice. The synchronous motor has been used in electric
traction the most well-known application being by the French in their TGV Atlantique
train. This used a 25 kV AC supply, rectified to DC and then inverted back to AC for
supply to the motor. It was designed before the GTO thyristor had been sufficiently
developed for railway use and it used simple thyristors. The advantage for the
synchronous motor in this application is that the motor produces the reverse voltages
needed to turn off the thyristors. It was a good solution is its day but it was quickly
overtaken by the second type of AC motor the asynchronous motor when GTO thyristors

became available.

2.12.11. The Asynchronous Motor

Woltage

Time

Visual Representation of 3-Phase AC

The asynchronous motor, also called the induction motor, is an AC motor which
comprises a rotor and a stator like the DC motor, but the AC motor does not need
current to flow through the armature. The current flowing in the field coils forces the
rotor to turn. However, it does have to have a three phase supply, i.e. one where AC has
three conductors, each conducting at a point one third into the normal cycle period, as

visually represented in the diagram on the left.

The two big advantages of the 3-phase design are that, one, the motor has no brushes,
since there is no electrical connection between the armature and the fields and, two, the
armature can be made of steel laminations, instead of the large number of windings
required in other motors. These features make it more robust and cheaper to build than

a commutator motor.
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2.12.12. AC Drive

Modern electronics has given us the AC drive. It has only become available with modern
electronics because the speed of a 3-phase AC motor is determined by the frequency of
its supply but, at the same time, the power has to be varied. The frequency used to be
difficult to control and that is why, until the advent of modern electronics, AC motors
were almost exclusively used in constant speed applications and were therefore
unsuitable for railway operation. A modern railway 3-phase traction motor is controlled
by feeding in three AC currents which interact to cause the machine to turn. The three
phases are most easily provided by an inverter which supplies the three variable voltage,
variable frequency (VVVF) motor inputs. The variations of the voltage and frequency are

controlled electronically.

Pantggraphﬁ +ve AL Overhead Line
..‘ Circutt Breaker
[
Transformer AL ',DC DC Link 2% 3Phase
Rectifier T + Motars
o
To Auxiliary Power
p Circuits
Aile Brush @ -ve return through wheel and running rail

Schematic of single phase AC supply powering 3-phase AC motors

The AC motor can be used by either an AC or DC traction supply system. In the case of
AC supply (diagram left), the line voltage (say 25kV single phase) is fed into a
transformer and a secondary winding is taken off for the rectifier which produces a DC
output of say 1500- 2000 volts depending on the application. This is then passed to the
inverter which provides the controlled three phases to the traction motors. The
connection between the rectifier and the inverter is called the DC link. This usually also

supplies an output for the train's auxiliary circuits.

All the thyristors are GTOs, including those in the rectifier, since they are now used to
provide a more efficient output than is possible with the older thyristors. In addition, all
the facilities of DC motor control are available, including dynamic braking, but are
provided more efficiently and with less moving parts. Applied to a DC traction supply, the
3-phase set-up is even more simple, since it doesn't need a transformer or a rectifier.

The DC line voltage is applied to the inverter, which provides the 3-phase motor control.
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Control of these systems is complex but it is all carried out by microprocessors. The
control of the voltage pulses and the frequency has to be matched with the motor speed.
The changes which occur during this process produce a set of characteristic buzzing
noises which sound like the "gear changing" of a road vehicle and which can clearly be

heard when riding on the motor car of an AC driven EMU.

2.12.13. IGBT

Having got AC drive using GTO thyristors universally accepted (well, almost) as the
modern traction system to have, power electronics engineers have produced a new
development. This is the IGBT or Insulated Gate Bipolar Transistor. The transistor was
the forerunner of modern electronics, (remember transistor radios?) and it could be
turned on or off like a thyristor but it doesn't need the high currents of the thyristor turn
off. However it was, until very recently, only capable of handling very small currents
measured in thousanths of amps. Now, the modern device, in the form of the IGBT, can
handle thousands of amps and it has appeared in traction applications. A lower current
version was first used instead of thyristors in auxiliary supply inverters in the early 1990s
but a higher rated version has now entered service in the most recent AC traction drives.
Its principle benefit is that it can switch a lot faster (three to four times faster) than
GTOs. This reduces the current required and therefore the heat generated, giving smaller
and lighter units. The faster switching also reduces the complex "gearing" of GTOs and
makes for a much smoother and more even sounding acceleration buzz from under the

train. With IGBTs, "gear changing" has gone.

2.12.14. Permanent Magnet Motor

The next development in electric motor design is the permanent magnet motor. This is a
3-phase AC asynchronous motor with the usual squirrel cage construction replaced by
magnets fixed in the rotor. The motor requires a complex control system system but it
can be up to 25% smaller than a conventional 3-phase motor for the same power rating.
The design also gives lower operating temperatures so that rotor cooling isn't needed and
the stator is a sealed unit with integral liquid cooling. By 2011, a number of different
types of trains had been equipped with permanent magnet motors, including 25 AGV
high speed train sets, trams in France and Prague and EMUs in Euroe and Japan. The
reduced size is particularly attractive for low floor vehicles where hub motors can be an
effective way of providing traction in a compact bogie. Development of motor design and
the associated control systems continues and it is certain that the permanent magnet
motor will be seen on more railways in the future. A good description of the motor by
Stuart Hillmansen, Felix Schmid and Thomas Schmid is in Railway Gazette International,
February 2011.
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2.13. ELECTRIC TRACTION DRIVES

2.13.1. Introduction
This page describes the way electric motors on locomotives and multiple units drive the

axles and wheels.

2.13.2. The DC Traction Motor: How it Drives the Axle

Armature Drive
Shatt

4

Gear

Fimicn

Field
[Fixed -the

S Flan “iew

Aol Cross Section
Armature (Rotating -
the Rotor)

Traction Motor
Caze

Enid “iewy
Armature Drive Cross Section

Shaft

Armature Field
(Rotatingg (Fixed)

Diagram showing hiow a DC motor drives the
axle through a pinion and gearwhee]

The traditional DC (Direct Current) electric motor driving a train or locomotive is a simple
machine consisting of a case containing a fixed electrical part, the stator (called the
stator because it is static and comprising what is called the field coils) and a moving
electrical part, the rotor (because it rotates) or armature as it is often called. As the rotor
turns, it turns a pinion which drives a gearwheel. The gearwheel is shrunk onto the axle

and thus drives the wheels as shown in the diagram above.

The motion of the motor is created by the interaction of the magnetism caused by the
currents flowing the the stator and the rotor. This interaction causes the rotor to turn and

provide the drive.

The stator and the rotor of the DC motor are connected electrically. The connection
consists of fixed, carbon brushes which are spring loaded so that they remain in contact
with an extension of the armature called the commutator. In this way, the field coils (the

stator) are kept in the circuit with the rotor (the armature and commutator).
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2.13.3. AC and DC Motors

Both AC (Alternating Current) and DC motors have the same basic structure but there
are differences and, for various reasons, the DC motor was originally the preferred form
of motor for railway applications and most systems used it. Nowadays, modern power
electronics has allowed the use of AC motors and, for most new equipments built today,

the AC motor is the type used.

Often, people ask about the differences between AC and DC motors as used in
locomotives and multiple-units. In the early days of electric traction at the beginning of
this century both types were tried. The limits of the technology at the time favoured the
DC motor. It provided the right torque characteristic for railway operation and was

reasonably simple to control.

By the early 1980s, power electronics had progressed to the stage where the 3-phase AC

motor became a serious and more efficient alternative to the DC motor because:

1. They are simpler to construct, they require no mechanical contacts to work (such as

brushes) and they are lighter than DC motors for equivalent power.

2. Modern electronics allow AC motors to be controlled effectively to improve both

adhesion and traction.

3. AC motors can be microprocessor controlled to a fine degree and can regenerate

current down to almost a stop whereas DC regeneration fades quickly at low speeds.

4. They are more robust and easier to maintain than DC motors.

This type of motor is commonly called the Asynchronous Motor and was often referred to
as the squirrel cage motor on account of its early design form. The photos below show a
DC and an AC motor.
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Modern AC traction motor
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The DC motor is similar to look at externally but there are differences in construction,
particularly because the DC motor has a commutator and brushes which the AC motor

does not.

2.13.4. Nose Suspended Motor
The following diagram shows the layout of the traditional DC motor mounted in a bogie

as a "nose suspended motor".
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Diagram of DC Hose Suspended Traction Motor

In electric trains or locomotives, the DC motor was traditionally mounted in the bogie
frame supported partially by the axle which it drove and partially by the bogie frame. The
motor case was provided with a "nose" which rested on a bracket fixed to the transom of
the bogie. It was called a "nose suspended motor" (see diagram above) and is still
common around the world. Its main disadvantage is that part of the weight rests on the
axle and is therefore unsprung. This leads to greater wear on bogie and track. Nowadays,
designers try to ensure all the motor weight is sprung by ensuring it is carried entirely by

the bogie frame a frame mounted motor.
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2.13.5. Quill Drive
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Diagram of quill drive showing the hollow tube around
the axle and the suspension links at the ends

This is a simplified diagram of a quill drive. A quill is described in the dictionary as, "the
hollow stem of a feather" and "a bobbin or spindle", as well as a "feather" and,

alternatively, what a porcupine has on its back

In railway traction terms, a quill drive is where a hollow shaft is placed round the driving
axle and the motor drives the quill rather than driving the axle as it does with a nose
suspended drive. The quill itself is attached, at one end, to one of the wheels by means
of rubber bushed links and, at the other end, to the gearwheel by similar links. The big
advantage of such drives is that all the weight of the motor is carried in the bogie frame
(so it is a frame mounted motor) instead of it being directly supported by the axle and

therefore partially unsprung.

117



Motor connection
hox

Traction Motor

Links connecting quill
towheel

Quill with hollow
centre for axle

Link to

Bogie Frame Links connecting

GearWheel gearwheel to quill

Adtranz Quill Drive System for Austrian Locomotive

An example of a traction motor with quill drive appears in the following photo.Various
forms of quill drive have been used over the years. Older versions used radially mounted
coil steel springs instead of rubber to connect the links to the wheels. Some, like the
example shown here, have the motor mounted parallel with the axle. Others have the

motor at a right angle to the axle, as in the the UK Class 91 electric locomotives.

In German the quill is called "Hohlwelle" (hollow shaft) and used in the ICE1 and ICE2 as

well as the electric locomotive Class 101. (Source Tobias Benjamin Koehler 19 Oct 98).
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2.13.6. Monomotor Bogie
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Monomotor bogie as designed for Lyons Metro Line D

As its name implies, the monomotor bogie has a single motor which drives both axles.

The design is much favoured in France, where it was introduced in the 1950s for
therubber tyred train concept. The motor is mounted longitudinally in the centre of the
bogie and drives each axle through a differential gearbox, similar to a road vehicle. The
differential gears are required to compensate for the operation of the rubber tyres round

curves. It requires a special bogie frame construction to accommodate the motor.

Another version of the monomotor bogie has also been applied to a number of French
locomotive designs but here the arrangement is more conventional. Each bogie has a

single motor mounted transversely over the centre as shown in the diagram left.
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Diagram of motor drive in French-style monomotor hogie
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The motor is fully suspended in the bogie frame and drives both axles through the gear
train, which is contained in a single, large, oil filled gearcase (not shown). This type of
drive is referred to in the locomotive wheel arrangement called a B-B, as opposed to a
more conventional locomotive with four motors, each driving its own axle, which is called

a Bo-Bo.

2.13.7. Linear Motor
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Diagram showing how the conventional traction motor has developed into the Linear motor

A new form of traction which has appeared in recent years is the linear motor. The
principal, compared with a standard motor, is shown here. This simple diagram shows
the principal of the linear motor. The conventional DC motorconsists of a fixed part (the
stator) and a moving part (the rotor). Both parts are contained in a case on the train and
the rotor is connected to the axle by a pinion/gear arrangement. When the armature

turns, the wheel turns.

The two parts of the linear motor are separated and one is placed on the train and the
other on the the track. Both parts are unwrapped and they are swapped so that the fixed
part of the DC motor becomes the moving part of the linear motor mounted on the train
while the former moving part of the DC motor is fixed to the track. The electro-magnetic
interaction between the current in the fixed part and that in the moving part causes the
train to be drawn along the line. There is a very small air gap (about 10 mm) between

the two parts as shown in this photo.
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Linear motor under train showing the very
small gap between the fixed and moving parts

The efficiency of the linear motor is about 60% of the conventional motor but it has the
advantage of less moving parts and it does not have the reliance on adhesion of the

conventional motor.
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2.14. DIESEL LOCOMOTIVE TECHNOLOGY

2.14.1. The Diesel Locomotive

The modern diesel locomotive is a self contained version of the electric locomotive. Like
the electric locomotive, it has electric drive, in the form of traction motors driving the
axles and controlled with electronic controls. It also has many of the same auxiliary
systems for cooling, lighting, heating, braking and hotel power (if required) for the train.
It can operate over the same routes (usually) and can be operated by the same drivers.
It differs principally in that it carries its own generating station around with it, instead of
being connected to a remote generating station through overhead wires or a third rail.
The generating station consists of a large diesel engine coupled to an alternator
producing the necessary electricity. A fuel tank is also essential. It is interesting to note
that the modern diesel locomotive produces about 35% of the power of a electric

locomotive of similar weight.

AT i AR S A el N TR N s
The UK Class 47 Co-Co diesel-electric locomotive, first introduced in 1962 and still regularly seen
all over the country. The original engine was huilt to a Sulzer design and is a 12 cylinder, double
bank machine rated at 2580 hp.

The UK Class 47 is typical of the general purpose diesel-electric locomotives introduced in
the 1960s
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coal train

New SD90MAC 6,000 hp heavy freight US diesel-electric locomotives with AC drive first

built in 1998

2.14.2. Parts of a Diesel-Electric Locomotive

The following diagram shows the main parts of a US-built diesel-electric locomotive.
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Block diagram of typical US diesel-electric locomotive showing the location of the main parts. There are many variations between different
designs and some in other countries use different layouts and techniques, e.qg. electrically driven air compressors instead of directly driven.

Click on the part name for a description.

Batteries

Diesel Engine

This is the main power source for the locomotive. It comprises a large cylinder block,

with the cylinders arranged in a straight line or in a V.The engine rotates the drive shaft

at up to 1,000 rpm and this drives the various items needed to power the locomotive. As

the transmission is electric, the engine is used as the power source for the electricity

generator or alternator, as it is called nowadays.
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Main Alternator

The diesel engine drives the main alternator which provides the power to move the train.
The alternator generates AC electricity which is used to provide power for the traction
motors mounted on the trucks (bogies). In older locomotives, the alternator was a DC
machine, called a generator. It produced direct current which was used to provide power
for DC traction motors. Many of these machines are still in regular use. The next
development was the replacement of the generator by the alternator but still using DC

traction motors. The AC output is rectified to give the DC required for the motors
Auxiliary Alternator

Locomotives used to operate passenger trains are equipped with an auxiliary alternator.
This provides AC power for lighting, heating, air conditioning, dining facilities etc. on the
train. The output is transmitted along the train through an auxiliary power line. In the
Us, it is known as "head end power" or "hotel power". In the UK, air conditioned
passenger coaches get what is called electric train supply (ETS) from the auxiliary

alternator.
Motor Blower

The diesel engine also drives a motor blower. As its name suggests, the motor blower
provides air which is blown over the traction motors to keep them cool during periods of
heavy work. The blower is mounted inside the locomotive body but the motors are on the
trucks, so the blower output is connected to each of the motors through flexible ducting.
The blower output also cools the alternators. Some designs have separate blowers for the
group of motors on each truck and others for the alternators. Whatever the arrangement,
a modern locomotive has a complex air management system which monitors the
temperature of the various rotating machines in the locomotive and adjusts the flow of

air accordingly.
Air Intakes

The air for cooling the locomotive's motors is drawn in from outside the locomotive. It
has to be filtered to remove dust and other impurities and its flow regulated by
temperature, both inside and outside the locomotive. The air management system has
to take account of the wide range of temperatures from the possible +40°C of summer to

the possible -40°C of winter.
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Rectifiers/Inverters

The output from the main alternator is AC but it can be used in a locomotive with either
DC or AC traction motors. DC motors were the traditional type used for many years but,
in the last 10 years, AC motors have become standard for new locomotives. They are
cheaper to build and cost less to maintain and, with electronic management can be very
finely controlled. To see more on the difference between DC and AC traction technology

try the Electronic Power Page on this site.

To convert the AC output from the main alternator to DC, rectifiers are required. If the
motors are DC, the output from the rectifiers is used directly. If the motors are AC, the

DC output from the rectifiers is converted to 3-phase AC for the traction motors.

In the US, there are some variations in how the inverters are configured. GM EMD relies
on one inverter per truck, while GE uses one inverter per axle both systems have their
merits. EMD's system links the axles within each truck in parallel, ensuring wheel slip
control is maximised among the axles equally. Parallel control also means even wheel
wear even between axles. However, if one inverter (i.e. one truck) fails then the unit is
only able to produce 50 per cent of its tractive effort. One inverter per axle is more
complicated, but the GE view is that individual axle control can provide the best tractive
effort. If an inverter fails, the tractive effort for that axle is lost, but full tractive effort is
still available through the other five inverters. By controlling each axle individually,
keeping wheel diameters closely matched for optimum performance is no longer
necessary.This paragraph sourced from e-mail by unknown correspondent 3 November
1997.

Electronic Controls

Almost every part of the modern locomotive's equipment has some form of electronic
control. These are usually collected in a control cubicle near the cab for easy access. The
controls will usually include a maintenance management system of some sort which can

be used to download data to a portable or hand-held computer.
Control Stand

This is the principal man-machine interface, known as a control desk in the UK or control
stand in the US. The common US type of stand is positioned at an angle on the left side
of the driving position and, it is said, is much preferred by drivers to the modern desk
type of control layout usual in Europe and now being offered on some locomotives in the
us.
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Batteries

Just like an automobile, the diesel engine needs a battery to start it and to provide
electrical power for lights and controls when the engine is switched off and the alternator

is not running.
Cab

Most US diesel locomotives have only one cab but the practice in Europe is two cabs. US
freight locos are also designed with narrow engine compartments and walkways along
either side. This gives a reasonable forward view if the locomotive is working "hood
forwards". US passenger locos, on the other hand have full width bodies and more
streamlined ends but still usually with one cab. In Europe, it is difficult to tell the
difference between a freight and passenger locomotive because the designs are almost

all wide bodied and their use is often mixed.
Traction Motor

Since the diesel-electric locomotive uses electric transmission, traction motors are
provided on the axles to give the final drive. These motors were traditionally DC but the
development of modern power and control electronics has led to the introduction of 3-
phase AC motors. For a description of how this technology works, go to the Electronic
Power Page on this site. There are between four and six motors on most diesel-electric

locomotives. A modern AC motor with air blowing can provide up to 1,000 hp.
Pinion/Gear

The traction motor drives the axle through a reduction gear of a range between 3 to 1

(freight) and 4 to 1 (passenger).
Fuel Tank

A diesel locomotive has to carry its own fuel around with it and there has to be enough
for a reasonable length of trip. The fuel tank is normally under the loco frame and will
have a capacity of say 1,000 imperial gallons (UK Class 59, 3,000 hp) or 5,000 US
gallons in a General Electric AC4400CW 4,400 hp locomotive. The new AC6000s have
5,500 gallon tanks. In addition to fuel, the locomotive will carry around, typically about

300 US gallons of cooling water and 250 gallons of lubricating oil for the diesel engine.

Air reservoirs are also required for the train braking and some other systems on the
locomotive. These are often mounted next to the fuel tank under the floor of the

locomotive.
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Air Compressor

The air compressor is required to provide a constant supply of compressed air for the
locomotive and train brakes. In the US, it is standard practice to drive the compressor off
the diesel engine drive shaft. In the UK, the compressor is usually electrically driven and
can therefore be mounted anywhere. The Class 60 compressor is under the frame,

whereas the Class 37 has the compressors in the nose.
Drive Shaft

The main output from the diesel engine is transmitted by the drive shaft to the

alternators at one end and the radiator fans and compressor at the other end.
Gear Box

The radiator and its cooling fan is often located in the roof of the locomotive. Drive to

the fan is therefore through a gearbox to change the direction of the drive upwards.
Radiator and Radiator Fan

The radiator works the same way as in an automobile. Water is distributed around the
engine block to keep the temperature within the most efficient range for the engine. The
water is cooled by passing it through a radiator blown by a fan driven by the diesel

engine. SeeCooling for more information.
Turbo Charging

The amount of power obtained from a cylinder in a diesel engine depends on how much
fuel can be burnt in it. The amount of fuel which can be burnt depends on the amount of
air available in the cylinder. So, if you can get more air into the cylinder, more fuel will
be burnt and you will get more power out of your ignition. Turbo charging is used to
increase the amount of air pushed into each cylinder. The turbocharger is driven by
exhaust gas from the engine. This gas drives a fan which, in turn, drives a small
compressor which pushes the additional air into the cylinder. Turbocharging gives a 50%

increase in engine power.

The main advantage of the turbocharger is that it gives more power with no increase in
fuel costs because it uses exhaust gas as drive power. It does need additional
maintenance, however, so there are some type of lower power locomotives which are
built without it.
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Sand Box

Locomotives always carry sand to assist adhesion in bad rail conditions. Sand is not
often provided on multiple unit trains because the adhesion requirements are lower and

there are normally more driven axles.
Truck Frame

This is the part (called the bogie in the UK) carrying the wheels and traction motors of

the locomotive.
Wheel

The best page for information on wheels is the Wheels and Bogies Page on this site.

2.14.3. Mechanical Transmission

A diesel-mechanical locomotive is the simplest type of diesel locomotive. As the name
suggests, a mechanical transmission on a diesel locomotive consists a direct mechanical
link between the diesel engine and the wheels. In the example below, the diesel engine is
in the 350-500 hp range and the transmission is similar to that of an automobile with a
four speed gearbox. Most of the parts are similar to the diesel-electric locomotive but

there are some variations in design mentioned below.
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Diagram of a diesel mechanical locomotive showing the principal parts

and the arrangement of the drive system. Diesel mechanical transmissions
are generallty onhy used for light applications and DMU trains because of the
high stresses invohved in the transmission process.

Coupling Rod
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Fluid Coupling

In a diesel-mechanical transmission, the main drive shaft is coupled to the engine by a
fluid coupling. This is a hydraulic clutch, consisting of a case filled with oil, a rotating disc
with curved blades driven by the engine and another connected to the road wheels. As
the engine turns the fan, the oil is driven by one disc towards the other. This turns under
the force of the oil and thus turns the drive shaft. Of course, the start up is gradual until
the fan speed is almost matched by the blades. The whole system acts like an automatic

clutch to allow a graduated start for the locomotive.
Gearbox

This does the same job as that on an automobile. It varies the gear ratio between the
engine and the road wheels so that the appropriate level of power can be applied to the
wheels. Gear change is manual. There is no need for a separate clutch because the

functions of a clutch are already provided in the fluid coupling.
Final Drive

The diesel-mechanical locomotive uses a final drive similar to that of a steam engine. The
wheels are coupled to each other to provide more adhesion. The output from the 4-speed
gearbox is coupled to a final drive and reversing gearbox which is provided with a
transverse drive shaft and balance weights. This is connected to the driving wheels by

connecting rods.

2.14.4. Hydraulic Transmission

Hydraulic transmission works on the same principal as the fluid coupling but it allows a
wider range of "slip" between the engine and wheels. It is known as a "torque converter".
When the train speed has increased sufficiently to match the engine speed, the fluid is
drained out of the torque converter so that the engine is virtually coupled directly to the
locomotive wheels. It is virtually direct because the coupling is usually a fluid coupling, to
give some "slip". Higher speed locomotives use two or three torque converters in a
sequence similar to gear changing in a mechanical transmission and some have used a

combination of torque converters and gears.

Some designs of diesel-hydraulic locomotives had two diesel engines and two
transmission systems, one for each bogie. The design was poplar in Germany (the V200
series of locomotives, for example) in the 1950s and was imported into parts of the UK in
the 1960s. However, it did not work well in heavy or express locomotive designs and has

largely been replaced by diesel-electric transmission.
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2.14.5. Wheel Slip

Wheels slip is the bane of the driver trying to get a train away smoothly. The tenuous
contact between steel wheel and steel rail is one of the weakest parts of the railway
system. Traditionally, the only cure has been a combination of the skill of the driver and
the selective use of sand to improve the adhesion. Today, modern electronic control has
produced a very effective answer to this age old problem. The system is called creep

control.

Extensive research into wheel slip showed that, even after a wheelset starts to slip, there
is still a considerable amount of useable adhesion available for traction. The adhesion is
available up to a peak, when it will rapidly fall away to an uncontrolled spin. Monitoring
the early stages of slip can be used to adjust the power being applied to the wheels so
that the adhesion is kept within the limits of the "creep" towards the peak level before

the uncontrolled spin sets in.

The slip is measured by detecting the locomotive speed by Doppler radar (instead of the
usual method using the rotating wheels) and comparing it to the motor current to see if
the wheel rotation matches the ground speed. If there is a disparity between the two, the
motor current is adjusted to keep the slip within the "creep" range and keep the tractive

effort at the maximum level possible under the creep conditions.

