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Abstract

The paper describes the Bombardier Monorail train, its application in urban areas and
especially the development and industrialization of the drive unit, Engineering Center Steyr

has performed for the completely new drive.

It describes the specific challenges for such a drive unit like very high endurance
requirements respectively mileage requirements, compact design, integration of the
permanent magnet motor parts, optimized cooling system especially for the electric parts,
design and integration of wheel bearings carrying up to 13 to vertical force, design and
integration of a planetary gear set to provide ratio to the electric motor and high efficiency of

the drive.

The drive unit consists mainly of a housing carrying the loads of half of a car, wheel bearings,

a planetary gear set, active electric motor parts, cooling jacket, resolver and brake disk.
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Introduction

With 60% of the global population expected to live in cities by 2030 and the number of
megacities on the rise, timescales for creating urban transport networks to ease congestion
are shrinking. Moving large numbers of passengers safely, comfortably and efficiently are top
priorities for transport authorities, and driverless monorails are emerging as one answer to

capacity challenge.

One advantage of the monoralil is that it does not require major infrastructure or civil works,
making it very quick to build and less disruptive to install compared to deep tunnels. As the

ground footprint of the guide-way is small, monorails can be incorporated into existing.

Belying their futuristic appearance, monorails make use of proven technology. They may be
the most appropriate mode to select when the deciding factors include compatibility with the
urban environment, a rapid construction timescale and good aesthetics. Support structures
and rail components can be prefabricated off-site and assembled quickly along the route.
Monorail routes can feature tighter curves and often steeper grades than other modes, a

major benefit in dense urban areas.

Monorails can even be routed through buildings 7 as in Las Vegas. And for motorists stuck in
traffic, not hing says O6next ti me, take publi

speeding overhead on its elevated track.

Bombardier had established concepts of the train and basic ideas for the drive; then
Bombardier was looking for someone to bring in specific drive and especially planetary
gearbox know-how. This partner should also have know-how on the integration of the electric

parts and especially in