2.14.6. Diesel Multiple Units (DMUs)

The diesel engines used in DMUs work on exactly the same principles as those used in
locomotives, except that the transmission is hormally mechanical with some form of gear
change system. DMU engines are smaller and several are used on a train, depending on
the configuration. The diesel engine is often mounted under the car floor and on its side
because of the restricted space available. Vibration being transmitted into the passenger
saloon has always been a problem but some of the newer designs are very good in this

respect.

There are some diesel-electric DMUs around and these normally have a separate engine

compartment containing the engine and the generator or alternator.

2.14.7. The Diesel Engine

The diesel engine was first patented by Dr Rudolf Diesel (1858-1913) in Germany in
1892 and he actually got a successful engine working by 1897. By 1913, when he died,
his engine was in use on locomotives and he had set up a facility with Sulzer in
Switzerland to manufacture them. His death was mysterious in that he simply

disappeared from a ship taking him to London.
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The diesel engine is a compression-ignition engine, as opposed to the petrol (or gasoline)
engine, which is a spark-ignition engine. The spark ignition engine uses an electrical
spark from a "spark plug" to ignite the fuel in the engine's cylinders, whereas the fuel in
the diesel engine's cylinders is ignited by the heat caused by air being suddenly
compressed in the cylinder. At this stage, the air gets compressed into an area 1/25th of
its original volume. This would be expressed as a compression ratio of 25 to 1. A
compression ratio of 16 to 1 will give an air pressure of 500 Ibs/in2 (35.5 bar) and will

increase the air temperature to over 800°F (427°C).

The advantage of the diesel engine over the petrol engine is that it has a higher thermal
capacity (it gets more work out of the fuel), the fuel is cheaper because it is less refined
than petrol and it can do heavy work under extended periods of overload. It can
however, in a high speed form, be sensitive to maintenance and noisy, which is why it is

still not popular for passenger automobiles.

2.14.8. Diesel Engine Types

There are two types of diesel engine, the two-stroke engine and the four-stroke engine.
As the names suggest, they differ in the number of movements of the piston required to
complete each cycle of operation. The simplest is the two-stroke engine. It has no
valves. The exhaust from the combustion and the air for the new stroke is drawn in
through openings in the cylinder wall as the piston reaches the bottom of the
downstroke. Compression and combustion occurs on the upstroke. As one might guess,
there are twice as many revolutions for the two-stroke engine as for equivalent power in

a four-stroke engine.

The four-stroke engine works as follows: Downstroke 1 - air intake, upstroke 1 -
compression, downstroke 2 power, upstroke 2 exhaust. Valves are required for air intake
and exhaust, usually two for each. In this respect it is more similar to the modern petrol

engine than the 2-stroke design.

In the UK, both types of diesel engine were used but the 4-stroke became the standard.
The UK Class 55 "Deltic" (not now in regular main line service) unusually had a two-
stroke engine. In the US, the General Electric (GE) built locomotives have 4-stroke
engines whereas General Motors (GM) always used 2-stroke engines until the
introduction of their SD90OMAC 6000 hp "H series" engine, which is a 4-stroke design.

The reason for using one type or the other is really a question of preference. However, it
can be said that the 2-stroke design is simpler than the 4-stroke but the 4-stroke engine

is more fuel efficient.
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2.14.9. Size Does Count

Basically, the more power you need, the bigger the engine has to be. Early diesel engines
were less than 100 horse power (hp) but today the US is building 6000 hp locomotives.
For a UK locomotive of 3,300 hp (Class 58), each cylinder will produce about 200 hp, and
a modern engine can double this if the engine is turbocharged.

The maximum rotational speed of the engine when producing full power will be about
1000 rpm (revolutions per minute) and the engine will idle at about 400 rpm. These
relatively low speeds mean that the engine design is heavy, as opposed to a high speed,
lightweight engine. However, the UK HST (High Speed Train, developed in the 1970s)
engine has a speed of 1,500 rpm and this is regarded as high speed in the railway diesel
engine category. The slow, heavy engine used in railway locomotives will give low

maintenance requirements and an extended life.

There is a limit to the size of the engine which can be accommodated within the railway
loading gauge, so the power of a single locomotive is limited. Where additional power is
required, it has become usual to add locomotives. In the US, where freight trains run
into tens of thousands of tons weight, four locomotives at the head of a train are

common and several additional ones in the middle or at the end are not unusual.

2.14.10. ToVornot to V

Diesel engines can be designed with the cylinders "in-line", "double banked" or in a "V".
The double banked engine has two rows of cylinders in line. Most diesel locomotives now
have V form engines. This means that the cylinders are split into two sets, with half
forming one side of the V. A V8 engine has 4 cylinders set at an angle forming one side
of the V with the other set of four forming the other side. The crankshaft, providing the
drive, is at the base of the V. The V12 was a popular design used in the UK. In the US,

V16 is usual for freight locomotives and there are some designs with V20 engines.

Engines used for DMU (diesel multiple unit) trains in the UK are often mounted under the
floor of the passenger cars. This restricts the design to in-line engines, which have to be

mounted on their side to fit in the restricted space.

An unusual engine design was the UK 3,300 hp Class 55 locomotive, which had the
cylinders arranged in three sets of opposed Vs in an triangle, in the form of an upturned

delta, hence the name "Deltic".
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2.14.11. Tractive Effort, Pull and Power

Before going too much further, we need to understand the definitions of tractive effort,
drawbar pull and power. The definition of tractive effort (TE) is simply the force exerted
at the wheel rim of the locomotive and is usually expressed in pounds (lbs) or kilo
Newtons (kN). By the time the tractive effort is transmitted to the coupling between the
locomotive and the train, the drawbar pull, as it is called will have reduced because of

the friction of the mechanical parts of the drive and some wind resistance.

Power is expressed as horsepower (hp) or kilo Watts (kW) and is actually a rate of doing
work. A unit of horsepower is defined as the work involved by a horse lifting 33,000 Ibs
one foot in one minute. In the metric system it is calculated as the power (Watts)
needed when one Newton of force is moved one metre in one second. The formulais P =
(F*d)/t where P is power, F is force, d is distance and t is time. One horsepower equals
746 Watts.

The relationship between power and drawbar pull is that a low speed and a high drawbar
pull can produce the same power as high speed and low drawbar pull. If you need to
increase higher tractive effort and high speed, you need to increase the power. To get
the variations needed by a locomotive to operate on the railway, you need to have a

suitable means of transmission between the diesel engine and the wheels.

One thing worth remembering is that the power produced by the diesel engine is not all
available for traction. In a 2,580 hp diesel electric locomotive, some 450 hp is lost to on-
board equipment like blowers, radiator fans, air compressors and "hotel power" for the

train.

2.14.12. Starting

A diesel engine is started (like an automobile) by turning over the crankshaft until the
cylinders "fire" or begin combustion. The starting can be done electrically or
pneumatically. Pneumatic starting was used for some engines. Compressed air was
pumped into the cylinders of the engine until it gained sufficient speed to allow ignition,
then fuel was applied to fire the engine. The compressed air was supplied by a small

auxiliary engine or by high pressure air cylinders carried by the locomotive.

Electric starting is now standard. It works the same way as for an automobile, with
batteries providing the power to turn a starter motor which turns over the main engine.
In older locomotives fitted with DC generators instead of AC alternators, the generator

was used as a starter motor by applying battery power to it.
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2.14.13. Governor
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Once a diesel engine is running, the engine speed is monitored and controlled through a
governor. The governor ensures that the engine speed stays high enough to idle at the
right speed and that the engine speed will not rise too high when full power is demanded.
The governor is a simple mechanical device which first appeared on steam engines. It

operates on a diesel engine as shown in the diagram below.

The governor consists of a rotating shaft, which is driven by the diesel engine. A pair of
flyweights are linked to the shaft and they rotate as it rotates. The centrifugal force
caused by the rotation causes the weights to be thrown outwards as the speed of the

shaft rises. If the speed falls the weights move inwards.

The flyweights are linked to a collar fitted around the shaft by a pair of arms. As the
weights move out, so the collar rises on the shaft. If the weights move inwards, the
collar moves down the shaft. The movement of the collar is used to operate the fuel rack

lever controlling the amount of fuel supplied to the engine by the injectors.
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2.14.14. Fuel Injection

Ignition is a diesel engine is achieved by compressing air inside a cylinder until it gets
very hot (say 400°C, almost 800°F) and then injecting a fine spray of fuel oil to cause a
miniature explosion. The explosion forces down the piston in the cylinder and this turns
the crankshaft. To get the fine spray needed for successful ignition the fuel has to be
pumped into the cylinder at high pressure. The fuel pump is operated by a cam driven off
the engine. The fuel is pumped into an injector, which gives the fine spray of fuel

required in the cylinder for combustion.

2.14.15. Fuel Control
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Simplified block diagram of diesel engine fuel control system arrangeme nt is shown in the dia gram left.

The amount of fuel being applied to the cylinders is varied by altering the effective
delivery rate of the piston in the injector pumps. Each injector has its own pump,
operated by an engine-driven cam, and the pumps are aligned in a row so that they can
all be adjusted together. The adjustment is done by a toothed rack (called the "fuel
rack") acting on a toothed section of the pump mechanism. As the fuel rack moves, so
the toothed section of the pump rotates and provides a drive to move the pump piston
round inside the pump. Moving the piston round, alters the size of the channel available

inside the pump for fuel to pass through to the injector delivery pipe.

The fuel rack can be moved either by the driver operating the power controller in the
cab or by the governor. If the driver asks for more power, the control rod moves the fuel
rack to set the pump pistons to allow more fuel to the injectors. The engine will increase

power and the governor will monitor engine speed to ensure it does not go above the
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predetermined limit. The limits are fixed by springs (not shown) limiting the weight

movement.

2.14.16. Engine Control Development

So far we have seen a simple example of diesel engine control but the systems used by
most locomotives in service today are more sophisticated. To begin with, the drivers
control was combined with the governor and hydraulic control was introduced. One type
of governor uses oil to control the fuel racks hydraulically and another uses the fuel oil
pumped by a gear pump driven by the engine. Some governors are also linked to the
turbo charging system to ensure that fuel does not increase before enough turbocharged
air is available. In the most modern systems, the governor is electronic and is part of a

complete engine management system.

2.14.17. Power Control

The diesel engine in a diesel-electric locomotive provides the drive for the main
alternator which, in turn, provides the power required for the traction motors. We can
see from this therefore, that the power required from the diesel engine is related to the
power required by the motors. So, if we want more power from the motors, we must get
more current from the alternator so the engine needs to run faster to generate it.
Therefore, to get the optimum performance from the locomotive, we must link the

control of the diesel engine to the power demands being made on the alternator.

In the days of generators, a complex electro-mechanical system was developed to
achieve the feedback required to regulate engine speed according to generator demand.
The core of the system was a load regulator, basically a variable resistor which was used
to very the excitation of the generator so that its output matched engine speed. The

control sequence (simplified) was as follows:
1. Driver moves the power controller to the full power position

2. An air operated piston actuated by the controller moves a lever, which closes a switch

to supply a low voltage to the load regulator motor.

3. The load regulator motor moves the variable resistor to increase the main generator

field strength and therefore its output.

4. The load on the engine increases so its speed falls and the governor detects the

reduced speed.

5. The governor weights drop and cause the fuel rack servo system to actuate.
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6. The fuel rack moves to increase the fuel supplied to the injectors and therefore the

power from the engine.

7. The lever (mentioned in 2 above) is used to reduce the pressure of the governor

spring.

8. When the engine has responded to the new control and governor settings, it and the

generator will be producing more power.

On locomotives with an alternator, the load regulation is done electronically. Engine
speed is measured like modern speedometers, by counting the frequency of the gear
teeth driven by the engine, in this case, the starter motor gearwheel. Electrical control of
the fuel injection is another improvement now adopted for modern engines. Overheating
can be controlled by electronic monitoring of coolant temperature and regulating the
engine power accordingly. Oil pressure can be monitored and used to regulate the engine

power in a similar way.

2.14.18. Cooling

Like an automobile engine, the diesel engine needs to work at an optimum temperature
for best efficiency. When it starts, it is too cold and, when working, it must not be
allowed to get too hot. To keep the temperature stable, a cooling system is provided.
This consists of a water-based coolant circulating around the engine block, the coolant

being kept cool by passing it through a radiator.

The coolant is pumped round the cylinder block and the radiator by an electrically or belt
driven pump. The temperature is monitored by a thermostat and this regulates the speed
of the (electric or hydraulic) radiator fan motor to adjust the cooling rate. When starting
the coolant isn't circulated at all. After all, you want the temperature to rise as fast as
possible when starting on a cold morning and this will not happen if you a blowing cold
air into your radiator. Some radiators are provided with shutters to help regulate the

temperature in cold conditions.

If the fan is driven by a belt or mechanical link, it is driven through a fluid coupling to
ensure that no damage is caused by sudden changes in engine speed. The fan works the
same way as in an automobile, the air blown by the fan being used to cool the water in
the radiator. Some engines have fans with an electrically or hydrostatically driven motor.
An hydraulic motor uses oil under pressure which has to be contained in a special
reservoir and pumped to the motor. It has the advantage of providing an in-built fluid

coupling.
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A problem with engine cooling is cold weather. Water freezes at 0°C or 32°F and frozen
cooling water will quickly split a pipe or engine block due to the expansion of the water
as it freezes. Some systems are "self draining" when the engine is stopped and most in
Europe are designed to use a mixture of anti-freeze, with Gycol and some form of rust
inhibitor. In the US, engines do not normally contain anti-freeze, although the new GM
EMD "H" engines are designed to use it. Problems with leaks and seals and the expense
of putting a 100 gallons (378.5 litres) of coolant into a 3,000 hp engine, means that
engines in the US have traditionally operated without it. In cold weather, the engine is
left running or the locomotive is kept warm by putting it into a heated building or by
plugging in a shore supply. Another reason for keeping diesel engines running is that the
constant heating and cooling caused by shutdowns and restarts, causes stresses in the

block and pipes and tends to produce leaks.

2.14.19. Lubrication

Like an automobile engine, a diesel engine needs lubrication. In an arrangement similar
to the engine cooling system, lubricating oil is distributed around the engine to the
cylinders, crankshaft and other moving parts. There is a reservoir of oil, usually carried in
the sump, which has to be kept topped up, and a pump to keep the oil circulating evenly
around the engine. The oil gets heated by its passage around the engine and has to be
kept cool, so it is passed through a radiator during its journey. The radiator is
sometimes designed as a heat exchanger, where the oil passes through pipes encased in

a water tank which is connected to the engine cooling system.

The oil has to be filtered to remove impurities and it has to be monitored for low
pressure. If oil pressure falls to a level which could cause the engine to seize up, a "low
oil pressure switch" will shut down the engine. There is also a high pressure relief valve,

to drain off excess oil back to the sump.

2.14.20. Transmissions

Like an automobile, a diesel locomotive cannot start itself directly from a stand. It will
not develop maximum power at idling speed, so it needs some form of transmission
system to multiply torque when starting. It will also be necessary to vary the power
applied according to the train weight or the line gradient. There are three methods of
doing this: mechanical, hydraulic or electric. Most diesel locomotives use electric
transmission and are called "diesel-electric" locomotives. Mechanical and hydraulic
transmissions are still used but are more common on multiple unit trains or lighter

locomotives.
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2.14.21. Diesel-Electric Types
Diesel-electric locomotives come in three varieties, according to the period in which they

were designed. These three are:

DC DC (DC generator supplying DC traction motors); AC - DC (AC alternator output
rectified to supply DC motors) and AC - DC - AC (AC alternator output rectified to DC and

then inverted to 3-phase AC for the traction motors).

The DC - DC type has a generator supplying the DC traction motors through a resistance
control system, the AC - DC type has an alternator producing AC current which is
rectified to DC and then supplied to the DC traction motors and, finally, the most modern
has the AC alternator output being rectified to DC and then converted to AC (3-phase) so
that it can power the 3-phase AC traction motors. Although this last system might seem
the most complex, the gains from using AC motors far outweigh the apparent complexity
of the system. In reality, most of the equipment uses solid state power electronics with
microprocessor-based controls. For more details on AC and DC traction, see

the Electronic Power Page on this site.

In the US, traction alternators (AC) were introduced with the 3000 hp single diesel
engine locomotives, the first being the Alco C630. The SD40, SD45 and GP40 also had
traction alternators only. On the GP38, SD38, GP39, and SD39s, traction generators (DC)
were standard, and traction alternators were optional, until the dash-2 era, when they

became standard. It was a similar story at General Electric.

There is one traction alternator (or generator) per diesel engine in a locomotive
(standard North American practice anyway). The Alco C628 was the last locomotive to

lead the horsepower race with a DC traction alternator.
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2.15. ROLLING STOCK MANUFACTURING

2.15.1. Introduction

All you wanted to know about how railway rolling stock is designed, manufactured,
assembled, tested and shipped but were afraid to ask. Most of this page was written by
Paul Berkley, who also supplied many of the photographs, and it was then edited with

additional material from Nick Cory.

2.15.2. The Process

Railway rolling stock manufacturing consists of a series of stages which begin with the
signing of an order and culminate in the entry into service of a new train. These stages
consist of signing the contract, doing the design, ordering materials and parts,
manufacturing and assembly, testing and delivery. It is a costly and time consuming
business and there is a lot of risk in the process because a lot can go wrong. Apart from
the technical difficulties of designing and building a complex, multi-million dollar project,
everyone wants to play trains and interfere with the design, especially politicians and
newspaper editors, both of whom have one thing in common - they know nothing about

railways.

2.15.3. Timescales

So you want to buy a new train or locomotive? How long will it be before it is carrying
passengers or hauling cars? Well, give yourself four years from the date you decide to
buy. It can be done more quickly a new locomotive order in the UK was once famous for
having its first loco delivered 18 months after contract signing but 3 or 4 years is more
usual. Here, I am assuming that it is a new design, not a run-on order and that there will
be over 80 new vehicles. I am also assuming that you know how many trains or
locomotives you need and what the general basic design will need to be. The
procurement process will occupy at least a year longer if you need finance from the

commercial market.

So let's say you give the supplier Notice To Proceed (NTP) a year after you go to market.
The design process will have already begun, since the supplier will have prepared a
concept design as part of the bidding process. By the time he gets NTP, he will have got
to a stage with his customer where he knows he is the preferred bidder and he will have

started more detailed basic design work.

Six months after NTP, parts manufacture will start and, six months after that the first
body might be ready for installation of its equipment and interior finishes. Give it another
year for completion of equipping and a lot of testing before it is ready for shipping. Three

years have gone already and the first car has still only just rolled out of the factory door.
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Acceptance testing on site and bureaucratic approvals may last months (at least a year in
the UK) before the train finally enters service. There is some slack in this broad outline
because I am sure there will be technical problems on the way but we have used up our
four years. Locomotives may take less as each one can operate as a unit and isn't

dependent on other vehicles like an EMU (Electric Multiple Unit).

2.15.4. Design

This is where it all begins. Design work starts during the bidding process. The customer
will issue an "invitation to tender" (ITT) and then wait for the rush. Rush? Well, not
quite. It starts with the supplier producing an outline design, which is prepared against
the ITT and then costed. These days, most manufacturers have created their own
catalogue of vehicles that they would like to sell because they can build to pre-existing
designs and offer them at a more competitive price. The designs are offered in modular
form so they can be customised to suit the buyer's needs. Unfortunately, a contract
(particularly one procured by a publicly-funded administration) is rarely as simple as this
and, usually, the potential customer will have produced a specification that he wants his
vehicle designed to. Invariably, this will not fit conveniently into the little niche of
standard designs that the supplier hoped it would. Of course, this puts the price up. Many
customers are now trying to procure through performance specifications, where the
dimensions, capacity, speed, power requirements and reliability are specified rather than
details like the make of door engines or colour of the upholstery for the driver's seat.
This gives the supplier the chance to adopt standardisation in many areas, but many
customers still fall into the trap of asking for a bespoke train and then wondering why it

is SO expensive.

Now, let us assume that the preliminary design was accepted, a price agreed and a
contract awarded. The engineering design office (henceforth referred to as the DO -
originally short for drawing office) will now swing into action and start developing a plan
for the design work of the vehicle, which will include producing a Bill of Materials (BoM)
that will identify all the details necessary to manufacture the vehicle. A preliminary list
of drawings will be tied in with the BoM and there will probably be in excess of 3000
drawings needed. Meetings will be held with the purchasing and production departments

to determine priorities for preparation of designs.

During the bidding phase, the DO will contact various sub-suppliers of brakes, lighting,
seats, propulsion, traction motors etc. about the specifications, to determine who can, or
is willing to meet the performance requirements. If you look at a piece of rolling stock, it
is easy to see that the supplier is really just an assembler of many parts that are
purchased from other suppliers. Perhaps all he has is a specialist shop for manufacture of

the car bodyshell and one for the wiring looms, and the rest of the vehicle is bought from
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someone else. Some car builders, like Brush Traction in the UK, even buy complete
locomotive body shells and bogies from external suppliers. However it is done, the
vehicle design and assembly concept will eventually come together and some preliminary

design drawings will be produced for presentation to the customer.

2.15.5. Long Lead Ordering

It is at this point that some long lead items will be ordered. Steel, some types at least,
can have a three-month lead time, especially if you want a special finish for an unpainted
vehicle. Cables can require a six month lead time, particularly if they are of special fire
proof or low toxicity specification. Car interior panels may also require specialist
materials with long manufacturing periods. Of course, once you order these things, you

are locked into the design, so you'd better be sure you get it right.

2.15.6. Jigs and Tools
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Underframe assembly in a heavy jig where the solebars and transoms are welded. It is essential to ensure all parts are held to strict
limits to prevent distortion during welding.

Another area which needs to be sorted out early is jigs and tools. The car body parts will

have to be assembled in jigs to ensure that they are held rigidly and in the correct
position during welding. The body shell itself will also require a large jig to assist in the
assembly. Jigs cannot be designed until the body form is known and the construction

methods agreed.

A jig is basically either a steel bed, shaped to carry the section to be welded, or it a

series of specially formed steel frames, upon which parts will be fixed while they are
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welded. The jigs will be fitted with adjustable clamps which will hold each piece in its
correct position for welding. Jigs come in all shapes and sizes, depending on the part or
parts to be assembled and the welding system to be used. Jig design is an art in itself

and many a project has been a success or a failure because of the quality, or lack of it, of

the jigs.
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Underframe assembly in a heavy jig where the solebars and transoms are welded. It is essential to ensure all parts are held to strict
limits to prevent distortion during welding.

Underframe assembly in a heavy jig where the solebars and transoms are welded. It is

essential to ensure all parts are held to strict limits to prevent distortion during welding.
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Bodyside assembly jig. It is shaped to matc|
in place hy clamps while being welded.

- > .
h the body cunréﬁ?é. The panels and their internal strengthening members are held

Bodyside assembly jig. It is shaped to match the body curvature. The panels and their

internal strengthening members are held in place by clamps while being welded.

=
The roofing jig, where th
weld as it is thin and tends to distort easily.

parts are ciamped?o provide stability during welding. The roof is one of the more difficult parts of fhe car”to
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The roofing jig, where the parts are clamped to provide stability during welding. The
roof is one of the more difficult parts of the car to weld as it is thin and tends to distort

easily.

Some manufacturers have been known to try to cut back on the time or materials
allowed for jig design and manufacture. This is always an expensive mistake. If the jigs
are not right, the car body won't be right either. It is a sobering thought that, in the last
30 years, every new tube train London Underground has had delivered has not fitted into

the tunnels. One fleet had to be rebuilt.

Tools are another important item which can be forgotten. If any specialist tools are
required like dies for stamping steel parts, these must be properly designed and
manufactured to the highest standards. Specialist tool makers are best for the job. I
have seen shop floors littered with rejected stampings and pressings, thrown out because
they were poorly made with bad tools and therefore didn't fit were they were supposed

to.

2.15.7. Manufacturing Engineering

The early design meetings will culminate when the scheduling department produces a
Work Breakdown Structure (WBS), which will map out how the vehicle will go through
each stage of manufacture and assembly to reach the final steps where it is
commissioned and delivered to the eagerly awaiting customer. The WBS will have to
match a time plan, the submission of which is invariably part of a contract these days,
and which will contain milestones in the design and manufacturing process which the
supplier must adhere to. It will also provide convenient packages for the design staff to
work within so that drawings for the production process can be issued quickly for the first

parts needed for assembly.

If the DO has been lucky, they will find that they are able to get away with only
modifying and updating some existing drawings and perhaps, if they are really lucky,
only the drawing number will need to be changed. Of course, life is never that simple
and there will be panics and much heart searching as new designs have to be developed
in the time frame agreed with the customer and with the production control people in the

factory.

2.15.8. Configuration Control

Once the DO finishes a package (a complete set of drawings for a specific item of
manufacture), it is forwarded by a Configuration Control section to the manufacturing
engineering department. Configuration control is responsible for ensuring that all the

drawings and documents connected with the contract are registered, submitted to the
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customer for approval, returned from the customer in time (they are often not),
questions from the customer are answered, that the latest updates to drawings and
instructions are passed to the production control people and all correspondence is noted
and archived. It may sound bureaucratic but it is essential if all the paper is to be kept up

to date and is retrievable if there is any sort of dispute (and yes, there always is).

Configuration control is also about monitoring the putting together of the vehicle as it
gets built ensuring not just that there are no parts missing but that all the parts fitted are
at the correct modification state, both hardware and software (see Version 25 story on
this site). The former is difficult because of the slow rate at which hardware faults always
seem to get corrected and the latter is even more difficult because of the sheer speed at
which programmers emprically try to debug their products, with sometimes chaotic

results.

Now the challenge comes: the DO has completed a design package and it is
manufacturing engineering's turn to look at what has been produced to see if it can be
made. Manufacturing engineering is usually part of a team under the Project Manager
who will be ensuring the vehicle is 'coming together', so to speak, and will also include a
couple of engineers and draughters to make any changes that are needed. Sometimes it
is necessary for the manufacturing department to produce additional drawings that will
enable the manufacture to continue without delay. These will be produced in conjunction

with the production department.

2.15.9. Production Control

Production control have the responsibility of bringing all the various procurement and
manufacturing areas together and ensuring a completed vehicle comes out of the shop
with all the requirements of the customer to the schedule agreed with the customer. To
do this, using the BoM we talked about earlier, a schedule will be put together which will
show what tasks are to be completed, where, using which machines or tools, when and
by whom, in the manufacture of the vehicle. This will show the various work stations,
identifying the tasks that will be performed at each station. Production control will also
allocate materials, staff and times for each process. Production orders are then produced

and passed to the manufacturing shops together with the drawings.

2.15.10. Materials & Equipment Buying

There are all sorts of fancy names for "buying" around nowadays; Purchasing,
Procurement, Sourcing, Materials Management and so on, but when it comes down to it,
buying is what this department does. A manufacturer usually has one buying department
which may be split into two sections one to buy raw materials, the other to buy complete

items of equipment.
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The section buying the raw materials will get their orders from the manufacturing
department and will be involved in the purchase of bar stock, sheet plate, nuts, bolts,
piping, paint and probably such items as welding rods, glues and mastics. Their
responsibility will be to ensure sufficient material is available in the machine shops, the
fabricating shop or the paint shop to enable parts to be finished to schedule. They have
to do this early in the process. We have already seen how some specifications for long

lead items will have been agreed and ordered immediately after NTP.

The section buying equipment will, for the most part, have a more difficult job and they
will deal mainly with the DO. This is because they will be reliant on the DO providing
technical specifications to issue to the various sub-suppliers. Sometimes the customer's
specification will dictate whose equipment should be used. This makes it very difficult for
the buyer to obtain a competitive price, as the sub-supplier will be aware that their
equipment is specified by the customer. In any case, the buyer will be under pressure
from the DO to identify a supplier to enable designs to be completed and he can become
caught in a vicious circle if he is waiting for the specification from another group within
the DO.

Finding three suppliers of say, a braking system, can be a difficult task and, if it is a
boom time for orders and the brake manufacturer has a full order book, getting his
attention will compound the problem. But the buyer has to find the right product at the
right price, so he will find himself in endless discussions and meetings with the salesmen
and engineering staff of the supplier. The DO staff will want to meet with the engineers
from the supplier to learn about the physical and performance capabilities of the
equipment and the buyer will be expected to attend these meetings to make sure the DO

does not 'gild the lily' with the product and increase the price out of range of the budget.

2.15.11. Parts Manufacture

The many parts that make up a locomotive or car body shell will be made in a machine
shop(s) either at the manufacturer's plant or contracted out to sub-suppliers. These parts
may be structural members, ribs, bolsters or panels. It is important that the DO designs
parts in such a way that they are easy to make and of materials which can be processed
by the factory with its existing equipment. It is also important that the parts can be
easily assembled to form the vehicle as it progresses through the manufacturing process.
The cost of many vehicles has soared because the design of parts has caused trouble for
the assembly process by being too complex, too tight tolerances, or too difficult to

handle. Curved shapes are the worst and roofing the most vulnerable to such problems.
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2.15.12. Underframe
Once sufficient parts have been manufactured separately, they are finally brought
together for assembly in a jig. The underframe is usually the first part of the bodyshell to

be built and its principle parts will include, sole bars, runners, bolsters, and transoms.

An important feature of the manufacture of the underframe is the provision of a camber.
This is the 'bowing' of the frame along the longitudinal length upward from the ends to
the centre. The camber is important because, as all the other structures are added to
the underframe, the weight obviously increases. If there was no camber, the resulting
car shell would sag in the middle. To see how this works, look at the trailer of an

articulated truck that you see on the road and observe the upward bow.

The vehicle underframe will be moved through a series of jigs designed to hold the frame

in specific locations to accomplish attachment of the various components. See the

following photos for the various steps in assembly.

Underframe assembly jig, where all the parts are laid out and welded into place.
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Underframe inverted in assembly jig where the holsters are added and camber will be introduced.

Underframe inverted in assembly jig where the bolsters are added and camber will be
introduced.

For the next steps it is still inverted but more sections are to be welded in place

For the next stepsit is still inverted but more sections are to be welded in place.
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The underframe has been turned to its normal position and the car end has heen welded on.

The underframe has been turned to its normal position and the car end has been welded

on.
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Underframe in rotating jig with car end welded on.

Underframe in rotating jig with car end welded on

3 &

Underframe and car end completed.

Completed underframe end welded on
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2.15.13. Sides

Similarly to the underframe, the various parts of the vehicle side will be brought together
in a series of jigs for assembly and welding. If it is a car body that is being
manufactured, the windows can either be cut out of the bodyside panels or the sides will
be assembled in sections with the window frames (called pans) already installed. The

photo below shows a bodyside assembly jig with steel in place for welding.

=]
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Bodyside assembly jig. It is shaped to match the hody cunraturé. The panels and their internal strengthening members are held
in place by clamps while being welded.

Bodyside assembly jig

The most difficult aspect of side manufacture is getting an acceptable degree of flatness
whilst keeping the weight of the bodyshell within reasonable bounds. Welding the panels
to the frame often causes rippling of the panel due to distortion by the heating of the
welding process. Clamping the skin under tension can help but post welding straightening

is often necessary.

2.15.14. Bodyshell Assembly
Once the various parts are completed - underframe, bodyside and roof they are brought
together in a jig for final welding. This jig will align the assembly and clamp it in place

securely in anticipation of welding.
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Bodyshell assembly jig.

Bodyshell assembly jig
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Body inside another assembly jig.

Body inside another assembly jig.

When the welding is finished, the completed shell is moved to an inspection and
straightening jig. This is where it can get interesting, watching the craftsmen using their
skills to straighten the sides. As we have seen, the sides will usually show ripples on the
skin due to the tolerance generated during assembly and the expansive effects of
welding. At the same time, grinding of the welds will take place to smooth any rough

edges.
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A stainless steel bodyshell being ground after welding in a panel. This process
simoothes the bodyside as part of the preparation for the final finish. Some fillers will
he used to improve the flathess before painting. The black spots show where the
panels have heen heated and beaten to help achieve a better flathess.

Grinding a bodyshell

Straightening may involve using a large hammer with a blow torch to heat the skin (heat
and beat), or it may employ a more sophisticated method such as attaching a magnetic
panel (contoured to suit the shape of the body) to the outside of the skin and a thick
panel to the inside, using the magnet as shown below. This 'thick' panel will have a series
of equally spaced holes through which heat is applied using a multi-nozzle blow torch.
The heat applied has the effect of stretching the skin of the body, due to the spot

heating, causing the panels to straighten. Vacuum clamping is also sometimes used.
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Bodyside straightening magnet.

Bodyside straightening magnet
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Bodyside strdightening panels for use w'ith magnet.

Bodyside straightening panels for use with magnet

Heat treated hodyside par;ei.

Heat treated bodyside panel
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It will be dependent on whether the car has a stainless steel or low alloy, high tensile
steel body as to the method used for straightening. It is virtually impossible to straighten

a car body which is required to have an unpainted stainless steel finish.

In one respect, aluminium is a better material to use for car body assembly. It is light
enough that it can be supplied in thicker sheets, which don't buckle during assembly. The
straightening process is therefore eliminated. However, it is more expensive than

stainless steel and has a lower strength.

-
End framing of an aluminium car body showing the pillars
which will provide some crash resistance.

Aluminium car end framing
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The stripped interior of an aluminium framed car boety.

Aluminium car bodyshell
Traditionally, aluminium bodies were rivetted (above) but nowadays, a popular form of

aluminium design is extrusions welded together to form a structure.

2.15.15. Underframe Invert

In the underframe manufacturing photos above, the underframe is shown being turned
over or inverted at several stages during its manufacture. As we have seen, when the
underframe, sides, ends and roof are completed they are brought together and
assembled to form the bodyshell before fitting out. However, this is only one way of
assembling a car body. Some vehicles are assembled by bolting sides, ends, roof and

floor together. This system has been successfully used in the UK in recent years.

The underframe will eventually carry all sorts of equipment. Various brackets, pipes and
cable runs need to be attached and, to fit them from underneath is a backbreaking and
slow task. To make it easier, once the underframe is substantially complete and before it
has the car sides and ends attached, it is inverted again. This task is usually performed
using a crane and, once it is turned over, the extra brackets are welded on and pipes,
conduit and air reservoirs bolted or welded on. The technique has been used for many

years in some plants overseas.

2.15.16. Roof

For a mechanically fastened body, the roof goes through much the same process as the
underframe or sides. Although there will probably be less items involved than say the
underframe, the curved shape of the roof will require a jig to form the contour. This will
be complicated if it is a ribbed section and will probably need holes cut out to

accommodate vents, HVAC and ducting. The first roof is always difficult to assemble,
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since the jig has to be just right as well as all the parts making up the roof itself. Once
assembled, a roof for a passenger car may be inverted for the fitting of ducting and

wiring.

2.15.17. Ends

The modern train will often be designed to have an aerodynamically smooth front end.
However, certain crashworthiness standards are necessary, so some protective structure
will be needed as well. The usual solution is to construct a steel framework (see photo,
below left) and then mount the smooth, shaped end over it. To achieve the three
dimensional curved shape in steel or aluminium is difficult - although the Germans seem
to have done it (doubtless at great expense) in their high speed ICE trains so most
manufacturers often use a glass reinforced plastic (GRP) moulding. There are normally
made by specialist producers, since the process requires skill, special materials, proper

environmental protection systems and careful quality control.

Leading end of TGV power car showing the massive steel end structure.

2.15.18. Painting
For some years after World War II, it became fashionable to produce car bodies without
painting them. This saves labour and weight and seemed, at the time, to have an

acceptable finish. When graffiti began to appear is the US in the late 1970s and in
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Europe in the early 1980s, it was found that the unpainted bodies were very difficult to
keep clean. Attempts to remove the graffiti paint left ingrained marks. Often car bodies

became severly damaged (see A New York City Car History on this site). In some cases,

the cars have been painted to try to improve the appearance. The paint used is a special
two-pack mixture which is supposed to harden to a graffiti resistant finish. Nowadays,
painting for trains has become the norm again and some interesting colour schemes have
resulted. A car builder will need to have a fully equipped paint shop and drying facility,

together with all the necessary fume exttraction and fire protection equipment.

Most manufacturers use a body filler on the outside of the vehicle body prior to painting
to present a nice smooth finish to a painted bodyside (see photo below) but buyers need
to ensure that a good quality filler is used when accepting this method of finish, as
problems can occur further along the life of the train if the filler starts to crack and fall off

and water gets in, causing rusting.

=1
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In the paint shop, where the car hody side has heen filled, the windows masked

and the first coat of paint is being applied.

Car body in the paint shop
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2.15.19. Transport

An important part of the manufacturing process is how to move things around the
works. Modern railway vehicles contain long sections of lightweight materials which, for
example, need to be moved from the rolling mill to the welding jig. A 24 metre long
steel section needs careful handling if it is not to be ruined by accidental bending while

being swung from one side of the shop to the other.

It is worth mentioning here that a railway vehicle factory can be a very large place. If
you say that a site requires one square kilometre of land, you would be in the right ball
park - well, a very big ball park. This means that you have to move things around during
manufacture. Very often, large parts, like underframes and roofs are made on jigs in a
large shop and moved through assembly jigs to a final assembly jig. Moving a stainless
steel roof 24 metres (65 ft) long is difficult because the roof will flex. Secure cradles
need to be designed to protect parts which have to be lifted or moved from one area to
another. Cranes will be required in all the shops. In the two photos above, the car roof
is being manoeuvred in a large frame to prevent distortion. Overhead bridge cranes are
the traditional type used for the larger items like this and a big shop will need at least

two.

Another problem area is fixing bolts protruding from items shipped into the factory from

a subsupplier. These will be damaged if not properly protected and handled.

2.15.20. Bogie Construction

Bogies run from the very simple cast steel design (such as the traditional US three-piece

freight bogie which is basically a pair of side frames and a bolster see Vehicle Suspension
Systems on this site) to very complicated fabricated designs with steel spring primary
suspension, air bag secondary suspensions and both tread brakes and discs (such as
French TGV bogies). Many decisions have to be taken in selecting the bogie appropriate
for the role. Besides the suspension system and brakes, it is necessary to decide whether
to use inside or outside bearings, solid or hollow axles, and to choose the wheel diameter
and tread profile. (See the Bogie Page on this site for an explanation of the various parts

that make up a bogie)

For now, we will concentrate on the fabricated passenger vehicle bogie to explain the
manufacturing process. The various parts that make up the side frames are assembled in
a rotating jig and welded together and then moved to a new jig where the bolster or

transom, depending on the type of bogie, will be welded in place.
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Bogie frame after welding and before iaainting. The white marks are dye penetrant for non-destructive testing.

Bogie frame after welding and before painting. The white marks are dye penetrant for

non-destructive testing.
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Trailer bogie for Korean TGV high speed train. The large suspension units support the articulation between the two adjacent car
bodies. Note the provision of 4 large braking discs on the axle to cope with braking from high speeds.

Completed TGV trailer bogie with large suspension units for supporting the articulated car

ends.
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It is very important to have the "tram" of the bogie correct - this is the diagonal
measurements taken from corner to corner - and special measuring equipment will be
used to ensure the bogie frame is within tolerance before final welding takes place. Once
the frame is manufactured, it is painted and then the externally mounted parts will be
added.

2.15.21. Wheels and Axles

Normally, wheels and axles are bought as completed items and only need a minimal
amount of machining work for assembly. The wheels will need to have the centres bored
to suit the axle end diameter. This will be carried out on a wheel boring machine, which
is a very big vertical borer with the wheel held in a large chuck. Once this task is
complete, the wheel is taken to a wheel and axle press. This is a large horizontal press
where the various items that make up the wheel and axle assembly will be pressed onto

the axle.

g
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Borer.
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Wheel and axle press.

Wheel and axle press.

Besides the wheels, there may be brake disc centres, inside or outside bearings and gear
wheels. Each of these items will be pressed on in turn. The fit is an "interference fit" and
often there is an oil plug in the wheel to allow the injection of oil to assist in the pressing
process. The oil is injected between the wheel and the axle to lubricate the mating

surfaces during the pressing process.

Not really applicable to this description but included for interest is that for removal of
wheels there is often an oil plug in the wheel to allow the injection of oil to assist in the
demounting process. The oil is injected between the wheel and the axle to lubricate the

mating surfaces during the removal process.

During assembley, records will be kept of the pressing process just in case there is a
problem with the wheelset in the future. It is important during this stage to maintain the
correct dimensions for the 'back-to-back' gauge. This is the measurement between the
back face of the wheel flanges and it is necessary to ensure the correct fit is achieved
otherwise there would be serious and embarrassing consequences when the completed

vehicle is placed on the track.

After pressing, the wheelset is transferred to a portal lathe where the wheel treads will
be machined to ensure consistency of diameter between the two wheels (see pictures of
the various pieces of equipment mentioned). This does not apply to all assembly

processes and will be dependant on the type of vehicle being manufactured. It is,
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however, very important on vehicles that use a mono-motor bogie design where high

torque can occur on curves due to mis-matched wheel diameters.

2.15.22. Bogie Assembly

Bogie assembly now begins in earnest and the parts similar to those shown on the Bogie
Page, but applicable to our bogie will be assembled. If the suspension has chevrons,
these will be the first items to be connected, if the suspension is using coil springs then
that will be one of the last steps as the wheelsets are added. Next comes the air pipes,
followed by the brake rigging, then the wiring and finally the wheelsets, culminating with
the completed bogie undergoing a load test, (see picture), which will ensure that the

suspension is installed correctly and the bogie is functioning as designed.

Bogie load tester

The steps described above could be in a different order depending on which item makes

logical sense in the sequence, or to the particular bogie manufacturer's preference.

If the bogies have electric motors and gears fitted, it is important to get the parts fitted

with the correct tolerances. It takes a high degree of skill to set up the traction gearing
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when fitting a motor so that there is not too much or too little "give" between the gear

teeth. This is referred to as a "backlash test".

2.15.23. Wiring

There can be a considerable amount of wire in a rail vehicle and it is important to ensure
that the wires are all running from point to point along the most economical route. At the
same time, to make life easier for the maintenance department, all wires should run as
close together as possible. The only exception to this is that high voltage wiring will be
kept away from communications wiring or safety sensitive cables. Wiring is assembled in
looms off of the vehicle; in fact, very often, wiring looms are a contracted out item. On
modern rolling stock where more consideration has gone into the maintainability of the
vehicle, a cable tray arrangement will be used to run the length of the vehicle with arms
extended out at convenient locations along the main tray (see the picture below). The
wires will be colour coded and/or numbered at regular spacing along the loom, or tray, to
ensure the wire is identifiable for connection during assembly or replacement during the

life of the vehicle.

A jig carrying a completed set of cable trays with wiring, ready for mounting under a passenger car.

A set of cable trays ready for fitting

2.15.24. Piping

Similarly to the wiring there can be a considerable amount of piping on a vehicle and it
can be advantageous to assemble some of the runs of the piping away from the vehicle.
This will be performed in the pipe shop (where else?), where the lengths of pipe will be
cut, threaded on the ends and connectors applied to suit, maybe with a few off-shoots
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(branches), as required. These will then be delivered to vehicles for installation, either

during underframe invert or in the fitting out shop.

2.15.25. Fitting Out

Once the body shell is complete, our vehicle is sent to another shop for fitting out. In
steam locomotive days, this was known as the "Erecting Shop" and there are still some
workshops where the name has stuck. It may pay a visit to the paint shop first or, as is
increasingly common, some of the bodyshell parts may have been painted before
assembly depending on the method, of course. Here are some photos of the early stages

of the fitting out process, followed by a description of the main steps.

A |3

hese are assembled elsewhere

Underside of TGV car showing chle bundles fastened to the hody with tie wraps.
and are pulled through on the car.

Cable looms attached to underside of car
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Undercar piping. Piping is normally prepared away from the car fitting area and is then brought to the car
and added at an early stage in the fitting process. Some manufacturers fit piping to the underframe before
the hody shell is assembled.

Piping attached to underside of car

2 G TR : _
TGV power car awaiting the fitting of air reservoirs for the braking system. One has already heen fitted
while the remainder are lined up on the shop floor, ready for mounting.

Air reservoirs ready for fitting under car
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Interior of TGV trailer. On the car wall between the windows you can see large oval brass coloured
inserts. These seal the area after the sound deadening material has been added. At the base of the
windows is a jig that is used to protect the car shell during the installation of the window frame. In
the right foreground is the wooden jig that holds the floor level HYAC ducting in place ready for
fixation. Some of the sound deadener can be seen in the rear and car ceiling.

Interior ducting and insulation

<2 Ses - oh

t:i v f M ’
ge racks dufing ﬁtting. Note also the sound

Interior of T trailer shoing the jigs used to support tﬂe Ilig;ﬁa
deadening material in the walls and ceiling.

The use of jigs for interior fitting out
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Material storage rack on the shop floor with a TGV car behind. Note that all parts are labelled and
stacked properhy whilst awaiting fitting. Badly stored parts get damaged or lost and large amounts
of money can be wasted in this way.

Material storage system

You could say it is starting to get interesting now. At last our vehicle will start to look like
a piece of rolling stock. While it is in the fitting out area, it will move from station to
station to receive the various fittings that make it a complete vehicle. Of course, not all
manufacturers follow the same format for assembly but the following description is a
typical method for final assembly of a vehicle. Equipment may not necessarily be

installed in this order, although you will observe there is a fairly logical progression.

Bodyshells will line the shop sides running longitudinally through the shop. In the first
station area there will be an opportunity to weld on the secondary structures (mostly
brackets) that the DO has found necessary but did not have sufficient information
available when completing the design to include during manufacture in the bodyshell
shop. Secondary structure is used to attach interior equipment panels or the body
linings. At this stage, any interior insulation to go into the walls, roof or floor will be
installed along with any hidden wiring or piping. It is also a good time to hang the doors
and door gear as there is minimal other equipment around to interfere with the
installation. Whilst this is going on inside, underfloor equipment can be welded or bolted
on below the bodyshell, unless the "invert" method of assembly has been adopted.

Dependant on what type of vehicle is being manufactured, this stage will include battery
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boxes, low voltage power supplies, chemical toilet retention tanks, brake resistors, HVAC

and brake equipment, to list but a few.

P

Ceiling insulation behind the fitings for lighting tubes and air conditioning ducting.

Installation of insulation

Flooring
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The installation of a window blind inside the coach

Window blind

Seats being installed inside coach hody.

Seat fitting
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Sliding plug door for TGY Korea coach.

Door mounting
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Reading lights, toilets and parcel shelves being added to the bodyshell of a passenger coach

Interior fittings

At the second station, wiring will commence in earnest with the installation of control
cubicles and electrical boxes and possibly the driver's compartment equipment and
lighting. Moving on, we will next see the installation of windows, gangway connections,
interior panels and flooring (which may be a vinyl or carpeting). From now on, care has
to be taken not to dirty the interior, so protective covering will be installed. At this point,
handrails and maybe the seats will be installed. If the HVAC unit is roof mounted, this
may now be craned in and installed. If we now have everything complete, we may now
install our roof lining. Outside, the coupler will be installed and our piece of rolling stock

is almost complete.

Now we are nearing the end and the car will be lifted on to its bogies and electrical and
mechanical connections made. At this point, there will be a final check through the
vehicle and clean out remaining debris. Once this is done, the vehicle is handed over to

the testing department to complete all the integration tests described below.

Final cleaning and removal of protective covers will not take place until all the testing,
and probably the commissioning, has been completed. Too early removal of protective
covers leads to possible claims from the customer for scuffing or ingrained dirt and

subsequent costly rectification by the manufacturer.
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Assembly Methods Lift or Roll?

Two different systems are used for vehicle fitting out. The older system has each unit in
production standing in a fixed place with the equipment brought to it until all is installed.
When all work and some basic testing is done, the unit is lifted up and over the other
vehicles to where it will be landed on its bogies. Its bogies are "plumbed in" and it is then

towed out to a test bay for the required verification tests. The space left by its lift is filled

by another body shell unit which go through the same process until fully fitted out.

TGV Car bodies beiﬁ?_; maoved around the KOROS workshop in South Korea.

The other system adopts the rolling production line system, where each unit is passed
through the shop in a set sequence, beginning at the entrance to the shop and finishing
at the exit as we saw above. Sometimes, two or three lines might be created, so that a
unit will pass down the shop on the first line, back up on the second and down again on
the third. The advantage of this system is that all vehicles must be kept on the move to
ensure production continues smoothly. If a problem arises, it must be fixed quickly,
otherwise the whole production line is delayed. It encourages people to get things done.
However, it may make people rush and it does require strict quality control, otherwise,
units show up a lot of problems during testing and a whole team has to be kept in the

test bay doing rectification work.

The static method solves these problems but it can lead to a unit with a problem staying

in the shop long after it is due to leave. People tend to get on with other things and leave
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the difficult one waiting for a spare part. This system also requires a workshop with
sufficient height clearance to allow a complete vehicle to be lifted over the others in the

shop. Nowadays, the production line method is the more popular.
Locomotive Assembly

The assembly process described above relates to multiple unit passenger trains.
Locomotives are somewhat different but only as far as the procedure for the installation
of equipment. Usually, the diesel engine, alternators, inverter units, blowers,
compressors and other large items are lowered through the roof of the locomotive. This
means that the roof will be one of the last items to be fitted. It is often arranged to be

mounted in sections so that it can easily be removed for maintenance access.

2.15.26. Testing

It is fairly obvious that, once the train starts coming together, testing will start but, in
reality, it starts a lot earlier in the manufacturing process. An example is the the
combined test, where the propoulsion kit is all laid out on the lab floor, including
converters, motors, gearboxes, control system and even the ATP and ATO. The motors
sink into dynamometers (see Booster story on this site) which can also be set to motor,
ie to simulate the kinetic energy of the train during downhill running or braking. The
dynamometer excitation is controlled by a computer that is programmed to simulate the
real load cycle of the railway on which the train will be used, though in the case of the
Docklands Light Railway (London) traction equipment combined test at Preston, there
was a range of "site data" available, from the Sishen-Sadhana ore line to the TGV
SudOuest! Alstom went even further on the Eurostar, when they set up a whole train's

worth of "informatique".

The obvious advantage of combined test is that a lot of the interface and software
debugging is done long before the train starts to appear on the shop floor. The
"informatique" and propulsion hardware is less of a long lead item than the rest, yet the
debugging can be even even more painful than getting a Stanier "Jubilee" to steam
freely. And, even if motors and gearboxes take longer to arrive than the propulsion

cases, the latter can drive into dummy loads for the time being.

Before a unit of rolling stock is accepted by the customer, there will be many formal tests
to be performed. Each piece of equipment will be tested, before assembly into the train,
first at the particular subcontractor's plant. This is usually referred to as a First Article
Inspection (FAI) and will involve an inspector comparing the specification and drawings
to the actual product in front of him. In the majority of cases, the piece of equipment will

receive some form of dynamic test. This, for instance, could involve operating a gearbox
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on a test rig to verify it works correctly or maintains the correct temperature for the oil.
If it is an electrical/electronic item, tests for continuity or breaker tripping and so on will

be performed.

Once all the FAI tests have been completed and passed as satisfactory on a particular
item, the equipment can be sent to the vehicle builder for installation. When the rolling
stock has been assembled, another series of tests will verify that the equipment functions
as intended. There are both dynamic and static tests. Static tests will be used to verify
such areas as the EMI (electro-magnetic interference) emissions or Hi-Pot testing or
could be as mundane as testing the functioning of the lights or the raising and lowering
of a pantograph. Some tests will seem mundane and will just be proving that lights work
or the windshield wipers are working. Others have a more important function and will
ensure that the wiring is correct through the vehicle or trainset, called trainline testing.
If we are testing the cab controls then the power lever and the braking will be tested
along with forward and reverse. All the warning and information lights will be checked for
correct operation. Back in the vehicle tests will be carried out to prove the HVAC system
is functioning correctly and heating and cooling as it is supposed to do. Also, if power is
lost from the main supply, a test will ensure that the emergency back-up battery works
and that power load is reduced by shedding over a set period of time to reduce the load
requirement and, hence, current draw on the battery. Every piece of equipment will be
tested on each piece of rolling stock and witnessed and approved by an Inspector
appointed by the customer, before the rolling stock moves onto the next segment of the

acceptance cycle, which is commissioning.

2.15.27. Commissioning

All the tests have been completed and approved and now comes the interesting part,
where the rolling stock is commissioned, usually on the customer's property. If it is a
new piece of rolling stock or a trainset there will be a set of tests required called a
performance evaluation. These tests will be used by the supplier to prove to the
customer that what he is getting is, in fact, what he ordered. When the order was first
placed, probably the first one or two items of rolling stock (or trainsets) would have been
designated as prototypes or pre-production units. The intent here is to prove everything

is in order before the supplier commences production of the remainder of the fleet.

Commissioning tests will prove that all the pieces of equipment the supplier has
purchased from the multitude of sub-suppliers have been integrated correctly and 'talk’
to each other. It is obviously important that when the train driver issues a command,
through his master controller, say to slow down, that the brakes apply and at the same

time the propulsion system is not trying to accelerate the train. Oh yes, it has happened!
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Dynamic tests will be used to prove the acceleration and deceleration tests meet the
specification performance criteria. Some contracts include an endurance or "burn-in" test
when the vehicle will be tested and required to achieve a number of kilometres without a
failure. If a failure occurs in this time the clock is stopped and the testing starts all over

again. This arrangement is popular in the US.

2.15.28. Delivery

Delivery (in a contractual sense) occurs in two stages at two defined times. The first
time occurs when the rolling stock is 'pushed out gate' which means, if the supplier is
delivering by rail, pushing the train through the gate separating their property from the
railway's. Nowadays, most deliveries occur by road, as manufacturers have such diverse
customers, not just in their own country but around the world. Prior to this there is
usually a ceremony where the manufacturer will hand over a key (for the master
controller) or some significant symbol to the customer noting the delivery of the first
item of his order. As each vehicle or train is shipped out and signed for by the customer,

the contract has reached "substantial completion" for this unit.

Vehicles being shipped by road or sea (even by air sometimes), need to be packed
properly. It is usual to ship bodies and bogies separately. If the shipping involves a sea
passage, careful protection is required for the body and parts vulnerable to damage by

seawater or just the salty atmosphere.
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Light Rail VYehicles packed into the hold of a ship.

Bogies are packed so that the vibration of the suspension does not create wear. The
shipping process invariably involves craneage and it is essential to ensure the docks
know how to handle railway vehicles, which are very difficult to load on and off ships

without damage.

180



A TGY high speed vehicle being unloaded from a car ferry ship in Korea. The move from the deck of the shipis a
delicate operation carried out using a special trailer and tractors.

TGV Vehicle being unloaded from ferry ship.
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A TGY high speed vehicle being moved through the streets to the factory where it will be reunited with its bogies.
The vehicle has been lifted off the special trailer used during shipping and placed on to a road trailer as seen
here. The route taken by road will have been surveyed to ensure that there are no ohstructions like telephone
wires and traffic signals which could be damaged. Note that the hody corners are supported on jacks to prevent
the underframe equipment being damaged hy the weight of the car body.

TGV car on low loader being driven through streets.
The above photos show the delivery of TGV vehicles built in France and then shipped to
Korea for the new high speed line there. In addition to the difficulties of a sea passage,
the vehicles have to be moved from the docks to the railway sometimes a long distance.
The route must be surveyed to ensure that there are no obstructions. Often telephone or
electricity cables are vulnerable and they are seldom in the places where the authorities
think they are. A route plan may show where everything should be but there is no
substitute for a thorough visual survey. Of course, permission and assistance will have to
be sought from the local police. If traffic conditions require it, moves many have to be

made at night.

Once the equipment has arrived on the customer's property, final commissioning takes
place. The second delivery stage, mentioned earlier, begins at the end of the
commissioning when all tests have been signed as 'passed' and the customer is satisfied
that he is getting what he paid for. This delivery usually occurs at the customer's
maintenance facility and signifies that the rolling stock is ready for revenue service. Now

the warranty clock begins to tick.
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2.16. MULTIPLE UNIT OPERATION

2.16.1. Introduction
Originally derived from lift operation over a hundred years ago, multiple unit (MU) control
has become the most common form of train control in use around the world today. This

page describes how it started and its development in the century to date.

2.16.2. Origins

Electric locomotives were originally designed so that the motors were controlled directly
by the driver. The traction power circuits passed through a large controller mounted in
the driving cab. A handle was rotated by the driver as necessary to change the switches
in the circuit to increase or reduce power as required. This arrangement meant that the
driver had to remain close to the motors if long and heavy, power-carrying cables were

to be avoided.

While this arrangement worked well enough, the desire to get rapid turnrounds on city
streetcar railways led to the adoption of remote control. The idea was that, if the motors
could be remotely controlled, a set of driver's controls could be placed at each end of the
train. It would not be necessary to have a locomotive added at the rear of an arriving
train to allow it to make the return journey. A cab would be installed at each end of the
train and the driver just had to change ends to change direction. Once this idea was
established, it was realised that the motors could be placed anywhere along the train,
with as many or as few as required to provide the performance desired. With this
development, more but smaller motors were scattered along the train instead of building
a few large motors in a locomotive. This is how the concept of motor cars and trailer cars
evolved. Trailer cars are just passenger carrying vehicles but motor cars are passenger

carrying vehicles which have motors and their associated control equipment.

Multiple unit trains, as these trains became known, were equipped with control cables
called train lines, which connected the driver's controls with the motor controls and
power switches on each motor car. The opening and closing of the power switches was
achieved by electro-magnetic relays, using principles originally designed for lifts. While
the idea was being established on passenger trains, it was also adopted on locomotives.

It quickly became the standard method of control.
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2.16.3. The Relay

The diagram below shows how a relay operates.
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Diagram Showing Electro Magnetic Relay Operation

A relay is really a remotely controlled switch. In the diagram left, a power circuit contains
a switch which is opened and closed by operation of a relay. The relay is activated by a
magnetic core which is energised when a controlling switch is closed. As the core is
energised, it lifts and closes a pair of contacts in a second circuit usually a power circuit.
The current required for the relay is usually much lower than that used for the power

circuit so it can be provided by a battery.

In the diagram, the controlling switch is open, so the relay is de-energised and the power
circuit contacts are open. If the controlling switch is closed, as in the right hand diagram,
the relay is therefore energised and its core magnet lifts to close the contacts in the

power circuit.

Applied to a simple lift operating between two levels, a control switch on each landing
could use relays to switch on the lift motor to move the lift up or down. On a train, the
controlling switch could be located anywhere on the train to activate the relays
controlling the power to the motors. The same principles can be used to carry out any
other switching e.g. for lights or heating. It represents a safe and simple way of
transmitting commands to a number of equipments in a train and it is the foundation

upon which multiple unit control was based. On modern rolling stock, the relay is being

184



replaced in many applications by electronic control, which speeds operation, eliminates

the mechanical movements required and allows the miniaturisation of control systems.

2.16.4. The Contactor

As we have seen from the description above, the relay must have a current applied to it
all the time it is required to be closed. To avoid having current on to, say, a lighting
control relay all the time, a different type of remotely controlled switch is used. This is

called a contactor.
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Off Switch” Off Switch®
I (= pring) T(‘Sprung)
Battery —— Battery ——
Eal l: Earth l:
Contactor Tripped and Powwer Circuit Cpen Contactor Set and Powwer Circuit Closed
Schematic of Simple Contactor Operation

The contactor is really a latched relay. It can also be called (in the US) a "momentary
switch". It only requires current to be on for a "moment" for it to operate. In order to
keep the contacts closed once the control current is lost, the power circuit contacts are
held in position by a mechanical latch. When it is necessary to open the power circuit, the

latch is released and the contacts drop open.

The contactor is operated by two coils, each with their own controlling switch. In this
case, the contactor is closed or "set" by pressing the ON button and opened, or "tripped"
by pressing the OFF button. Both ON and OFF buttons are sprung so that only a

momentary current is used to activate the coil.

Contactors are widely used on trains and, for us, are a good example to demonstrate

how multiple unit control works in practice.
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2.16.5. Multiple Unit Control

The following diagram illustrates the principal of multiple unit (MU) control as applied to a

3-car train.
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i a4

= o= e =, T =

Cab On Csab_tol:

Switch Contral Current Contral Current v%
Supply Supply -
: : Lighting
e & Lighting Switchincab @ @
Off oM #O" syitch in cab On g HoOf
Jumper Jumper
Lights ON Train Wire Train Lines ,/
L) L | J L) | J L)
Lights OFF TrainWire e ot
Lighting Lighting Lighting
Contactor Contactar Contactor
g Set Set
" Car Lights 18 Car Lights " Cor Lights
—&_d i —& 4 H —&
Tr%| ' Trip I Trip g
— | ighting Supply 4— Lighting Supply M— Lighting Supply —m
Lighting Control Schematic Diagram for 3-Car Multiple Unit Train

In the diagram (left), the lighting on each car is switched on and off by a lighting
contactor. The contactor is latched closed when its "set" coil is energised or opened by

the "trip" coil to unlatch it when required to switch off the lighting.

All the lighting contactors on the train are connected to train wires, in this case one for
"lights on" (in black) and one for "lights off" (in blue). The ON and OFF buttons are in the
driving cabs at each end of the train so, the lighting can be switched on or off from either

end of the train

To prevent unauthorised use of the control buttons, most of the important circuits in the
cab are isolated by a "control switch" or "cab on switch". This is key operated and keys
are only issued to qualified drivers or maintainers. It also means that, in our example,
lights can only be switched on or off from one end at a time. The same principle, using
contactors or relays, is applied to all other systems on the train driving controls, braking

control, heaters, doors, air conditioning, public address etc.
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Of course, current for the equipment on each vehicle, as in this case, lighting, comes

from a separate source the auxiliary supplies in the form of a battery, an alternator, an

inverter or a power train line.

2.16.6. Forward and Reverse

How, one might ask, does one ensure that a number of locomotives or EMUs (or DMUs
for that matter), coupled together to work in multiple, perhaps facing in different
directions, will all respond to the driver's command to go in the same direction, say
forward, from the cab where he is sitting? How do you prevent one locomotive taking off

in the wrong direction? Well, it's built in to the wiring and it's simple, as shown in this

diagram.
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Diagram of Forward and Reverse Control Wiring for MU Operation of Locomotives and Trains

Each power unit (whether it be a locomotive or EMU) has a forward wire and a reverse
wire connected to a "Forward and Reverse" switch of one sort or another in the cab.
Looking at Unit 1, if the driver selects "Forward", the forward wire (in red) is energised
and the "forward relay" (the arrow shows the direction of movement obtained for each

relay) is energised to make the locomotive move in the forward direction.

To ensure the correct direction is achieved by a second locomotive (Unit 2) that is
coupled to the first, the forward and reverse wires are crossed over in the jumper cable.
If the second locomotive faces in the opposite direction to the first, its reverse wire
(shown in black here) will be energised to make the loco run in the same direction as its
partner. To make sure this always happens, all multiple unit control jumpers have their

forward and reverse wires crossed
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But, you might ask, what if the locos both face in the same direction? You don't need the
crossed wires in the jumper. The crossed wires in the jumper will make the second loco
go the opposite way. No, that's been solved too. So that the same jumper with the
crossed wires can be used anywhere, the forward and reverse wires are also crossed ON
each locomotive, only at one end, usually near the jumper socket. Now, no matter which
way round the locos are coupled to each other, and in what order, the forward command
will always make all units drive in the same direction and the reverse command will make

all units drive in the opposite direction.

One final point. The jumper heads are designed so that they can only be inserted one

way into the coupler socket on the locomotive, rather like a mouse plug on a computer.

2.16.7. Modern Control Systems

Modern systems use single wires or even fibre optic cables for controls. The system is
sometimes referred to as "multiplixing", where a number of control signals are sent along
a single wire. Some administrations require hard wired controls for safety systems like

train braking but diverse programming can be used to make this redundant.
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2.17. MULTI-DECK TRAINS

2.17.1. Introduction
This page looks at railways which use vehicles with more than one level and show some
examples of how they have evolved. Both passenger and freight examples are included,

with diagrams and links to photos.

2.17.2. Background

In an effort to improve capacity, some railways have introduced double-deck or even
triple-deck trains. Triple-deck trains are usually restricted to car carrying freight trains
but some double-deck trains have been built for both passenger and freight operations.
In designing vehicles with more than one level, there are some restrictions which have to
be taken into account. Of course, the first of these is the size. Will the vehicle fit inside
the "loading gauge" or "kinematic envelope" of the lines over which it is to operate. The

efforts to ensure the size requirements have led to some interesting designs.

There is also the question of weight. Railways are limited by the weight limits of the
structures along the line. These are usually called "civil engineering limits" or some form
of shortened version of this phrase. The limits imposed by the civil engineer are usually
expressed in terms of "axle load" as tons. Many lines in Europe, for example, are limited
to an axle load of 22.5 tonnes, whereas, in the UK, the upper limit is generally 25
tonnes. In the US, some heavy haul lines allow axle loads of up to 40 US tons or just

over 35 UK tons.

2.17.3. The UK Experiment

Many of the routes in the extensive suburban network south of London had reached
capacity by the end of the second world war in 1945 and ways were sought to improve
them without expensive platform lengthening to allow longer trains. The answer was
thought to be the double-deck train and an experimental 8-car electric multiple unit was
introduced in November 1949. It was built according to the traditional Southern Railway
pattern with "slam" doors provided for each seating bay on the lower level. The seat bays
of the upper level were reached by a set of stairs at each lower bay. It was not possible
for a level upper deck floor to be provided within the small British structure gauge.

Loading of the train was slow and this was the main reason for it not being generally

adopted. You can see photos of this train at the Southern E-Group web site.

2.17.4. Europe
Most routes in Europe have a larger structure gauge than is available in the UK and

various railways have introduced double-deck rolling stock over the more densely used
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lines. In France, there are a number of double-deck designs, the latest of which is shown
in the diagram below.

L Deck
Paszenger Doors [perives Seats

Driver's Cab Lavwer Deck

Seats

Stairz to Stairs to Sicle Elevation

Upper Deck Lovwwer Deck Flaor Lesvel Inber-car
at Doorways

Sedts Connection

I 22 630 mm

Plan Electrical Equipment

Diagram of Double Deck Car {Paris Ml 2H type)

This example is typical of the designs used on suburban lines around Paris and other
large cities in Europe. The passenger area is located between the bogies so that the
lower deck floor can be sunk and thus give the height required for the upper deck.

Entrance doors are provided over the bogies and in the centre of the car to allow rapid
loading and unloading.

Although popular for suburban lines, the French have introduced a double-deck TGV
(high speed train) design.
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2.17.5. North America

The benefits of a large loading gauge have given North American railroads the scope to
employ double deck coaches, or bi-level cars as they call them, on a much wider scale
than in Europe. A popular design, first introduced in Toronto, Canada in 1977, is now in
use on a number of suburban and interurban routes in the US and Canada. The car looks
like this:
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Canadian Designed Double Deck (Bi Level) Passenger Car

The design differs from the French model described above in that there are three seating
levels. The lowest is between the two side entrance doorways, the intermediate level is
over the trucks at each end of the car and the highest is directly above the lowest in the

centre of the car. The highest level has the most seating space.

The cars are usually produced in two types, a driving trailer, called a "cab car" in the US,
and a trailer car. They are normally used in push-pull formation with a locomotive at one
end and the "cab car" at the other. The distinctive tapering shape of these cars makes
them instantly recognisable. There are now over 500 of them in use in North America.
Other designs are also used but these lack the tapered ends and some versions have
only a single door in the centre of each side of the car. Many of these cars are designed
as gallery cars, where the upper deck consists (as the name implies) of a gallery above
the main (lower) deck. Some, such as Amtrak Superliners and Swiss intercity stock, have

inter-vehicle connections at upper-deck level, effectively making that the main deck.

A word ought to be mentioned about Asia where the Japanese have a humber of modern
double-deck passenger train designs and in Hong Kong where a new double-deck train
has been introduced between Kowloon and Guangzhou. Also, the extensive suburban
network in Sydney, Australia is operated entirely by double-deck electric multiple units -

all vehicles bought since 1964 have been double-deck.
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2.17.6. Freight
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US Double Stack Container Car

Freight railways have also developed multi-deck operations, most particularly in North
America, where they are now common for container traffic. Purpose-built sets of
container cars are now standard equipment on many lines and these can carry containers

as shown in the diagram left.

The car itself is a well wagon which can carry two 20 ft containers or one 40 ft container
at the lower level. A second container can be carried on top and may overlap the lower
one due to its length, which can be up to 53 ft. Containers are secured to each other and
on the wagon. Wagons can be individual bogie vehicles or articulated (as shown above)
in 3-car or 5-car sets. The weight carried by the containers has to be limited to restrict
the weight on the vehicle. After all, a 40 ft container packed with marble blocks will
weigh a lot more than one carrying ladies underwear. The limit currently set is 125 tons
(i.e. US short tons or 2,000 Ibs.) for a 4-wheeled car, which is based on an axle load limit
of 40 tons.
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Triple Deck Car Carrier {U%)

For new car shipping trains, the vehicle design has been developed to permit three levels

of cars to be shipped inside an enclosed wagon as shown left.
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The railroad cars are formed into articulated sets and are enclosed to prevent damage
and pilfering. The articulated train sets are designed to allow a car to be driven across

the coupling between one wagon and the next.
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2.18. TRAIN MAINTENANCE

2.18.1. Introduction
An essential ingredient in the successful running of a railway is a well maintained system.
Train maintenance is very important and this page outlines the methods and systems

used in modern train maintenance.

2.18.2. Background

Railways are made up of complex mechanical and electrical systems and there are
hundreds of thousands of moving parts. If a railway service is to be reliable, the
equipment must be kept in good working order and regular maintenance is the essential
ingredient to achieve this. A railway will not survive for long as a viable operation if it is
allowed to deteriorate because of lack of maintenance. Although maintenance is
expensive, it will become more expensive to replace the failing equipment early in its life

because maintenance has been neglected.

Rolling stock is the most maintenance intensive part of the railway system and is the
most vulnerable if maintenance is neglected. A stalled train will block a railway
immediately and will reduce a timetable on an intensively used system to an
unmanageable shambles for the remainder of the day. Reliability is the key to successful
railway operation and maintenance should be the humber one priority to ensure reliability

is on-going.

2.18.3. Maintenance Facilities

Trains require special facilities for storage and maintenance. The basic design of these
facilities as changed little in the last 100 or more years and, in many cases, the original
sites and buildings are still in daily use. Sometimes, these old layouts have made

adapting to modern maintenance systems very difficult.

The layout of a maintenance facility or depot will consist of a storage yard, a car cleaning
area, an inspection and light maintenance shed, a heavy maintenance shop and,
possibly, a separate locomotive shop or at least an area for locomotives if EMUs are the
main service providers. A typical facility with space for EMUs, works trains and

locomotives might look like this:
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Diagram of a depot designed principally for EMU trains.
ADMU or locomative depot would be similar but with the addition of a refuelling area separate from the main buildings.

This diagram offers a layout for a depot (not based on anywhere in particular) but using
best practice and with EMU operation in mind. Doubtless people will have other ideas for
improvements so any constructive contributions will be welcomed. The operation of the

facilities is described below.

2.18.4. Access

An essential feature of any depot is good access, both road and rail. Good rail access
means that trains can get in and out of the depot without delaying trains on the main line
and without upsetting operations within the depot. It is no good if a train coming in has
to stop at the depot entrance while the driver gets instructions from the shunter or depot
control office and the rear of the train is still standing on the main line. This can remove
two or three paths from a timetable. Usually a long access track into (and out of) a depot
is required, if space is available. If the railway is equipped with ATP (Automatic Train
Protection), the changeover between ATP and manual operation will probably have to

take place on this track. This must be carefully incorporated into the depot track design.

Road access is equally important. Large items of equipment may be needed to be
delivered to the depot (transformers, pre-assembled traction units) and space to allow
heavy trucks to get into the depot and turn, unload and exit must be provided. In some
cases, it is necessary to provide car delivery access by road. Hard standing areas and
unloading facilities like cranes or gantries must be considered when designing such a
depot. The hard standing needs to be located over or near a suitable track so that cars
being delivered can be craned off the road vehicle and mounted onto their bogies, which
have been delivered in advance and are already on the track. The craneage can be hired

in if the permanent installation of such equipment is not considered justifiable.

2.18.5. Cleaning and Stabling
Trains are stabled in depots or sidings when not in use and they need to be cleaned and

serviced. Cleaning means a regular exterior water wash and interior sweeping and
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dusting or vacuuming. At longer intervals, seating upholstery and carpets must be
shampooed. Exterior washing is usually means a drive through washing machine which
will wash the sides and, perhaps, the roof. Suitable facilities must be provided in the
stabling areas where trains are stored. Water, power and toilet cleaning systems need to
be provided in such areas, adjacent to each train to be serviced. Access to trains must be
designed so that cleaning staff can reach them safely whilst carrying their equipment.
This usually means floor height walkways alongside trains, or at least up to the first car

of a set if through inter-car connections are available.

The layout of a stabling area is important. Ideally, each road should have an exit route at
each end, so that, if one end gets blocked for any reason, trains can still get out the
other end. There is no reason why two trains should not be stabled on each road if the
length is right, again provided an exit is available at each end so that, if one train fails
and is not sent out on time, the other is not blocked in. Of course, site availability is
always an issue and compromises are inevitable. It may even be necessary to stable two
trains on a single ended track. Even this is viable if management of the fleet is flexible
and allows trains due for entry into service to be swapped at short notice. This is one of

the essential skills of a good depot supervisor.

Train stabling areas are traditionally outdoors largely because of the expense of
constructing large sheds. However, covering the stabling areas with some sort of weather
proof structure is always preferable. It protects the trains and the staff working on or
around them and reduces contamination by pollutants, frost, snow and wind damage. A
covered area will also provide some benefit in hot conditions and could help to reduce the

air conditioning costs.

2.18.6. Toilets

Modern trains which have toilets need to have them serviced regularly. Although not
shown in the above layout, a toilet discharge facility is required in any depot where trains
have toilets. The discharge has to be done away from the main buildings and where there
is road access for the removal of effluent if it cannot be disposed of down a sewer.
Emptying of effluent tanks is normally followed by rinsing and then recharging of the

system with flushing water containing formaldehyde to break up the waste matter.
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2.18.7. Train Washing Machines

- =5 33 7

Typical drive through train washing plant. Note special track drainage.

These (photo left) work on the same principle as a car wash, except that, usually, the
train is driven through the wash and the washer itself stays in one place. Some designs
of train washer work like a very long car wash, where the train stands still and the
washer moves during the cleaning cycle but these are rare. Normally, water is used for a
daily wash, while a chemical wash is used at less frequent intervals usually several
weeks. Many daily washes have a detergent added to assist the process. In referring to a
daily wash, this might extend to three days between washes, depending on local practice

and degree of pollution and dirt collection.

Washing machines require that the track on either side is straight for at least one car's
length. This is to ensure that the car goes into the wash straight. There will also be a
need for proper drainage facilities, complete with waste water management and, for the
chemical wash, waste retrieval using a clarifier or separator. It is usual to use
recirculating systems nowadays, reusing the water from the final rinse at least, if not the

‘ready mixed’ water.

Washing machines may need a roof under certain conditions and they must be protected

from adverse weather, particularly cold. Freezing temperatures will play havoc with the

197



pipes of a poorly protected machine. Most operators do not wash under freezing weather
conditions, so as to avoid ice forming around the doors and other moving parts. Ice will

quickly prevent train doors from operating and will render a train useless as a result.

Chemical washes are used for heavy cleaning and the chemicals used will often require
the train to stand for some time while the chemical reacts with the dirt on the car body.
The standage must be protected against drips and the waste collected. In places where
there is space, it is advisable to do the chemical wash where it is protected from the
weather. Some form of special ventilation is likely to be required. In some facilities, the

chemical and water washes are contained in the same washing machine.

2.18.8. Wheel Lathe

Most modern depots are equipped with a wheel profiling facility known as a wheel lathe.
These are normally designed so that the wheels can be reprofiled while still on the train.
Removing the wheels requires the train to be lifted and this is an expensive business and
very time-consuming. To avoid this, the underfloor wheel lathe or "ground" wheel lathe

was developed like the one shown in the photo left.

Wheels can be removed from a train by a "wheel drop", where the wheelset is lowered
underneath the train into a basement below the depot floor. Sometimes, whole toolrooms
are provided in such areas but the ground conditions sometimes make such places

difficult to keep dry and difficult to conform with modern evacuation requirements.

Modern wheel lathes can also reprofile a wheelset which has been removed from the
train. Otherwise a separate wheel turning facility has to be provided in the workshop.
Cutting has been the most common method of reprofiling but, recently milling machines,
have been making a comeback as they can offer a longer tool life and better tolerance

control on diameters.
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An underfloor wheel lathe for multiple unit rolling stock built into the floor of a depot. The train is pulled
or pushed slowly onto the machine so that it can be stopped and positioned exactly as required. The
rails under the wheels are removed and the wheels connected to a drive system. The profile of the
wheel is set by the machine operator and the wheels are driven round by the machine while the new
profile is cut by the fixed tool. Some machines use a milling process instead of cutting.

Train wheels wear just as car tyres do and they need to be checked regularly. When the
wear reaches certain limits, the treads either have to be reprofiled to the correct shape
or the wheels replaced. Reprofiling wheels is a slow and expensive process but train and
wheel desigh and maintenance has improved considerably over recent years, reducing
the periods between visits for reprofiling. Even so, there are still persistent cases of
railways running into unforeseen or unusual wheel wear problems and the wheel/rail

interface still needs a lot more research before it is fully understood.

Wheels on a bogie or wheels on a single vehicle must be reprofiled within limits
compared with each other. For example, a standard set for one type of passenger coach
says that wheels in the same bogie must not vary in diameter by more than 5 mm.
Wheels under the same coach must not vary more than 10 mm on different bogies. The
most modern vehicles might require a tolerance as low as 3 mm. When wheels which
drive a speedometer are reprofiled, the speedometer will have to be adjusted to

compensate for the difference in wheel diameter caused by the reprofiling.

Some modern wheels lathes are designed to turn both wheelsets on a bogie at the same
time. These "double-headed" lathes have developed as a result of electronically

controlled AC motors, which require that the motors in the same circuit turn at the same
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speed so as to match the inverter frequency. This makes it essential that wheel

diameters with motors within a traction power circuit are equal.

Although it might seem obvious, the roundness of wheels is important, especially at very
high speeds. An eccentric wheel can cause extreme loads on the wheel, axle, bearing and
suspension, leading to failures. An "unround" (out of round) or eccentric wheel is alleged
to have led to wheel tyre failure of a German ICE at Eschede in 1998, causing a high-
speed crash with heavy loss of life. The wheel is alleged to have had an eccentricity
(difference between major and minor axes of the ellipse) of 1.1mm, against a limit of
0.6mm. Wheels are often damaged by skidding during braking. Skidding (called sliding)
causes a flat patch (called a "flat") to wear on the tyre and, when the wheel begins
rolling again after a slide, the familiar "tap, tap, tap..." of the flat will be heard.

Overheating during braking can also damage a wheel, as shown in the next photo:

during braking with a tread brake. The heating causes small pieces of the tyre to
breakaway and become embedded in the brake block. This causes further
damage by scoring the tyre. The only remedy is to reprofile the tyre.

Even if wheels, by some lucky combination of circumstances, do not wear significantly,
reprofiling to remove work-hardened metal is likely to be needed at around 1 million km,
otherwise Martensite fragments can drop out of the wheel tread, leading to the type of
damage shown in the photo above. This damage can also be caused by local overheating

during skidding and/or braking.
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2.18.9. Leaves on the Line
One of the major sources of wheel damage in temperate climates with decidious trees is

fallen leaves.

Fallen leaves really can disrupt rail services — not just here in Britain, but all over Europe
and North America. The scale of the leaf-fall problem and the cost of keeping services

running smoothly is huge:

a mature lineside tree has between 10,000 and 50,000 leaves thousands of

tonnes of leaves fall onto railway lines each year

e there are 20,000 miles of track to keep clear in Britain

e the annual cost of repairing damage to trains and track from leaf fall is over £10
million

e lineside vegetation management costs over £5 million each year

e the cost of felling large trees is between £20,000 and £50,000 per mile.

It is impossible to predict exactly when the leaf fall season will start and how long it will
last, but the weather can provide a guide to its likely onset and how serious it is likely to
be for the railway. A severe leaf fall season often follows a wet summer. It starts with a
hard frost, followed by a high wind and a period of dry weather, which causes large
amounts of leaves to fall over a short period of time. But traditionally, autumn is the
season of mists and mellow weather, which spreads leaf fall over a longer period and
reduces the severity of the problem. How do leaves on the line affect trains? Think of
leaves on rails as black ice on roads and you’'ll begin to understand the nature of the
problem. We're not talking about piles of dead leaves, but a hard slippery layer that

coats the rails and is very difficult to remove.

Briefly, this is what happens: leaves are swept onto the track by the slipstream of
passing trains light rain falls train wheels crush the wet leaves at a pressure of over 30
tonnes per square inch this compacts and carbonizes the leaves, forming a hard, Teflon-
like coating on the rails. As a result, trains have to operate at slower speeds to ensure
safety and to reduce the potential for wheel slip and spin. This means that drivers have
to brake earlier for stations and signals and move off again more slowly. Consequently,
train services can be delayed. If a train can't move because its wheels can’t grip the
rails, often there is no alternative route, therefore following trains are delayed or have to

be cancelled.

In addition to causing severe disruption to passengers, the damage inflicted on train
wheels during sliding and spinning on rails is considerable and means some trains have

to be taken out of service for expensive repair. The rails too can be damaged, costing
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many thousands of pounds to repair each year. So what is the rail industry doing about

it?

Network Rail, the UK body responsible for maintaining the rail network, is working to
eliminate or minimise the problem of leaves on the line. They has a fleet of special
'sandite’ trains, which spread a gritty paste on the rails to give trains improved adhesion.
Known problem areas such as deep cuttings and steep inclines are targeted in order to
minimise delays. There are also static machines to apply sandite at known trouble spots

and mobile applicators, which can be used by track workers.

High pressure water jets are also used to remove crushed leaves before they form a hard
coating. Leaf guards can be positioned around the track to stop the leaves being blown
onto the rails and, in some cases, it is necessary to fell problem trees. However, to
protect the environment, these are replaced with smaller leafed trees such as hazel,
cherry and holly. Network Rail"s tree surgeons take advice from conservation specialists
to minimise the impact tree management can have on wildlife. For example, no work is
planned during the main nesting season. Trains are also fitted with sophisticated sanding
equipment to improve traction on slippery rails, the equivalent of ABS on a car. The
driver can apply the sand when wheel spin occurs during acceleration, or it can be

applied automatically (Source Network Rail).

2.18.10. Inspection Sheds

Special facilities are required to carry out rolling stock inspections. A properly constructed
building, capable of accommodating a whole train, should be provided. Access to the
underneath of the train is essential and this must be designed to allow reasonable
working conditions and safety. There are various ways of doing this. The most common
used to be a pit provided between the rails of the maintenance tracks and, sometimes,
pits on either side of the track as well, to allow access to the sides of the underframe
equipment. A more common approach today is the "swimming pool" design, where the
floor of the shed is sunk and the tracks are mounted on posts. This gives better access

and improves the light levels under the cars.
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At
Interior of inspection shed at London Underground's Ruislip Depot showing the centre and side pits

provided to allow access under the train. This arrangement would not normally be designhed today
because of the difficult access and poor natural light..

Inspection shed with pits

Interior of inspection shed at Ho Tung Lau, KCRC Hong Kong, showing
"swimming pool" layout of floor with trains standing on rails mounted on
concrete posts to give underfloor access. Note also the roof level walkways
on the outside of the trains to give access to pantographs and air
conditioning units.

Inspection shed with "swimming pool"

2.18.11. Shore Supplies
Inside train sheds and shops, it is necessary to provide shore supplies for trains and

power for tools and maintenance equipment. Where overhead electric traction is used,
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the overhead wires are usually installed inside inspection sheds but not in shops were
vehicles are lifted. If it is necessary to get access to the roofs of trains, the overhead
current must be switched off and the switch secured by a lock. Any person working on
the roof will have a personal access key for the lock to ensure the current remains off
until the work is complete and it is safe for it to be restored. The access stairs to the roof
level walkway will also have a locked gate which can only be unlocked if current is off. A
system like this is shown in the first photo below.

Interior of maintenance depot of the Sheffield (UK) Supertram. Note that overhead walkways are

provided to give access to the electrical equipment mounted on the roof. Pits are also provided
for under car access.

Interior of inspection shed showing overhead walkway with access gate.
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Trains req

equipment to function and batteries to he kept charged. A shore supply can be
through a roof suspended trolley or “stinger" which is plugged into the side of the
train as shown here. A knife switch is provided to isolate the shore supply from
the third rail collector shoes.

Knife switch and shore supply lead on a subway car.

In the modern depots built for the Eurostar Channel Tunnel trains in London and Paris,
the overhead catenary in the workshops is designed to swing away from the roof when

required to allow access to the roof mounted equipment.

The second photo above shows a shore supply attached to a New York City subway car,
which has a third rail traction system. For safety reasons, the sheds are not equipped
with the third rail, so a supply through a long lead is provided. The lead is plugged into a
socket on the side of the train. Various systems are used around the world. In the case
shown above, the shore supply socket on the car has a knife switch to isolate the current
collector shoes from the supply. This is to avoid electric shock risks to persons working
on or near the shoes. In older installations, this facility is not provided and a shore
supply will energise all electrical equipment on the train, including the shoes. In these
situations, special precautions have to be taken to ensure no "overhead leads" or

"stingers" are inserted on a train being worked on.
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supply for third rail powered vehicles. The lead is
suspended from a roof mounted trolley rail and is
plugged into a socket at the side of the vehicle.

For third rail systems, the shore supply cables are usually fed from electrified rails
suspended from the shed roof. The cables are hung from trolleys running along the rails

so that the supply is available along the whole track.

It is common to use the overhead leads to power the train out of the shed until the
leading collector shoes are in contact with the current rails outside the shed. This is
sometimes called "railing". The train is then stopped and the overhead leads removed.
The leading car is then used to drag the rest of the train out of the shed. Care has to be
taken to ensure all leads are removed before allowing a train to leave the shed and enter

service.

In the US, the "railing" procedure is often performed "on the fly" (with the train moving),
since the shore supply is connected directly to the collector shoes, which are large
paddles. The live end of the "stinger" rests in a hole on the shoe or is clipped to the shoe

by a large spring clip.
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2.18.12. Lifting

The traditional method for accessing bogies was to lift the car body off the bogies by use
of an overhead crane or cranes as shown in the left hand photo below. Each vehicle to be
lifted has to be separated from its fellows in the train and dealt with separately. If one
car in a set is defective, it has to be uncoupled and pushed into the shop for lifting. To
access the bogies, the overhead crane is used to lift one end while the bogie is rolled
clear and then the body is lower onto stands. Then the other end is lifted, the bogie
rolled clear and the body lowered onto two more stands. Motors, wheels and other items
can then be worked on or removed from the bogie as necessary. Naturally, this takes up
a lot of track space in the shop and requires time spent on separating the vehicle from
the train and then from its bogies. For overhauls, the bogie may be removed to a special

area where it is placed on stands for stripping and refitting work.

A quicker lifting method is to use two cranes which lift both ends of the car body together

and free both bogies at the same time. The body can then be removed to another part of

the workshop for maintenance.

A traditional lifting method where the car body is raised by a pair of overhead cranes and then lowered onto
stands. The body can be removed to other places in the workshop or stands provided where it is lifted.
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London Underground Central Line Car being lifted by a pair of overhead cranes.

Car being lifted in a workshop by a pair of overhead cranes

Jacks are the usual method of lifting nowadays. Vehicles can be lifted individually or, if a
fixed formation is used for normal service, more recent practice has been to lift the whole
train set. This is done by synchronised jacks. The jacks are linked by control cables and
controlled by one person from a control desk. The big advantage of this system is that
you don't have to break up the train into individual cars to do the work on one vehicle.

The time saved reduces the period the train is out of service.

Underfloor jacks are also becoming more popular as shown below.

208



w2 : e,

Workshop lifting area (KCR Hong Kong) using underfloor lifting stands. There are few
obstructions in this layout although the workshop is gquite small. Overhead cranes are
provided for lifting items of train equipment like air conditioners.

Workshop with underfloor jacks
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Workshop lifting area (KCR Hong Kong) with train raised on
underfloor lifting stands.

Car lifted with underfloor jacks
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Again, the lifting system is synchronised to allow several cars to be lifted at the same
time if necessary. This is quicker then uncoupling each vehicle, especially if there is only

one requiring attention.

Rolling stock can be lifted on a track where there is no pit, especially if there is a need to
exchange a piece of underfloor equipment. A fork lift truck can be used to do this if there
is enough room at the sides of the trains for it to manoeuvre. Otherwise a small scissors
lift table can be used. In all cases, it is essential to ensure that the floor will take the
weight of the train raised on jacks. Most modern rolling stock is designed to be lifted with
its bogies still attached so that exchange of one piece of underfloor equipment can be

carried out on a lifted train without disturbing any other cars. Bogie Drops
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A hogie drop table heing lowered in a train maintenance depot. The bogie workshop is in a hasement
area below the main floor of the depot.

Bogie drop table
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A bogie being lowered on a drop table after disconnection
from the car body. The car body rests on mobile stands
until its bogie is returned.

Bogie being lowered

heightAnother system used in some shops is the bogie drop. The train is run over the
lifting road, which has a pit and is positioned so that the bogie to be removed is located
over a special section of track. The bogie requiring removal is disconnected from the
train, using the pit for access. The car bodies are then lifted, leaving the disconnected
bogie on the track. The section of track where the bogie is located can now be lowered

into a basement area and the bogie removed and replaced by a fresh one.

heightA variation of this system has the train lifted by raising the sections of track under
the bogies. The car bodies are then supported by stands placed under them and the
bogies to be changed are disconnected. Once free, they are lowered to floor level and
serviced or exchanged for new bogies. Turntables can be installed to assist in the

removal of the bogies to other maintenance areas.

2.18.13. Maintenance Workshops

It is still common to see workshops for railways provided with tooling and equipment to
allow a full range of engineering tasks to be undertaken. This will include milling, boring,
grinding, planing and cutting machines as well as part cleaning facilities (including bogie
washing and car underframe cleaning or "blow-out" as it is sometimes called), plus
electronic and pneumatic testing shops. Good storage and materials management

facilities are also needed. Computerised systems are now widely available.

Not only does the rolling stock require maintenance but also trackwork, traction power

equipment, signalling, communications equipment, fare collection systems, electronics of
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all types and buildings maintenance. The main depot of a railway has to be equipped to
handle all these. Works trains will be needed to ferry equipment and staff to work sites
along the line and these will be serviced at the depot. Refuelling facilities will be needed
for diesel locomotives and DMUs. Storage for hazardous materials and fuel must be in a
secure place with proper fire protection facilities. Waste disposal must also be properly

managed and waste recovered if possible.

2.18.14. Maintenance Programmes

Rolling stock maintenance can be programmed in one of three ways; by mileage, by time
or by conditioning monitoring. Of these three methods, condition monitoring is the most
recent. Traditionally, maintenance was carried out on a time basis, usually related to
safety items like braking and wheel condition. Many administrations later adopted a
mileage based maintenance system, although this is more difficult to operate as you
have to keep records of all vehicle mileages and this is time consuming unless you have
a modern train control and data gathering system. There is also the fact that a train will
deteriorate just as quickly if it is stored unused somewhere as it would if it was being run

in service every day. Only the items which deteriorate will vary.

Modern trains should be able to run for some weeks without a maintenance inspection.
One train operating company in the UK wants to get inspection intervals out to 90 days
on its new EMUs. Comparing this with the 3 days between inspections which electric
trains got at the beginning of the 20th century and the 7-daily inspections still being
carried out in the 1980s on some similar fleets, shows the rapid progress of the last few
years. It is impossible to give fixed time or mileage periods here for maintenance as each
type of train varies. There are often special rules for high speed trains and for heavy
freight. Individual railways have adapted their maintenance to the local conditions and, in
many places, certain types of safety inspections are required by law. As an example, the
Channel Tunnel Shuttle trains cover about 5,000 kms a week and get an initial inspection
every seven days. However, the French high speed trains (TGV) are given a daily visual
inspection of the underneath and the pantographs. The toilet system is emptied every
three days and the trains return to their base depot every 5-6 days for their 4,500 kms
inspection. Examination of equipment such as traction motors and bogies takes place

every 18 days.

Condition monitoring is achieved by checking the operation of the equipment and only
changing something if it shows signs of wear beyond preset limits. The checking is often
done using on-board monitoring and storing the data gathered in a computer for
downloading at the maintenance facility. Of course, it is a recent development made
available by the introduction of information technology on trains. Such systems are now

becoming so sophisticated that it is possible to have failure predictions of some items of
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equipment. A combination of on-board data gathering and depot maintenance systems
have been developed into complete maintenance management systems on lines where

modern rolling stock has been introduced.

2.18.15. Failures

As already mentioned, reliability is the key to running a successful railway. If the
equipment, especially the rolling stock, is not reliable, the railway is not workable. A
good railway management will keep track of its performance and its failures and, by this

means, ensure that problems are eliminated before they become endemic.

A number of methods can be used to monitor performance. The traditional way was to
measure on-time performance. The number of minutes late of each delayed train was
recorded and collated into daily, weekly, monthly and annual statistics. Usually, the time
of arrival at the destination station was the basis but an intermediate delay is often also
used to quantify a delay to a service. The cause of each delay is decided yes, it does
require a decision, as we will see later and the cause investigated. In the case of rolling
stock, there is probably a technical reason for the delay and there is usually a check to
see if other, similar incidents have taken place. If so, there may be a design fault which
needs a modification to the fleet to rectify. Checks are also done on maintenance
procedures to ensure that the process is being carried out properly and, if so, whether

the system needs to be modified.

Causes of delays are investigated to find out what happened. Imagine the case of a train
which comes to a halt in the middle of nhowhere. The driver notices that he has lost all the
brake pipe air so the emergency brake applied. After finding that the conductor has not
stopped the train and no passenger alarm valves have been operated, he starts trying to
find out the cause. After a while he find the cause a burst hose between coaches. Back
to get a spare hose. Oh dear, he hasn't got a spare hose. He has to isolate the defective
portion of the train and limp on to the next station where he can get a hose and repair
the train. Delay to his train? 25 minutes actual delay at site plus 17 minutes lost going to
next station plus 35 minutes replacing the hose. Total delay 77 minutes. But what was

the cause?

Initial observation of this incident would suggest a defective hose. The delay would be
allocated to rolling stock and the engineering department would have a few words with
the supplier to tell him what happened and discuss possible causes and remedies.
However, in our case, an enquiry is held because the conductor on the train says he
heard a loud bang under the train just before the emergency stop. The enquiry finds
that, upon investigation, a shovel was found by the track in a bent and battered

condition. The underneath of the train shows signs that it was hit by something. The
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damaged hose shows cut marks near the burst. It is concluded that the permanent way
workers in the area had left a shovel on the track, it struck the train and damaged the
hose. Allocation of delay: "Permanent Way" department. It wasn't a rolling stock failure
at all, although it was aggravated by the lack of a spare hose, which is a rolling stock
error. Eventually, as a result of some bargaining, the delay is split between the two

departments, both of whose performance is measured on train service reliability.

Such investigations and the subsequent bargaining were traditionally part of the railway
culture and have recently become more important since the commercialisation of the
business. No one wants to be blamed for delays, since service performance is part of

their contract and part of their payment structure.

2.18.16. Performance Measures

Rolling stock performance in respect of failures can be measured by MTBF (Mean Time
Between Failures) or MDBF (Mean Distance Between Failures). It is sometimes measured
by numbers of failures per year, month or week but this may not represent an accurate
rate consistent with mileage. On the other hand, rolling stock does deteriorate rapidly in
storage and this, in itself, produces failures, although these may not be the same failures
seen under normal service conditions. Failure rates are sometimes quantified in service
performance by availability. The performance is expressed as, for example, 95%
availability. In other cases it is quantified as, say, 92% on-time. This is more unreliable
as a statistic if the on-time regime is cushioned by huge amounts of "recovery time", as

is often the case today.

Performance monitoring also depends on the real definition of a delay. At one time, the
Inter City services in the UK were using 10 minutes as the definition of a delay. This was
much derided in Europe, where on-time performance meant just that. If you were not on
time, you were late. Perhaps a more equitable way to define a delay is by the loss of a
train path. Most main lines will give a three minute headway or 20 trains per hour,
assuming equal speeds and performance. A three minute delay will therefore lose a path
and, in the commercial structure of a modern railway, deprive the track owner of the sale
of a path to another train operating company. In a metro or suburban operation, the
path will be two minutes or slightly less, so a two minute delay would be an appropriate

measure of performance.

One other point about performance is that time out of service is as important as the
frequency or duration of failures. Another measure applied to equipment is the MTTR
(Mean Time To Repair). A short delay which requires a train to be taken out of service for

repair become more critical is the train takes a week to get back into service. It's not
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good design if the train owner has to lift the car off its bogies in order to replace a fuse.

Short MTTR is another important part of good rolling stock performance.

2.18.17. The Development of Train Maintenance

Leaving aside the question of steam locomotive maintenance, which is another subject
entirely, the regular inspection of motive power, coaches and wagons has long been a
part of the railway culture. The need for inspections was based on the need to ensure the
good condition of the structure of the largely wooden bodies of the coaches and wagons

and the integrity of the wheels, axles and braking systems.
Example Wheel Inspection

As an example of how train maintenance has developed, we can look at wheels and
axles. Wheels and axles were vulnerable to fracture, particularly in the early
development of railways when manufacturing techniques were not as sophisticated as
today, and they were checked daily for visual signs of damage. Many railways painted a
white mark over the wheel tyre and hub so that any movement of the tyre on the hub
was immediately noticeable. Wheels were also "tapped" struck with a hammer to ensure
a "ring" was heard so as to confirm there were no cracks. In spite of these checks, there
were occasional and sometimes spectacular accidents due to wheel or axle fractures on

trains in service.

As early as the 1930s, techniques were developed to test axle integrity by electrical
means. Magnetic particle testing was one system used, where energised particles of steel
were applied to axles to determine the location of cracks. In the 1950s, an early form of
ultrasonic testing was used. Nowadays, such systems are standard. This type of
development process has taken place for all rolling stock systems, including those on

locomotives, coaches and wagons.
Example - Brake Maintenance

Train brakes were always inspected regularly. In the early 1900s, electric multiple units
(EMUs) used in London (UK) were inspected every three days, most of the work
concentrating on replacing brake shoes (often called brake "blocks" in the UK) and
adjusting the complex rigging used to connect the single brake cylinder to the blocks on
each of the wheels. Many designs used two blocks on each wheel, a design known as
"clasp" brakes. Setting these up to get even braking on all wheels was a skilled job
requiring at least two men under the vehicle. As the blocks were usually made of cast
iron and weighing around 28 Ibs. (12.7 kilos), they were awkward to access and fit. On
cars with traction motors, it was more difficult due to the reduced clearances. Later

designs reduced the rigging, so that each bogie had a cylinder or, on modern trains, each
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wheel or even each block had its own brake cylinder. The skill requirements were
reduced but the bogie became very crowded and block changing became a job for very

slim athletes.

Modern trains usually have disc brakes and pads are used instead of blocks. These are
easier to change, being smaller than blocks, but the modern bogie is still a very crowded
place see Bogie Parts. During inspections of brake parts, only a percentage of blocks or
pads get changed and a lot of time can be wasted looking at them to see the state of
wear. Recently, a system developed in the UK called Padview, has been introduced to
some depots. Padview takes a video image of the brake pads of a train as it enters the
depot and compares the image with a computer stored image of a pad. The comparison
generates a "go-nogo" output to tell the supervisor if the pad needs changing. A similar

system has also been developed for checking wheel wear.

Aside from the mechanical features of brakes under the cars, a test of the operation of
the braking system has traditionally been mandatory on a daily basis. Not all railways
insist that wheels are checked to see if the blocks are applied on each but this is normally
done during "reblocking". However, a test to see that the brake pipe is continuous
throughout the train is essential, especially after coupling or uncoupling and after
maintenance work. This is normally done by charging the brake pipe fully from one end
of the train and checking that it has charged at the other end. This is followed by a
reduction in pressure from one end and a check that the pressure has fallen at the other
end. On US freight railroads, the train will have a system which electronically checks the
pressure at the remote end to eliminate the manual check. See EOT Device for more

information.

Modern brake systems can incorporate pressure sensors which determine brake cylinder
pressure or even brake pad pressure. The reading is sent to an on-board computer or
data unit and alarms are provided in the driver's cab if a unit reveals an unsafe condition.
In maintenance, this facility can be used to download data indicating wear, failures or

likely failures. Such facilities are now part of modern train maintenance management.
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2.19. WHEEL ARRANGEMENTS

2.19.1 Introduction
This page describes the various systems used from time to time to describe the way in

which the wheels are distributed under a locomotive.

2.19.2. Modern Diesel and Electric Locomotives

Starting with modern equipment and the usual method of describing how the driving and
non-driving (carrying or trailing) wheels are distributed under a locomotive, there are
two simple basic rules. First, the wheels are not individually identified, only the axles
and, second, trailing wheels are allocated numbers and driving wheels are allocated
letters. The letter or number refers to the number of axles in a single frame, for

example:

B-B

Bo-Bo

Co-Co

Independently motared axle .

Tweo motored axles

driven off the same “

motor ar coupled

Modern Locomotive Wheel Arrangements

A locomotive with two bogies, each bogie having two axles is a Bo-Bo or a B-B. Both are
shown in this diagram. The difference between a Bo-Bo and a B-B is that the two axles in
a B bogie are coupled together, either by a coupling rod (once common but now

obsolete) or because they are both driven by the same motor (example). Unfortunately,
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over the years, some confusion has arisen because there have been a number of

variations in the way these notations have been used.

On continental Europe, it is common to see a Bo-Bo described as a Bo' Bo'. The -
(hyphen) which used to denote the separation between one bogie and the next under a

locomotive has been replaced by a ' (apostrophe). The ' is used to denote a swiveling
bogie, independent of the frame of the locomotive. This system is even used to describe

the axles under a multiple unit train, for example:
2'2'Bo' Bo' 2' 2'

which is a 3-car set with a leading trailer car, a centre motor car with all axles driven and

a rear trailing car.

Further confusion has arisen because of the French habit of describing their locomotive
classes with, for example, BB as a prefix to the locomotive number, regardless of
whether the locomotive was a B' B' or a Bo' Bo'. They did the same with the CC notation.
As the B' B' was very common in France it caused a lot of confusion unless you were an
expert on their traction drive systems. The same problem has appeared in the US where
the Bo-Bo or Co-Co arrangement is common but they are widely referred to as B-Bs or C-
Cs.

One other feature is the use of a + instead of the between the bogie number or letter.

This would indicate the bogies are coupled or articulated in some way.
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2.19.3. Older Designs

2-Bo Bo-2

1-0-1

1-Co-Co-1
— — — — u

Al A AT A,

Independently motored axle .

Trailing axle O

A group of axles driven

off the same motor or ”

coupled

Diesel and electric locomotives designed during the first half of the twentieth century
often absorbed some of the mechanical features of the steam locomotive. One such was
the use of coupled driving wheels, often powered by one or two very large electric
motors. They also included the use of trailing or carrying wheels. Some examples of

these are shown below:

The 2-Bo Bo-2 is one which offers a strange arrangement. This is from an Italian design
of 1935 where the 2-Bo was mounted under a "demi frame" attached to the locomotive
at its rear end. Its Italian classification was written as (2' Bo) (Bo 2'). For those

interested it was a class E 428 3,000 V DC electric locomotive.

The next example is a 1-D-1, the D referring to the four coupled driving axles in the
centre of the locomotive. This was a 3-phase locomotive from 1922. I have not found a

design of locomotive with greater than E (five) coupled axles under one frame.
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The next two are more recent UK diesel locomotive designs, the 1-Co-Co-1 first seen in
1948 and later on the Class 40s and 45s circa 1960 and the A1A-AlA (Class 31)

introduced in 1957. The latter design was adapted from a once popular design of the US.

One rare design seen in the UK was the Co-Bo, designed by Metropolitan Vickers. It was
more an exercise in weight distribution than anything else. The non-standard design

made it less attractive as a cost effective solution.

2.19.4. Steam Locomotives

Different systems for denoting steam loco wheel arrangements were developed in
different countries. In the US and UK it was usual to refer to a steam locomotive type by
its wheels rather than its axles. The wheel layout was described totally numerically by
first the leading carrying wheels, then the coupled wheels (including the driving wheels)
and finally the trailing carrying wheels, in that order, in a system invented by Frederic M
Whyte in the US in 1900 e.g. 4-4-0 = 0000, 4-6-2 = 000000, 0-4-2 = 000, 0-6-0 =
000, 2-10-2 = 0000000. A "T" at the end of a description e.g. 0-6-0T, indicated a tank
engine, i.e. one not requiring a tender. A good list of steam locomotive wheel

arrangements is available at the Webville and Hypertext R.R. site.

Some European railways used a modified form of the Whyte system where the number of
axles was used instead of the number of wheels, 4-6-2 becoming 231. This was further
developed by the French who used numbers for non-driven axles and letters for driven
axles thus; 2C1. This was rearranged by British locomotive designer Bullied who who
placed the non-driven axles first in the order, then the driven axles, thus 21C. From the
French system it can be seen how the non-steam locomotive axles notation system was

developed. For a full list of the French and German systems of wheel notation compared

with the US/UK version, see our Steam Locomotive Wheel Arrangements page.
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TRAIN OPERATIONS

3.1. INTRODUCTION

This page contains some articles about the planning, crewing, movement and control of
trains. It is not concerned with the type of trains except as how this might affect
operation. It is based on modern practice around the world, showing some examples
where suitable. It is not concerned with signallingexcept where it is used to control

trains.

3.2. DEFINITIONS

First, it is important to set out some definitions. A train is defined here as one or more
railway vehicles capable of being moved. It may consist of a locomotive (sometimes
more than one) to provide power with various unpowered vehicles attached to it. It may
consist of a multiple unit, i.e. several vehicles formed into a fixed formation or set, which
carry their own power and do not require a locomotive. A train may be only a locomotive
running light (deadheading) to a point elsewhere on the railway. A train may be

passenger carrying, freight or, rarely nowadays, mixed.

A train may be manually driven (by a driver, operator or engineer) and may have other
crew members (assistant driver, fireman, conductor and catering staff) to assist the

driver and/or the passengers.

3.3. THE OBJECTIVE

A train is an expensive piece of kit. A locomotive now costs about US$ 5 million and a
coach up to US$ 1 million depending on the type. A multiple unit (i.e. a self-powered
train without a locomotive) can cost an average of US$ 1.5 million for each vehicle,
depending on type and size of order. This is a lot of capital to invest and it is essential to
make sure it earns its keep. Trains sitting in stations and sidings may look nice but they

don't earn money.

Crews are also expensive. They too, must be used efficiently and safely, which means
regulating their hours but they will be needed to match the times that they are required
on the trains. Allocation of crews is a scientific skill just as important as train control. For

more information see Train Crews.

The infrastructure of a railway is its most expensive asset. A new railway can cost US$
25 million per kilometre and this price will double to US$50 million for an elevated urban
line. An underground metro or subway can cost up to US$200 million a kilometre in a

country where protection against typhoons and earthquakes is required. See Railway
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Finance for more information on costs. Maximisation of the use of the line of route is

essential and train operations management will play an important part.

The objective of good train operations management is to use the route, the rolling stock

and crews in the most effective way. This is what this page attempts to explain.

3.4. LOCOMOTIVE HAULED TRAINS

The traditional train comprises a collection of coaches (or freight wagons) with suitable
motive power attached in the form of a locomotive. The train is made up of sufficient
vehicles to carry the traffic offering and provided with enough power for the job. For
passenger operations, one locomotive is usually sufficient. In heavy freight operations,
this number might go up to four locomotives on the front and at some other places along

the train.

A good deal of flexibility is possible with locomotive haulage. As long as the train weight
remains within the capacity of the locomotive(s), any number of vehicles can be
attached, although limits will be imposed by platform or siding lengths. Locomotives

themselves can also be flexible, many being designed to cover a range of duties.

The advantages for locomotive hauled trains mean they are the best option for many
railway operators around the world, particularly freight but, where traffic is dense, i.e.
where a large number of trains are required, a more rational approach is necessary,
particularly at terminals. In addition, in very predictable operations like commuter

services or metro lines, fixed formation trains will be the most efficient.

3.5. TERMINAL OPERATIONS

One disadvantage of traditional locomotive haulage shows up at the end of the line.
When a train arrives at a dead end terminal, the locomotive is trapped between the train
and the buffer stops. The only way to release the locomotive is to remove the train and
for that, a second locomotive is required. This second loco is attached to the other end of
the train and will be used to provide power for the return trip. When the train has been
removed, the first locomotive is released, moved away from the platform to a "loco
siding" near the terminus and stored until used for the return trip of another train. This
problem can be solved, if space is available. The train stops a distance from the buffer
stops and a crossover to a run-around track is provided. This is sometime referred to as

a "locomotive escape" and is used as shown in the diagram below.
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Diagram of terminal station showing how a locomotive escape crossover 15 used. The train stops short of the crossowver
and the locomotive is uncoupled. The locomotive will draw forward to the other side of the crossover and then reverse
direction over the crossover to escape.

Often, the adjacent platform track is used but it must be kept free of other trains.
Sometimes a scissors crossover is used. Of course, the arrangement would not nowadays
be suitable for a major city terminus where space is at a premium and land is very
expensive, so efforts are made to use tracks to the optimum. So, although locomotive
changing operations at terminals were, and still are commonplace, where there is intense
traffic, additional movements for loco changing can restrict the terminal capacity. Also
additional locomotives are required to cover these terminal operations. To overcome all

these limitations, the Multiple Unit was introduced.

3.6. MULTIPLE UNIT OPERATION

Locomotive operation of intensive services was rapidly phased out when electric traction,
using "multiple unit" operation, was introduced late last century for US urban railway
lines. Within ten years the idea had spread to Europe. The facility for the electric traction
system to be spread out along the train, compared with cramming it all together into a
bulky locomotive, allowed a number of small power units to be distributed underneath
the floors of several vehicles in the train. They were all simultaneously controlled by the
driver in the leading car through wires running the length of the train. Thus was born
the electric multiple unit or EMU. In later years, DMUs (diesel multiple units) were

developed using the same principles.

A modern passenger multiple unit train is now made up of a humber of inter-dependent
vehicles which cannot operate unless all the vehicles are of the right type and are
coupled in the correct position in the train. Power and auxiliary equipment is usually
distributed under more than one vehicle and is all controlled from the driving position.
Vehicles in multiple units are usually referred to as "cars" and are known as "motor cars"

if powered and "trailer cars" if not.

Multiple unit trains are formed into "units" or "sets"of two or more cars. They are often

semi-permanently coupled together, only being uncoupled inside a workshop for heavy
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maintenance. Units can operate singly providing driver's cabs are provided at both ends -
or coupled to form longer trains. Some operations require two (or more) multiple units to
be coupled together to provide sufficient capacity for a particular service. This also allows

trains to be lengthened or shortened whilst in service by adding or cutting units.

Some multiple unit trains are designed so that a unit has a full driver's cab at one end
only. At least two units, coupled back to back, are required to make up a train for
service. In the US, a development of this type of formation, known as "married pairs",
has been popular since the 1960s. Two cars, coupled together and electrically dependent
on each other, form a unit and a number of these are coupled to form trains of four, six,
eight etc. cars. Similar formations have since appeared elsewhere, e.g. London

Underground's Central Line.

Multiple unit trains are mainly used for high density suburban operations where traffic
levels are easily predicted and form constant patterns which allows fixed train
formations. In recent years, long distance traffics have shown the same tendency and
many railways are now adopting the multiple unit formation for these routes e.g. the
French TGV, the UK HST, the Japanese Shinkansen.

Other advantages of the EMU are that it doesn't have to carry its own fuel, it takes it
from overhead wires or an additional (third) rail and it is quick and simple to reverse at
terminals. All you have to do was provide drivers controls at both ends of the train,
connect them to the train wires and give the driver a key to switch in the controls at the
end he wants to use. Locomotive changing is instantly eliminated, terminal space is
released and trains can be turned round more quickly. All the driver has to do now is

change ends.

Another form of multiple unit operation was adopted in the early 1960s when a new

concept appeared called push-pull.

3.7. PUSH-PULL OPERATION

Push-pull operation was really only an adaption of the multiple unit principle but applied
to a locomotive powered train. Assuming a regular level of traffic and an even interval
service was required, trains could be formed with a locomotive at one end and a driving
cab on the coach at the other end. If you could find a way of doing it cheaply by
converting existing coaches, it could represent a big step forward. SeeDevelopment of
Push Pull Operation in the UK by Chris Grace.

The idea has now been adopted world-wide in two forms. One, as stated above, uses a
locomotive at one end and a coach equipped with a driver's cab at the other end. The

number of vehicles in between them may be varied seasonally if required but the
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formation is not normally varied on a train by train basis. In the UK, the coach at the
rear has become designated a Driving Van Trailer (DVT). It is used to carry luggage and

passengers are not permitted to ride in it at speeds over 160 km/h.

The second push-pull form uses two locomotives, one at each end of the train. This was
applied to the Channel Tunnel "Le Shuttle" trains and has also appeared elsewhere,
notably in Taiwan. The two locomotives are necessary in these cases to provide sufficient

power.

3.8. HIGH SPEED MULTIPLE UNITS

The modern two-locomotive concept for push-pull operation first appeared in 1959 with
the UK's Blue Pullman series of trains. A diesel power car was provided at each end of a
six- or eight-coach set. The concept was further developed in the 1970s with the UK High
Speed Train (known as the HST) and in France with the TGV (Train a Grande Vitesse).
The former is diesel powered, the latter electric but the concept is the same. Both these
trains employ a power unit at each end with a set of passenger carrying coaches in-
between. The Germans have joined the club with their ICE train. The only real difference
between these trains and the original push-pull concept is that the newer trains were

purpose built.

Not forgetting the Japanese high speed train concept; they were the first to introduce
over 200 km/h running on a regular basis and have kept at the forefront of high speed
train technology with their German and French counterparts. However, the Japanese
HSTs have always been multiple units in the original sense, having many power cars

distributed along the train.

The HST name was first used for diesel multiple unit passenger train developed in the UK
for 125m/hr running. It is now generally accepted as the definition for any passenger
train scheduled to run at over 200 km/h. For more information on the different types, see

our High Speed Train Page.

3.9. HEADWAY
This is the name given to the elapsed time between trains passing a fixed point in the
same direction over the same track. It is usually expressed in minutes e.g. "trains were

running at a 4-minute headway". Another way of expressing it is as trains per hour (tph).

A well run railway will conduct research to determine how many fare paying customers
are likely to show up at various times of the day and will operate their trains to suit.

See Train Service Planningbelow. In many instances the patronage numbers will show

that it is possible to run trains at even intervals or at a given "headway". This may be at

two hours for a long distance, main line route or two minutes for a metro.
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Once established, the headway is used in calculating the number of trains required for a

particular service, the train performance requirements and signalling requirements.

3.10. TERMINALS, LOOPS AND TURNBACKS

Terminal Station Station Station Station I Terminal

> =

Diagram showing a simple end to end metro line with two platform terminals at each end

There are three ways of turning a train requiring to reverse its direction at the end of a
trip. First a simple change of direction where a locomotive is placed at the other end of
the train or, where driving cabs are available at both end of the train, can be achieved in

a train in a single terminal platform with a track on either side as shown left.

Terminal Station Station Station Station Terminal

2= 2= 2=
(e &= &= & & 3 o )
= — —

Diagram showing a simple metro line with terminal loops at each end

Second, you can drive the train around a loop track beyond the terminal station -

provided you have the space to build the loop (diagram left).

Finally, you can provide a reversing track (or turnback, as it is called in the US). The
train deposits arriving passengers in one platform and goes forward to the siding where it
changes direction and then proceeds into a departure platform. In the diagram below, a
single reversing track is shown at the left hand end while the double set of reversing
tracks are shown at the right hand end. The latter is the usual option and can be seen in

such places as Paris Metro and Tokyo Underground and London.

. Terminal Station Station Station Station Terminal
Reversing - 4 -
Track :
—< ] 1 [ 1 1 X |
e s '

Diagram showing a simple metro ine with a single reversing siding at one end. In the US this arrangement is referred to
as a pinched loop. The other end has two reversing tracks beyond the terminus.
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The first option a simple reversal procedure is the most popular since it uses least space
and is reasonably quick. For the second option, tram or light rail operators who equipped
their trains with a cab at one end only favour the loop. Some metro operators also use
it, notably Paris and New York.

The third option is a reversing or turnback track as shown above (left hand end) but it is
often used also when turning trains at a location mid-route. The siding is provided
beyond the station between the main running lines and is connected to both, as shown
below.

Station i ?Frrearin 9 station t Station
N ¢

— >

Diagram showing a reversing track hetween two running tracks.
This is varioushy known as a centre siding, pocket track, or turnback.

This solution is popular for urban and suburban systems where the inner section of a

route has a requirement for a higher frequency service than the outer section.

Station

]

- Terminal
Z: Sidings :
—> 1

Diagram showing a terminal with the crossowver in front of the platform
and sidings hehind. The sidings can be used 10 store trains hetween
peak hours or at night.

An alternative layout is where a two-track terminus has its tracks extended beyond the
station (diagram left). This arrangement allows trains to be stored between the peak
hours or at night. A defective train can be stored there until it can be repaired or sent
back to the depot.
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3.11. TRAIN SERVICE PLANNING

S
Fassengers Per Hour Easthound

Per Direction _I_
11,500

10,500
8,500
| 7500 G500

£ 500 5,500
3,000
Ash Beech Birch Elrm Lime Oak Palm Pine Plane
0 Seconds 122 109 95 102 17 82 114 118
X [ ] ] ] | 1 m =
- -
124 109 a7 102 115 a1 17 116 a
Trip time Ash To Plane =869 seconds Train Capacity =700 passengers (Crush Load)
Trip time Plane Tao Ash =871 seconds Load Factor (uneven loading) = 85% ar 894 passengers
Turnround Time at Ash =120 seconds MWlaximum load reguirement 11 500 passengersihr
Turnround Time at Plane = 120 seconds Trains required 11 800435 = 19 32 i.e.20 per hour
Total Round Trip Time (start from Ash to start Headway = 3 minutes

from Ash) =1930 ds =33 minutes.
rom Ash) FEEaneE rinues Mo. of trains required = round trip time (33

mins)fheadway (3 mins )= 11 trains

Diagram showing how a metro service is planned. This is an imaginary short line (about 12 kms long)
and shows patronage for only one direction for simplicity.

Here is an example of how a train service is planned for the peak hour of a short metro
line. I suppose we could call it the Forest Line. The diagram below shows the elements

involved in planning the train service.

First, you have to find out how many passengers will use the service. This involves
assessing the numbers of people in a given area who will come to the station during each
hour of the day and how they will get there. Some will walk, some will use a bus service
(if there is a good connection) and some will drive, if there is cheap parking. For walkers,
500 to 800 metres is about the limit. Bus users will usually prefer to get a direct route
and good integration of transport will allow bus routes to be organised to feed rail
stations. Often, this process requires political commitment essential if the resources are

to be used properly.

The next stage is to determine where the people want to go and when. For planning a
new railway, this will be critical in deciding the best route. For existing lines, the
development of the city may already have resulted from the routing of lines as it did in

New York and London.
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All of this "origin and destination" patronage data is fed into a computer program and the
numbers for each station, each direction and during each hour are derived. Such
programs are usually owned by consulting companies who are engaged to do the work or
who licence the operator to use the software. The end result is a set of numbers for each

station which show:

e Passengers boarding trains in each direction
e Passengers alighting from trains in each direction
e Passengers riding on trains between stations for each direction

e Passengers transferring from line to line at interchange stations (if any)

To allow the train service to be planned, the patronage study generates "passengers per
hour per direction" (pphpd) as shown at the top of the diagram above. In our case, we
see the passenger numbers travelling between each station but, for simplicity, only the
eastbound direction. The "curve" generated will not necessarily look like the one above
on a suburban route, where there is often a build up starting at one end of the line which
carries on building up until the terminus is reached and the train is full (to bursting

sometimes).

3.12. ROUND TRIP TIME

Once the patronage is determined, the train service has to be planned to carry the
people who turn up. During the peak hours, this can be a lot of people. The frequency
and number of trains required has to be calculated to match. First the run times are
worked out, again by a computer program which includes the profile of the line (curves,
gradients, station locations, dwell times at stations etc.) and the performance of the
trains to be used. On heavily used lines, the program may incorporate the patronage
figures to estimate the number of seconds each train has to stand or "dwell" at each

station while loading and unloading takes place.

The diagram of our imaginary Forest line above shows in red the computer generated
arrival times, in seconds, for a train running in each direction. Added together and with
allowances for terminal standing times, the program will eventually provide a "round trip
time", i.e the time it takes to run from one end of the line to the other, wait at the

terminus, run back to the starting place and wait for the next round trip departure time.

In our example above, the run time from Ash to Plane is 869 seconds and the time back
from Plane to Ash is 871 seconds. There is a 120 second dwell at each terminus to allow
the train to change direction and load/unload passengers. This is actually longer than

needed but we usually leave in a bit of extra time for delays known as "recovery time".
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This time is also used to give a round trip time to balance the service interval. The end

result our round trip time is 1980 seconds or 33 minutes.

3.13. TRAIN LOADING

The next step is the train loading. First we determine the train capacity - in our example
above, I have used a capacity of 700 passengers. This is a fairly small number for a
modern metro line but it is used in London for some lines and for those places which
have short trains. At the other end of the scale, in Hong Kong, the Kowloon Canton
Railway uses over 4000 passengers per train as the planned capacity of its 12 car trains.

On one occasion, 363 passengers were counted travelling in one 24 metre car.

The density of passengers also determines the total capacity. In Western countries, the
standing capacity of a train will often be calculated at 4 or 5 passengers per sq./m. In
the Asian context, this number rises to 8 per sq./m. Europeans want lots of space, Asians
don't seem to mind so much. The standing area is the free floor area of the car, i.e.

where there are no seats.

We also decide on a load factor. No train will fill with passengers equally from end to end
and passengers will not arrive at stations in steadily flowing numbers throughout each
hour. So, a load factor is applied. In our case, it is 85%, a relatively small allowance used
in Hong Kong because of the density of traffic. Larger allowances may be appropriate in

other countries.

Now we know the capacity of the train (700 * 85% = 595), it is a relatively simple sum
to use the patronage data to determine the number of trains required each hour. You
divide the numbers of passengers travelling along the busiest section of line (11,500) by
the train capacity (595) to get trains per hour (19.32). We have to call it 20 trains per
hour as we can't run 0.32 of a train. Twenty trains per hour is equivalent to a train every

three minutes or a 3-minute headway.

3.14. ROLLING STOCK CALCULATIONS
We are now ready to calculate the rolling stock requirements. To find out how many
trains are required to operate a regular interval passenger service, the following simple

formula is applied:
Round trip time divided by the headway.

In our Forest Line example above, the round trip time is 33 minutes and the headway is
3 minutes, so we need 11 trains to operate this service during the hour when there are
11,500 passengers travelling over the busiest section of line. Some railways keep a

"service spare" train on standby, in case a service train becomes defective or a disruption
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to the service leaves a gap in the headway which needs to be filled temporarily. In this
case we might plan to have 12 trains available for service and we will have to add one or

two extra to cover maintenance requirements.

After the peak hours, the numbers of passengers will drop so the train service can be
reduced to match. This will often mean, for a metro line, about a 40% or even a 50%
reduction in the number of trains required. The planned train loading will usually be
reduced during off-peak hours to allow a greater percentage of passengers to get seats,
so the number of trains operating in off-peak hours may not match the patronage exactly

as it does during the peak. Thus the load factor may be 50% or less.

3.15. ROLLING STOCK OPERATION
The stock required to operate a regular passenger service will be calculated as we have
seen above and then a series of "diagrams" or working paths for each train will be

designed. These will take into account:

e the location of the depot

e the location of other stabling points

e the frequency of exterior washing required
e the frequency of maintenance inspections

e other routes where the trains can be used

A train will have to be given time to move from its stabling point to the first station
where it is required to pick up passengers. Time will also be allowed for its return to a
stabling position, its "dispersal". Trains used to cover a weekday metro or commuter

service present complicated patterns of use which look like this:
All day use: AM start to night finish

Peak only: AM start to AM finish; PM start to PM finish

Peak and evening: AM start to AM finish; PM start to Night finish
Mid-day: AM Start to PM finish

Each train will be used on one of the above patterns, of which there will be several

varieties.

3.16. STOCK BALANCE

Rolling stock must be "balanced" at the end of the traffic day and timetables must be
designed to allow this. "Balanced" means that any place where trains start from (a depot
or sidings) must have an equal number of trains restored to that location at the end of

the day. Here is an imaginary example:
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Ash Beech Birch Elm Lime Oak 112N pgjy Fine Flane

Siding
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Ash Sidings
Depot 4 trains

T trains

Diagram of sample metro line showing location of overnight stabled trains

Our Forest Line (shown above) must provide 12 trains for the morning peak service each
weekday - 11 for service and 1 spare. Of these, 7 are stabled at Ash Depot, 1 at Oak
sidings and 4 at EIm sidings. One of the four at EIm will form the spare train. Therefore,
by the time the last train has stabled after the close of traffic, 7 trains must have got
back to Ash, 1 to Oak and 4 to Elm. The timetables must be designed this way and crew
duties have to be arranged so that people are available to start these trains up each
morning. If there is a train short at any location because it was left at the depot for any
reason, a trip or two will be cancelled while the crew goes "away from home" to fetch it.
This is what it means when you hear that the service is disrupted because "trains were in
the wrong places" in the morning after a serious problem. It's the railwayman's version

of a hangover.

Another point to realise is that it will be necessary to ensure that all trains return to
depot within 2 or 3 days so that they can be washed and maintained. The balancing act
must therefore ensure that the trains rotate through the depot in this 2-3 day period.
Performing this balancing act is made easy by use of a technique known as diagramming.

Before the diagrams are worked out, a timetable has to be prepared.

3.17. WORKING TIMETABLE

To show everyone concerned sample here how the train service will operate and where
the trains will start and finish, a timetable must be drawn up. This is not the one the
passengers see, it is a detailed one for staff. It shows all details of all train movements,
including empty moves and times in and out of depots. It shows each train or trip
identity and intermediate times for some, if not all stations. A sample, showing the start

up of the Forest Line service in the early morning, can be seen on the Working Timetable

Page. This includes a train working summary and train diagrams.

3.18. TIMEKEEPING
This is such an old-fashioned word that many modern railway managements have

forgotten its importance. In any business, the customer expects to get, at the very least,
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what he is told he will get. If he is told his new car will be peacock blue, he will be very
upset if an Italian red car is delivered. If he is told his train will arrive at 10:05 and it
arrives at 10:10, he will also get upset. Any attempt at excuses will not remove the idea
that he has now formed that the railway has not delivered. He is right. Whatever other
things an operator at any level does, he should have timekeeping as his number one

priority.

The first premise for timekeeping is to have clocks which tell the correct time. Systems
for the central control of clocks to very accurate standards are widely available and are
well worth the cost of installation and maintenance and can even be used and paid for as
a marketing tool. Much of the cost can often be offset by advertising around the clock
displays in public places. Times should also displayed in conjunction with train
descriptions and arrival/departure information. Passengers should be able to set their
watches by the station clock and know that it will always be correct. There is no excuse

for railway clocks which do not tell the correct time.

The definition of "on time" has been elasticised in recent years, so much so that UK main
line routes have classified on-time as any train which arrives within ten minutes of its
timetabled time. This cannot be held up as a good customer relations exercise, nor good
railway practice. Two minutes might be considered acceptable, if penalties were to be

calculated in a contractual sense.

3.19. RECOVERY TIME

In order to "improve" timekeeping, railways have always provided recovery time in
timetables. This is extra time, above that usually required for a train to complete its trip
on time, allocated in case of a small delay or temporary speed restriction. We saw this in
our example above where terminal time was extended a little. Unfortunately, it has
become much abused in recent years in the UK and huge levels of recovery have been

built in as much as 15% in some cases.

It does not make for good public relations when trains arrive at the outskirts of a city 10
minutes early and the passengers have to cool their heels in a stationary train knowing
that they are only a few minutes travel time from their destination. Recovery time
should be strictly limited and eliminated altogether when possible. It should not be used

as an excuse for bad timekeeping.

3.20. TERMINAL OCCUPATION
Terminals are usually located in densely occupied areas and often date from an era when
land was cheaper than it is now. Opportunities for expansion are limited so, for busy

terminals, efficiency of operations is very important. It is essential that trains do not
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occupy a platform for any longer than necessary to unload the arriving train and prepare

it for departure.

Trains may require cleaning and/or reprovisioning whilst in a terminal platform, since the
old practice of removing a train from the arriving station at the end of every trip,
cleaning and restocking it for catering requirements and returning to service for a later
trip, is inefficient. Toilets may also be drained and provided with clean water in terminals,
if special facilities are provided. Diesel refuelling is generally done away from the

passenger areas.

Track layouts at many terminals are complex and compact, due to the shortage of space.
Flexibility of operation requires careful design of the layout and short run-in and run-out
times. Restrictions due to signalled protection systems for dead ends will restrict train
movements at peak times. A peak hour platform occupancy of more than four trains in
the hour is unlikely for long distance services. Main line terminal operators would think
they were doing well if they could get a platform utilisation of three, long distance EMU

trains an hour in a dead end terminus like Victoria (London).

For metro operations, terminals are usually small and can accommodate a much higher
frequency of trains. No dwell time is lost at peak times because of cleaning or catering. A
two-platform terminus with a scissors crossover of suitable speed (as provided for
Central, Hong Kong MTR) can allow a service of 34 trains per hour to be reversed if

special crewing arrangements such as "stepping back" or "double-ending" are used.

3.21. STEPPING BACK

This is a crew change system used at a two-track, island platform terminal to reduce
train turnround time. When the first train arrives, the driver shuts down the cab and
alights. Another, waiting driver, immediately enters the cab at the other (departure) end
of the train and "opens up" the cab ready for departure. The first driver, meanwhile
walks to the departure end of the opposite platform. When a train arrives in that
platform, he enters the rear cab, waits for the arriving driver to shut down his cab and
then prepares the rear cab for departure. When this is done the train is ready for
departure. It should not be confused with double-ending. It has been used at, for
example, Brixton (Victoria Line, London) and Central Station (Tsuen Wan Line, Hong
Kong MTR) to good effect.

3.22. DOUBLE-ENDING
This is another method of turning trains quickly at a terminus. A train (assuming there
are drivers' cabs at both ends) is provided with a driver at each end to give a rapid

turnround.
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In the most common scenario, the train arrives at an arrival platform in a terminus with
one driver in the leading cab. A second driver boards at the rear cab while the
passengers are alighting from the train. The train is driven into a siding beyond the
terminus by the first driver. As soon as he has stopped the train, he shuts down his cab
controls and the second driver at the other end immediately opens up his cab. As soon
as the route into the departure platform is cleared the second driver takes the train into
the platform where passengers board and the other driver alights. This method is much
favoured by the Paris Metro. Indications in cabs, such as an "Other Cab On" light, are

usually provided to show when the other cab is switched out or "shut down", as they say.

Sometimes, the same procedure is used but the second driver joins the train at the
station before the terminus and the change of direction is carried out in the terminal
platform instead of in a siding. The disadvantage of this method is that boarding and
alighting passengers are mixed on the same platform. This can defeat the object of
double-ending, which is to reverse trains as quickly as possible under heavy traffic

conditions.

And then there's the way it's done on the Toronto subway: each train carries two drivers
at all times.The one who isn't driving operates the doors. This is normally done from a
position 2 cars from the rear of the 6-car train, but it can be done from any cab. So if an
quick turnaround is needed, the rear man just moves to the back of the train before the
reversing station and the front driver closes the doors from what was the front cab

before moving up two cars.

3.23. CREW NAMES

Driver

The person in front who (usually) controls the movements of the train itself. In the US
known as the Engineer. Sometimes referred to as a Train Operator on metro systems or
where One Person Operation is used. Also known as a "motorman" on some electric

railways.
Conductor

Formerly (in the UK and some other places) the Guard. Provides assistance to the
passengers and driver or other trainmen. Often used for fare collection and/or ticket
checking. Used is emergency to provide train protection assistance. Some railways

qualify guards/conductors for limited emergency driving.
Hogger
American nickname for driver.
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Hostler

US name for a person working in an engine shed under the operating foreman. This is in
turn derived from 'Ostler' who looked after the horses for the mail coaches, so it's a

survival from English practice.
Fireman

Originally employed on steam locos to maintain steam pressure and assist the driver with
the operation of the locomotive. Now retained on some railways as the driver's assistant,
particularly on longer distance or freight operations. Called "second man" in the UK and

"chauffeur" in France.

Second man

See Fireman.

Trainman

Anyone who works on the train as a normal occupation.

3.24. CREW HOURS AND NUMBERS

The basic working day for industry world-wide is 8 hours. A break in the middle of this
will usually be for at least 30 minutes. On a railway operating 18 to 24 hours a day,
trainmen will have more flexible working conditions which might extend the working day
to 12 hours with suitable rest breaks. Certainly, shift work is involved. Many countries

have laws which limit working hours and which determine minimum rest periods.

Hours can now be a lot more flexible than used to be the case, since a lot of new
agreements have been worked out between staff and managers of the new breed of
commercially oriented railways. However, any disruption of the service can quickly
disrupt the crewing as well as the train positions and action must be taken to adjust crew

working with the available staff.

It is necessary to keep some spare staff on duty at all times. Any level between a
minimum of 10% and a maximum of 25% for special circumstances might be considered

necessary. One can be amazed at the levels of spare crews allocated on some railways.

For an even interval service with peak and off peak frequencies, the number of crews
required to be employed can be calculated by the number of trains for the peak hour
times a factor of 5. This allows for training, weekend cover, occasional days off, leave,

compensatory leave for working public holidays, sickness, shunting duties and spare
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crews. Individual totals will vary with the service provided and the conditions of

employment and you might get that factor down to 4.5 or even 4 on smaller operations.
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SIGNALLING PAGES INDEX

4.1. INTRODUCTION

Railway signalling is a complex and fascinating subject. This paper has a number of
pages explaining the systems in use around the world ranging from old semaphore
signals still used in the UK and eslewhere to modern electronic high capacity systems

used by metros.
4.2. THE DEVELOPMENT AND PRINCIPLES OF UK SIGNALLING

4.2.1. Introduction
An outline of the history, development and basic principles of UK railway signalling,

including multi-aspect signals.

4.2.2. Background

Signalling is one of the most important parts of the many which make up a railway
system. Train movement safety depends on it and the control and management of trains
depends on them. Over the years many signalling and train control systems have been
evolved so that today a highly technical and complex industry has developed. Here is an
attempt to explain, in simple terms, how railway signalling developed and how it really

works, based on the UK standards.

4.2.3. Pioneer Signalling

Back in the 1830s and 40s in the very early days of railways there was no fixed signalling
no system for informing the driver of the state of the line ahead. Trains were driven "on
sight". Drivers had to keep their eyes open for any sign of a train in front so they could
stop before hitting it. Very soon though, practical experience proved that there had to be
some way of preventing trains running into each other. Several unpleasant accidents had
shown that there was much difficulty in stopping a train within the driver's sighting
distance. The problems were inexperience, bad brakes and the rather tenuous contact
which exists on the railway between steel wheel and steel rail for traction and braking.
The adhesion levels are much lower and vehicle weights much higher on railways than on
roads and therefore trains need a much greater distance in which to stop than, say, a
motor car travelling at the same speed. Even under the best conditions, it was (and is
even more so nowadays with high speeds) extremely difficult to stop the train within the

sighting distance of the driver.
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4.2.4. The Time Interval System

In the early days of railways, it was thought that the easiest way to increase the train
driver's stopping distance was to impose time intervals between trains. Most railways
chose something like 10 minutes as a time interval. They only allowed a train to run at
full speed 10 minutes after the previous one had left. They ran their trains at a 10 minute

"headway" as it is called.

Red, yellow and green flags were used by "policemen" to show drivers how to proceed. A
red flag was shown for the first five minutes after a train had departed. If a train arrived
after 5 minutes, a yellow caution signal was shown to the driver. The full-speed green

signal was only shown after the full 10 minutes had elapsed.

The "time interval system", in trying to use a headway to protect trains, created some
serious problems. The most serious was that it was still inherently dangerous. Trains in
those days were considerably less reliable than they are today and often broke down
between stations. It also could not be guaranteed that the speed of the first train would
be sufficient to prevent the second catching it up. The result was a series of spectacular
rear-end collisions caused, in each case, because the driver believed he had a 10 minute
gap ahead of him and had little or no warning if there was an erosion of that 10 minutes.
Even if the time was reduced so much that he could see the train in front, he often did

not have enough braking capacity to avoid a collision.

4.2.5. Line Capacity

Another serious problem, from the railways' point of view, was line capacity. Even if they
could rely upon all trains not to make unscheduled stops and to travel at the same
speed, the 10 minute time interval restricted the number of trains which could run per
hour (in this case 6) over a given line. As they needed to run more trains, they gradually
began to reduce the time between trains. As they reduced the time, or "headway", the
number of trains per hour increased. At the same time too, the number of accidents

increased. Eventually, they had to do something. The answer was fixed signalling.

4.2.6. Fixed Signalling

Even with the time interval system, the basic rule of signalling was to divide the track
into sections and ensure that only one train was allowed in one section at one time. This
is still good today. Each section (or block as it is often called) is protected by a fixed
signal placed at its entrance for display to the driver of an approaching train. If the
section is clear, e.g. there is no train in it, the signal will show a "Proceed" indication.
For many years in Britain it was usually a raised semaphore arm. There are a few of
these left around the country but nowadays it is usually a green light or "aspect", as the

railways call it. If, however, the section is occupied by a train, the signal will show a
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"Stop" indication, usually a red aspect. The next train will be made to wait until the train
in front has cleared the section. This is the basis upon which all signalling systems are

designed and operated.

Mechanical signals first appeared in the UK in 1841 and a signal box with levers
controlling remote signals and points in 1860. Originally, the passage of each train
through a section was tracked visually by the signalman. When the train had cleared his
section, the signalman told the signal box on the approach side that his section was now
clear and that he could, if required, "accept" another train. The messages between signal

boxes were transmitted by a system of bell codes using the electric telegraph.

Compulsory use of the electric "block telegraph" to pass messages and signal
interlocking, where points and signals were mechanically prevented from allowing
conflicting movements to be set up, was introduced in the UK following the Regulation of
Railways Act of 1889.

4.2.7. Distant Signals
The basic stop/go signal used to protect each section of the line was OK as long as the
driver of an approaching train was able to see the signal in time to stop. This was rarely

the case, so a system of "distant" signals was provided in many locations.

Distant signals were placed in such a position that the driver could stop in time if the
next stop signal was at danger. Positioning depended on the visibility, curvature,
maximum permitted line speed and a calculation of the train's ability to stop. In the UK,
freight trains with reduced braking capacity (unfitted or partially fitted freights) were only

allowed to run at restricted top speeds to allow for signal braking distances.

Originally, distant signals were semaphores, like the stop signals mentioned above. They
showed a green light at night if their related stop signal was also green (or clear) and
yellow if the stop signal was at red. The red-yellow-green pattern was adopted for colour

light signals and eventually used to provide a more spohisticated form of train control.

4.2.8. Interlocking

Another safety feature introduced in the mid-19th Century was mechanical interlocking of
points and signals. The purpose was to prevent the route for a train being set up and its
protecting signal cleared if there was already another, conflicting route set up and the
protecting signal for that route cleared. The interlocking was performed by a series of
mechanically interacting rods connected to the signal operating levers in the signal box.
The arrangement of the rods physically prevented conflicting moves being set up. As the

systems developed, some larger signal cabins at complex junctions had huge frames of
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interlocking levers, which gave the name "lever frame" to the row of operating levers in a

signal box.

Eventually, by the time signal levers were being replaced by small (miniature) levers or
push buttons, mechanical interlocking frames were superseded by relay interlockings.
Electro-magnetic relays were used in series to ensure the safety of route setting at
junctions. Complex "control tables" were drawn up to design the way in which these

relays would interact and to ensure safety and integrity.

4.2.9. Blocks

Direction of Travel

Y

Signal Signal

Train 2 | o0 r«) Train 1
Block Block Block

Arrangement of simple block signalling

Fig. 1: Schematic of signal block section. When a block is unoccupied, the signal

protecting it will show green. If a block is occupied, the signal protecting it will show red.

Railways are provided with signalling primarily to ensure that there is always enough
space between trains to allow one to stop before it hits the one in front. This is achieved
by dividing each track into sections or "blocks". Each block is protected by a signal placed
at its entrance. If the block is occupied by a train, the signal will display a red "aspect" as
we call it, to tell the train to stop. If the section is clear, the signal can show a green or

"proceed" aspect.

The simplified diagram above shows the basic principle of the block. The block occupied
by Train 1 is protected by the red signal at the entrance to the block. The block behind is
clear of trains and a green signal will allow Train 2 to enter this block. This enforces the
basic rule or railway signalling that says only one train is allowed onto one block at any

one time.

4.2.10. The Track Circuit

Nowadays for signalling purposes, trains are monitored automatically by means of "track
circuits". Track circuits were first tried in the US in the 1890s and soon afterwards
appeared in Britain. London Underground was the first large-scale user of them in 1904-
6.

241



Low voltage currents applied to the rails cause the signal, via a series of relays
(originally) or electronics (more recently) to show a "proceed" aspect. The current flow
will be interrupted by the presence of the wheels of a train. Such interruption will cause
the signal protecting that section to show a "stop" command. Any other cause of current
interruption will also cause a "stop" signal to show. Such a system means that a failure
gives a red aspect a stop signal. The system is sometimes referred to as "fail safe" or
"vital". A "proceed" signal will only be displayed if the current does flow. Most European
main lines with moderate or heavy traffic are equipped with colour light signals operated

automatically or semi-automatically by track circuits.

4.2.11. Track Circuit - Block Unoccupied

Direction of Travel
>
Signa Signal Signal
Train 3 Train 2 00 Tran 1
m " | o
Block Block Block Block
<€ ¢ »

Fig. 2: This diagram shows how the track circuit is applied to a section or block of track.
A low voltage from a battery is applied to one of the running rails in the block and
returned via the other. A relay at the entrance to the section detects the voltage and

energises to connect a separate supply to the green lamp of the signal.
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4.2.12. Track Circuit - Block Occupied

Direction of Travel

Block section
Insulated
block joints ) o
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path of current to relay
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Fig. 3: When a train enters the block (above), the leading wheelset short circuits the
current, which causes the relay to de-energise and drop the contact so that the signal
lamp supply circuit now activates the red signal lamp. The system is "fail-safe", or "vital"
as it is sometimes called, because any break in the circuit will cause a danger signal to be

displayed.

The above is a simplified description of the track circuit. The reality is somewhat more
complex. A block section is normally separated electrically from its neighbouring sections
by insulated joints in the rails. However, more recent installations use electronics to allow
jointless track circuits. Also, some areas have additional circuits which allow the signals
to be manually held at red from a signal box or control centre, even if the section is
clear. These are known as semi-automatic signals. Even more complexity is required at

junctions.

4.2.13. Multi-Aspect Signals

The basic, two-aspect, red/green signal is fine for lower speed operation but for anything
over about 50 km/h the driver of a train needs a warning of a red signal ahead to give
him room to stop. In the UK, this led to the idea of caution signals (originally called
"distant" signals when they were mechanically operated semaphore arms) placed far
enough back from the signal protecting the entrance to the block to give the driver a
warning and a safe braking distance in which to stop. When this was developed for track
circuited signalling, the caution signal was provided a block further back from the stop

signal. Each signal would now show a red, yellow or green aspect - a multi-aspect signal.
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Fig. 4: Schematic of 3-aspect signalled route showing the additional yellow aspect

provided to allow earlier warnings and thus higher speed operation.

This diagram (Fig. 4) shows a line with 3-aspect signals. The block occupied by Train 1 is
protected by the red signal at the entrance to the block. The block behind is clear of
trains but a yellow signal provides advanced warning of the red aspect ahead. This block
provides the safe braking distance for Train 2. The next block in rear is also clear of
trains and shows a green signal. The driver of Train 2 sees the green signal and knows
he has at least two clear blocks ahead of him and can maintain the maximum allowed

speed over this line until he sees the yellow.

4.2.14. Four-Aspect Signalling

The multi-aspect signalling commonly used in the UK today is a 4-aspect system. It
works similarly to the 3-aspect system except that two warnings are provided before a
red signal, a double yellow and a single yellow. This has two purposes. First, it provides
early warnings of a red signal for higher speed trains or it can allow better track
occupancy by shortening the length of the blocks. The high speed trains have advanced
warning of red signals while the slower speed trains can run closer together at 50 km/h

or so under "double yellows".
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Fig. 5: Schematic of 4-aspect signalled route showing the double-yellow aspect.

This diagram shows four-aspect signals with (in the upper diagram) a high speed train
with three clear blocks ahead of it and (lower diagram) a slower train with two clear
blocks ahead of it. The lower speed trains can run closer together so more trains can be

operated over a given section of line.

4.2.15. A Safe Braking Distance

The foregoing description of signalling has so far only looked at the concept of warning or
enforcement of restrictive signal indications. It has not yet taken into account braking
distance or headway. First, there is the problem of braking distances. As we have
already seen, a train cannot stop dead. An Inter City train travelling at 100 mph (160
km/hr) will take more than a mile to stop. Even for a signalling system with enforcement
(ATP) like the London Underground, as described so far there is a risk that a train could
pass a stop signal, then be stopped by the ATP enforcement system and still hit the train
in front. This situation could occur if the train in front was standing just ahead of the
signal protecting it. The problem has long been recognised and can be overcome by the

provision of a space for the train to stop in, an "overlap".

4.2.16. The Overlap
In its simplest form, the "overlap" is a distance allowed for the train to stop in should it
pass a signal showing a stop aspect. It is provided by positioning the signal some way

before the entrance to the section it is protecting.

On BR, because it is impossible to calculate all the various braking distances of different
types of trains and because it is impossible to predict when a driver might react to a stop

signal, a fixed value of 200 yards (185 metres) is used. On metros which use ATP
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systems, the distance is calculated by a precise formula based on the known braking
capacity of the metro train, the gradient at the location concerned, the maximum
possible speed of the trains using that section, an allowance for the sighting of the signal
by the driver and a small margin. The result of the calculation is called the "safe braking

distance". The overlap incorporates this safe braking distance
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4.3. TRAIN PROTECTION IN THE UK

4.3.1. Background

In spite of the excellent safety record of railways as a means of transportation, there
have been occasions when drivers have allowed their train to pass a point where they
should have stopped. Many of these incidents have resulted in collisions, some involving
loss of life and most involving damage to equipment or property. Most incidents are the
result of a driver failing to ensure that his train stops at a stop signal. In the UK, this has

become known as SPAD or Signal Passed At Danger.

Such incidents have occurred on railways ever since they began in the early 19th century
and various systems have been introduced to try to prevent them. These have taken the
form of both warning and train stop systems. In the UK, a warning system is used on
most main lines. An alarm sounds in the driver's cab whenever a train approaches a
caution or stop signal. If the driver fails to acknowledge the alarm, the train brakes are

applied. The system is called AWS (Automatic Warning System)

4.3.2. AWS - Automatic Warning System

Direction of Travel

>

Signal Signal

AWS

Train 2 R Train 1
I - P o I —~ S

Block Block Block

-

Fig 1: Schematic showing arrangement of AWS Ramp on the approach to a signal.

It was realised (even before WW1) that some sort of automatic and enforceable warning
was needed. This (after a number of experiments and some complete systems had been
tried) eventually took the form of a track mounted, non-contact inductor which became
known as AWS (Automatic Warning System). The AWS "ramp" as the inductor is known,
is placed about 185 metres (200 yards) on the approach side of the signal (diagram,
left).

The AWS ramp is placed between the rails so that a detector on the train will pass over it
and receive a signal. The ramp will thus warn the driver of the status of the signal. The

French railways use a similar system called "the Crocodile", the Germans, the "Indusi".
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Fig 2: Schematic showing position of AWS Ramp in the track on the approach to a signal.

The AWS ramp contains a pair of magnets, the first permanent, the second an electro-
magnet linked to the signal to provide an indication of the aspect. The ramp is placed
between the rails so that a detector on the train can receive the indication data. The

more observant passenger on a station platform can often see the ramps between the

rails. They are usually a dirty yellow.
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In operation, the train first passes over the permanent magnet and the on-board receiver
sets up a trigger for a brake application. Next it passes over the electro-magnet. If the
signal is green the electro-magnet is energised, the brake trigger is disarmed, a chime or
bell rings in the driver’'s cab and a black indicator disc is displayed. The driver takes no
action. If the signal is yellow or red, as shown above (Fig. 2), the electro-magnet is de-
energised, so a siren sounds in the cab and the disc becomes black and yellow. The
driver must "cancel" the warning, otherwise the automatic application of the train brakes
is triggered. The photo (left) shows the AWS "ramp", as the equipment is called,

mounted at the approach to a signal.

4.3.3. Enforcement

It can be seen from the above that the British AWS allows the driver to cancel a warning
as he approaches a signal. This means that, if he cancels the warning and still fails to
stop, his train could collide with the train in front. There have been some well
documented examples of this in the recent past. The only way of preventing this

situation is by adopting a system of enforcement.

A very simple system of enforcement is used by the London Underground. It is called the
trainstop. It is a mechanical arm fitted to the track next to each signal. When the signal
is red, the arm is raised and will physically hit a trip device fitted to each train should the
train pass the signal. This causes the train to stop by cutting off the power to the motors
and applying an emergency brake application. When the signal shows a proceed
indication the trainstop arm is lowered and the train can pass unhindered. The system is
a simple form of Automatic Train Protection (ATP). It was first used in the UK in 1904,
the idea having been imported from the US. It has been used by a number of other
systems around the world. The modern versions occur in various Automatic Train

Protection (ATP) systems available today which are based on electronics.

4.3.4. TPWS

In spite of the installation of AWS over most of the UK's main line railways, there has
been a gradual increase in the number of signals passed at danger (SPADs) in recent
years and some serious collisions as a result. In an attempt to reduce these, a number of
suggestions were made to reduce the impact (pun intended) of SPADs. One of these is
the Train Protection and Warning System or TPWS, which has now become standard

across the UK.
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Fig. 3: Schematic of TPWS setup on the approach to a stop signal. The Arming Loop
switches on a timer and the Trigger Loop assesses the time elapsed to determine the
speed of the train. If the time is too short, showing the speed is too high, the trigger will

activate the train brakes.

The idea behind TPWS is that, if a train approaches a stop signal showing a danger
aspect at too high a speed to enable it to stop at the signal, it will be forced to stop,
regardless of any action (or inaction) by the driver. The equipment is arranged as shown
left.

For each signal equipped with TPWS, two pairs of electronic loops are placed between the
rails, one pair at the signal itself, the other pair some 200 to 450 metres on the approach
side of the signal. Each pair consists of, first an arming loop and secondly, a trigger loop.

The loops are activated if the signal is showing a stop aspect.

The pair of approach loops first met by the
train at 400 to 200 metres before the
signal, are set between 4 and 36 metres
apart. When the train passes over the
arming loop, an on-board timer is switched
on to detect the elapsed time while the
train passes the distance between the
arming loop and the trigger loop. This time

period provides a speed test. If the test

indicates the train is travelling too fast, a
full brake application will be initiated. In case the train passes the speed test successfully
at the first pair of loops but then fails to stop at the signal, the second set of loops at the

signal will cause a brake application. In this case, both loops are together (see photo -
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right) so that, if a train passes over them, the time elapsed will be so short that the

brake application will be initiated at any speed.

4.3.5. What TPWS Does
TPWS has certain features which allow it to provide an additional level of safety over the
existing AWS system but it has certain limitations and does not provide the absolute

safety of a full Automatic Train Protection (ATP) system. What TPWS does is reduce the

speed at which a train approaches a stop signal if the driver fails to get the speed of the
train under control to allow him to stop at the signal. If the approach speed is too fast,
TPWS will apply a full brake but the train may still overrun the signal. Fortunately, since
the train is already braking and there is usually a "cushion" of 200 yards (183 metres)
between the signal and the block it is protecting, there will be a much reduced risk of
damage (human and propertywise) if the train hits anything. With a possible total
distance of 2000 feet (about 600 m) between the brake initiation and the block entrance,

trains "hitting" the first loops at up to 120 km/h (75mph) could be stopped safely.

TPWS is also provided at many (about 3000)Permanent Speed Restrictions (PSRs) to
ensure that a train does not pass through a restricted section of line (say one with a
sharp curve) at too high a speed. However, there have been a number of issues related
to the use of TPWS in these cases. Drivers have complainted that, although they were
approaching the PSR at a speed which would allow the train to run at the correct speed
within the restriction, they still got stopped by the TPWS "speed trap"”. This has led to
some vigorus discussions between Network Rail, the train operating companies and the
HSE.

An add-on to TPWS, called TPWS+ is provided at certain signals where train speeds are
above 100 mph or 160km/h.

4.3.6. What TPWS Does Not Do

The safety effects of TPWS are limited by the fact that it is provided only for stop signals
and that it cannot have any effect at caution signals. This means that there is a range of
speeds at the higher level which will be excluded from full protection. In spite of this, it is
suggested in published data that 60% of accidents due to SPADs will be prevented by the
installation of TPWS at critical locations. This is achieved, it is said, at 10% of the

installation costs of a full ATP system.

TPWS does not replace the existing AWS system. AWS is retained, so the driver will still
get the warnings advising him of adverse signals. The TPWS equipment is designed to

interface with the existing on-board wiring of trains so that it can be fitted quickly.

251


http://www.railway-technical.com/sigtxt2.shtml#Automatic-Train-Protection

4.3.7. ATP (Automatic Train Protection) or TPWS

An increasing number of railways around the world are provided with ATP. ATP provides
a either a continuous or regular update of speed monitoring for each train and causes the
brakes to apply if the driver fails to bring the speed within the required profile. There are

various versions of ATP, some of which are described in our Metro Signalling and

ATP page. ATP is popular on metros because of the very dense train services provided
and because many run for long distances in tunnels. New, or newly upgraded high speed

railways also have ATP.

The main reason why existing railways have been slow to introduce ATP is because of the
costs and because it is difficult to allow for the variable braking capabilities of different
types of trains, in particular, freight trains. The varying size and braking abilities of
freight trains means that data input for the on-board ATP computer has to be manual.
Railway administrations have been reluctant to invest large sums of money in a safety
system which, because of the possibility of manual input error, does not offer a total
"vital" safety coverage. For the UK, the high price of full ATP has caused it to be rejected
as the system-wide standard signalling safety system, so TPWS has been adopted as the

nearest suitable and more cost-effective alternative.

4.3.8. ERTMS

For European main line railways, the required form of train protection on those routes
intended for interoperable services (the TEN routes) will be based on the architecture of
ERTMS, the European Rail Traffic Management System. The signalling part of ERTMS is
called ETCS - European Train Control System. The system has been developed across
Europe and installed on selected routes in a number of countries. In the UK, a trial
version has been installed on the Cambrian route in Wales and the first section from
Pwllheli to Harlech was commissioned on the 28th October 2010. A useful description of
the trial installation has been published by the Rail Engineer magazine here. The ERTMS

website has a description of the basic technical structure and operation.

4.3.9. Comment

It is worth saying here that passing a signal at danger is something that every driver
fears and tries to avoid but knows that, in a moment of distraction or in an attempt to
make up time, it will happen to him one day. The normal pattern of such incidents is
that the signal (and, in case you ask, yes, it has happened to me) is passed because of
an error of judgement in braking, not due to ignoring a signal aspect. Usually, such
overruns are not at high speed and the overlap beyond the signal absorbs it so that the
train does not enter the occupied block. Sometimes and more seriously, the overrun
occurs when the driver misses a caution and cancels an AWS warning. Several collisions

have occurred as a result of this and it is something which TPWS will almost eliminate.
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One area where TPWS has turned out to be more trouble than it prevents is at terminal
platforms. A too restrictive 10 mph speed limit on the approach to the buffers in a
terminal platform has meant an increase in the time for a train to clear the routes into
the terminus. At many termini in the UK, this has seriously affected capacity at peak
times and has the effect of reducing the number of trains arriving and departing. This

will lead to a reduction in service or will reduce recovery capability.

Since modern rolling stock is built to a high standard of crashworthiness, a 20 mph buffer
stop collision is unlikely to cause a serious deformation of a vehicle. Any speed restriction
below this level for arriving trains causes a severe operating restriction on the terminus
with little apparent safety benefit. There should be an immediate increase in terminal

entry speed to 20 mph. Some terminals now have a 15 mph limit.
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4.4, BRITISH SIGNALLING - WHAT THE DRIVER SEES

4.4.1. Introduction
This page describes the types of signals seen on British railways and their meanings.

Semaphore and colour light signals are included.

4.4.2. Semaphore Signals

During the 19th century a system of mechanically operated semaphore signals was
developed for Britain's railways. Although there were many different and independent
railway companies, by the early 20th century, signals were generally standardised, but
with some variations in style and appearance.Many semaphore signals have survived to
this day, although they are becoming rarer. However, there are some excellent examples
still to be seen on the heritage lines operated by preservation groups all over the

country.

4.4.3. Semaphore Signal Parts

First, a diagram of a semaphore signal and its main parts. The signal is normally placed
on the left side of the track with the arm directed over the offside. The standard arm is
red with a white vertical band, although some older signals were plain red. To allow the
signal indication to be seen at night, the arm is fitted with two lenses, duplicating the
indication displayed. The lenses are illuminated from behind, originally by oil lamps, later

by electric lamps.

The signal is mounted on a signal post, originally wooden but later lattice steelwork,
pressed steel, old rail, and concrete appeared at various places. Some railways could be
recognised from the design of their signal posts, the ones from the Victorian era having

elaborate finials and other

Upperquadrant‘ attachments.
semaphore
Signal posts were often tall, so
u that the signal could be seen clear
Semaphore ;
arrFr)1 Lenses for night of engine smoke and from a
illumination distance. It was also intended

that the guard could see the signal

from the rear of the train as it was

Lower part of his duties to check signal
qugdralnt o indications.
signa

The post is normally fitted with a

% Signal post ?ﬁ ladder, originally to allow access
telephone (SPT) ) .
to the oil lamps and now retained

Balance
weight
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for maintenance. The post is often provided with a telephone linked to the signal box.
The telephone is contained in a small box with black and white diagonal stripes on the
cover. The driver or other train crew can use this to alert the signalman of the presence

of the train and to enquire why the signal remains "at danger", as we say in the trade.

The arm of the signal is displayed in a horizontal position to show the "stop" or "danger"
indication. The red lens is illuminated. The indication to the driver is "stop" until either
the signal indication gives "proceed" or he is given verbal authority by the signalman to

proceed.

To give a "proceed" indication, the semaphore arm is raised to an angle of 45° as shown
in the diagram. The movement of the arm causes the green lens to replace the red lens
in front of the lamp. A "proceed" indication tells the driver that he may proceed at normal
speed for that section of line, subject to any speed restrictions displayed and according to
the speed limit of the particular type of train he is driving. Unlike many other countries,

British signals do not give a speed indication to the driver.

Some signals showed "proceed" by lowering the arm instead of raising it. This type of
signal is called a "lower quadrant semaphore", (shown as an inset in the diagram) as
opposed to the more usual "upper quadrant" type. The lower quadrant type was much
favoured by the Great Western Railway but eschewed by others following an accident
caused by a stop signal showing a proceed indication because it drooped with the weight
of snow resting on the arm. The GWR maintained they had never had an accident caused
by this type of signal so they weren't about to change them now. Anyway, they didn't

want the expense.

One final part of the signal mechanism is the balance weight. It is linked to the cable
which operates the signal. The cable, of course, is connected to the lever in the signal
box which operates that particular signal. The purpose of the balance weight is to pull

back the signal wire when the lever is replaced in the frame by the signalman.

4.4.4. Types of Semaphore Signal
The following series of diagrams, with descriptions, shows the various types of

semaphore signals seen in the UK.

* A Home Signal or Starting Signal (left) is the stop signal
described above. It is placed at the entrance to a block
and, when showing "stop", the train is forbidden to enter

the block. When a signal shows a stop or other restrictive

255

On Off




indication, it is said to be "on". A signal showing a proceed indication is said to be "off".

Traditionally, at a station, each track would have two stop signals. One, protecting the
entrance to the block, was called the Home Signal. The other, protecting the exit towards

the next station or signal box, was called the Starting Signal or Starter.

As mentioned above, this is a stop signal showing a proceed indication - it is "off". The
train may enter the block at normal speed. In effect, this means the maximum speed

applicable to this section of line and the type of train.

To give advanced warning of the indication of a stop
X signal, a "distant" signal is sometimes provided (left).
This operates in the same way as the stop signal but
gives either a "caution" indication (it is said to be "on"),
shown on the left, or a proceed indication, on the right. If
the distant is "on", a yellow light shows at night. The
distant signal showing "on" tells the driver that the next

stop signal is also "on" and that he will have to stop

On Off there. The distant signal was, if possible, located 34 mile

(1200 metres) before the stop signal. A single distant signal will often provide a warning

for both home and starting signals at a station.

The distant shows a yellow (on) or green (off) light at night. Remember that the distant
signal normally refers to more than one consecutive stop signal ahead. Thus, when the
distant is off, the driver knows that all the relevant stop signals are off too. Each stop

signal does not have its own distant signal in rear.

Py Py Where blocks were short or stations close

5 together, the distant signal was often
- placed on the same post at the previous

> > stop signal. The driver now has two

indications, one from the stop signal
protecting the entrance to the block, the
other from the distant for the next stop

signal. To avoid confusion, if the stop
Cnh Caution Off

signal is "on", the distant will also be "on",

even if the next stop signal happens to be "off". This is achieved by linking the two
signals mechanically - a system known as "slotting". At night, the driver will see two

lights, a red over a yellow. The red always takes precedence.
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At a signal post with home and distant together, there will be occasions when the block
immediately ahead is free and the train may enter but the next block may be occupied.
In this case the driver will see the stop signal "off" and the distant "on" as shown here.
At night, he will see green over yellow. This shows him he may proceed into the block

but that the next stop signal is "on" and he must stop there.

The third indication for a stop and distant signal is where both are "off". The driver is
being told both this block and the next are free and he may proceed at normal speed. At

night he will see green over green.

In some very restricted locations, a repeating signal is
@ ® provided, often referred to as a "banner" signal (left). It
is a black band on a white disc which repeats the position

on Off of the semaphore arm.

4.4.5. Junction Signals
At junctions, it has always been the custom in the UK to show a driver the route set, not
just to show the permitted speed as usual elsewhere. In semaphore signalling, it was

normal to split the signals as shown below.
Junction Signals

See below (a). This pair of stop signals protects a pair of diverging routes. The lower
signal is "off", indicating that the diverging route to the left of the two is set and locked
and the train may proceed along that route. The position of the two semaphore arms
was often arranged so that one was lower than the other to indicate a slower route,

usually because of a curve.
Splitting Distants

See below (b). Junction signals also have an equivalent distant set up. These are always
referred to as "splitting distants". They provide advance warning of the position of the

junction signals and they operate in the same way as regular distants.
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There are also combined versions of the splitting distant (c) where a stop signal is placed

over the distant for the main route. Either of the distants can only show "off" if the stop

signal is also "off".

The above list is basically all there is to British main line semaphore signalling. Of course,
there are additional signals used for shunting and other local operations as described

below.

4.4.6. Subsidiary Signals

The upper signal shown in this diagram (left) was a
% % typical shunt signal, used to allow movements into and
out of a siding. It was a miniature semaphore signal with

Cn Off red and green lamp indications. Both upper and lower
quadrant varieties were common. The signal was placed
on a short post at ground level or was attached to a

A ‘ signal post below a normal stop signal.Subsidiary signals
on Off are those used for restricted train movements. These

sorts of movements take place within a single block or in

and out of sidings. The proceed indication to the driver was a restricted movement saying
"proceed at such a speed that you are able to stop short of any obstruction". There are a
number of different types of secondary of subsidiary signals in use and, like the main line

signals, there were lots of varieties. The most common are dealt with here.

A later version of the semaphore shunt signal was this type, with a solid red arm (left,
lower), which appeared from 1925. It showed a white light, not red, when "on". It was
also used for "calling on" and "warning" movements. "Calling on" refers to the advance
of a train into an occupied section and was often used at stations for coupling purposes.

A "warning" signal was used to advise that the overlap beyond a stop signal is occupied.
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They were also used for "shunt ahead" movements - movements which have to pass the
main signal for shunting purposes, normally to then 'set back' into a siding etc. The letter

"S" was revealed when the arm was "off", as was the letter "C" or "W".

Many semaphore shunt signals were replaced by disc
signals to improve visibility. The operation was the same

@ @ and the arm was usually positioned on a white disc. Many

of these can still be seen in the UK.
on Off

4.4.7. Colour Light Signals

The first colour light signals appeared in the UK in
the 1920s, simply as copies of semaphores.
However, with the need for better track usage and
higher speeds, the concept of multi-aspect signals
arrived, giving the driver advance warning of the
condition of several blocks ahead.

2-Aspect 3-Aspect
A simple 2-aspect colour light signal (left) which

would act as a replacement for a semaphore stop signal. The red aspect is shown here.
The other aspect is green. A 2-aspect distant signal would have yellow and green
aspects. The white plate below the signal will display an identification plate using the

reference letters of the controlling signal cabin and the signal number.

The 3-aspect signal (shown left) was developed to allow higher speeds and shorter block
sections to accommodate more trains. The three aspects are red, yellow and green. The
red indicates stop, the yellow indicates that only one block section ahead is clear and the
next signal will show a stop aspect. The green indicates that at least two blocks ahead

are clear. For more information see Multi-Aspect Signalling on this site.

The 4-aspect signal is a further development of
the multi-aspect concept. In addition to the red
E aspect at the bottom, this signal shows a single

yellow to indicate one block ahead is clear, a

4-Aspect for
restricted

:222{:;'22 here) to indicate two blocks ahead are clear and

double vyellow (one above the other as shown

green to show at least three blocks ahead are
4-Aspect

clear.
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At certain location where space is limited, a 4-aspect signal can be arranged as shown

here. The red aspect is placed to one side to reduce the height of the signal.

4.4.8. 4-Aspect Operating Sequence

Occupied
block

Block

Block

Block

As shown in the diagram to the left, in an area
where 4-aspect signalling is in use the
sequence for the four signals protecting the
four blocks behind a train would be red
protecting the occupied clock, then single
yellow, double yellow and green in the
following three blocks. The view here is
foreshortened for the illustration. The signals
in a 4-aspect installation will be about 750 to
850 yards (686 to 777 metres) apart in an
intensively used area and up to 1400 yards
(1280 metres) apart in a high speed area. The
signals are shown without overlaps. The
sequence for 3-aspect signalling (covering only

three blocks) would be the same but without

the double yellow aspect and its associated block.

4.4.9. Route Signalling

Junction
route
indicator
Branch
line
4-Aspect
signal

Signalling in the UK has
always used the principle of
"route signalling" as opposed

to the ‘"speed signalling"
Main

i philosophy adopted by
line

European and US railways.
This means that drivers of a
British train will be shown
which route a train will take
when it proceeds past a signal

protecting a diverging

junction, see diagram left.

The speed of the train will be
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a matter for the driver observing separate rules or fixed speed limit signs along the

trackside. The "speed signalling" system shows the driver what speed his train must do,

regardless of the route it will take. The interlocking of the signal at the junction ensures

that the speed aspects shown are in accordance with the route set. The result of the UK's

use of the "route signalling" philosophy is that signals display semaphore arms (as

described above) or lights which indicate the route set as shown here.

Standard UK 4-aspect junction
signal. The signhal can show three
routes: Ahead, Diverging Left and
Diverging Right. The rows of five
white lights are located in the
angled arms above the main signal
head. Note the wire screens to
protect staff from contact with the
electrified overhead lines.

The route is indicated by a line of five white lights which
correspond to the approximate direction of the route set.
The lights are known as "a feather". They will only light
up when the route is set and locked and the signal is
showing a proceed aspect. If the route is set for the track
regarded as the main route ahead, the signal will only
show a proceed aspect for this route. The "feather" will
only appear to indicate a diverging route. Most examples
of this signal have five white lights but three lights are

used by London Underground.

It is possible to show up to seven routes with this type of
signal. The route straight ahead will just get a plain
green or yellow(s) while the three routes to the right or
left will get the green or yellow aspects, plus a "feather".
In many areas, the diversity of routes or sighting
restrictions do not allow the provision of feathers. In
these cases, a number or letter(s) is shown to the driver

when the signal clears. This will indicate the route set.

There are still some colour light junction signals which
do not have a "feather" but repeat the semaphore
"splitting distant" philosophy. At a diverging route, two
signal heads, side by side, are provided. One shows the

main route, the other the diverging route.

The approach to some junctions is speed controlled. The signal shows a restrictive

aspect until the train has approached to within a distance which has forced the driver to

reduce speed. There are several variants on how this is put into practice. For a complete

description, see the excellent pagelunction Signalling by Clive Feather.
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4.4.10. Modern Shunt Signal
This is a typical modern shunt signal, used to allow movements into and

‘ out of a siding. It has three lights with red and white indications. The
On

signal can be seen at ground level or attached to a signal post below a
normal stop signal. When mounted below a stop signal, they do not
s show an "on" aspect.

Off

The ON indication shows a red and white light side by side. The OFF
indication shows two white lights at 45 degrees. The newest ones have four lenses and

show two red lights side by side for ON.

4.4.11. Some Photos

The following photos show some of the more modern colour light signal designs used in

Britain today.

UK standard 3-Aspect Signal at
Sheffield (Midland). Below the
red aspect is a sign which, if the
signal is showing a proceed
indication, illuminates "RA"
(Right Away) to tell the driver

station duties are complete and
he can start the train. Below
this is a shunt signal, which
carries no red light in this case
as the red is already available
on the main signal. The signal
carried a white identification
plate and, nearer the ground, a

signal post telephone.

2 AN

A=

Standard UK 3-aspect sighal. Below the red aspectis a sign
which illuminates "RA" (Right Away) to inform the driver that
station duties are complete. The signal post carries a shunt
signal which has no red light. The stop indication is provided
hy the main signal. Nearer ground level is the signhal post

telephone. Note also the 40 mph permanent speed limit sign.

262



“
B
i
3
\

3-Aspect Signal with Theatre Type Route Indicator

Sources: "Two Centuries of Railway Signalling", Kichenside and Williams, 1998, Oxford
Publishing Company, UK; "Modern Signalling Handbook", Stanley Hall, 1996, Ian Allan
Ltd, Shepperton UK; "Signalling in the Age of Steam", Michael A Vanns, 1995, Ian Allan

Ltd, Shepperton UK.
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4.5. METRO SIGNALLING

4.5.1. Introduction

Signalling used on high density metro (or subway) routes is based on the same principles
as main line signalling. The line is divided into blocks and each block is protected by a
signal but, for metros, the blocks are shorter so that the number of trains using the line
can be increased. They are also usually provided with some sort of automatic supervision

to prevent a train passing a stop signal.
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Figure 1: Diagram showing simple Metro-style two-aspect signalling.

Originally, metro signalling was based on the simple 2-aspect (red/green) system as
shown above. Speeds are not high, so three-aspect signals were not necessary and

yellow signals were only put in as repeaters where sighting was restricted.

Many metro routes are in tunnels and it has long been the practice of some operators to
provide a form of enforcement of signal observation by installing additional equipment.
This became known as automatic train protection (ATP). It can be either mechanical or

electronic.

The London Underground, for example, uses both types on its lines, depending on the
age of the installation. The older, mechanical version is the train stop; the later,
electronic version depends on the manufacturer. The trainstop consists of a steel arm
mounted alongside the track and which is linked to the signal. If the signal shows a green
or proceed aspect, the trainstop is lowered and the train can pass freely. If the signal is
red the trainstop is raised and, if the train attempts to pass it, the arm strikes a

"tripcock" on the train, applying the brakes and preventing motoring.

Electronic ATP involves track to train transmission of signal aspects and (sometimes)
their associated speed limits. On-board equipment will check the train's actual speed
against the allowed speed and will slow or stop the train if any section is entered at more

than the allowed speed.
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4.5.2. The Overlap
If a line is equipped with a simple ATP which automatically stops a train if it passes a red
signal, it will not prevent a collision with a train in front if this train is standing

immediately beyond the signal.
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Figure 2: Diagram showing the need for a safe braking distance beyond a stop signal.

There must be room for the train to brake to a stop - see the diagram above. This is
known as a "safe braking distance" and space is provided beyond each signal to
accommodate it. In reality, the signal is placed in rear of the entrance to the block and
the distance between it and the block is called the "overlap". Signal overlaps are
calculated to allow for the safe braking distance of the trains using this route. Of course,
lengths vary according to the site; gradient, maximum train speed and train brake

capacity are all used in the calculation.
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Figure 3: Diagram showing a signal provided with an overlap. The overlap in this

example is calculated from the emergency braking distance required by the train at that

location.

This diagram (Figure 3) shows the arrangement of signals on a metro where signals are

equipped with trainstops (a form of mechanical ATP) and each signal has an overlap
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whose length is calculated on the safe braking distance for that location. Signals are
placed a safe braking distance in rear of the entrances to blocks. Signal A2 shows the
condition of Block A2, which is occupied by Train 1. If Train 2 was to overrun Signal A2,
the raised trainstop (shown here as a "T" at the base of the signal) would trip its

emergency brake and bring it to a stand within the overlap of Signal A2.

Overlaps are often provided on main line railways too. In the UK, it is the practice to
provide a 200 yard (185 m) overlap beyond each main line signal in a colour light
installation. Back in 1972 when it was decided upon, it was, after a review of many
instances where trains had overrun stop sign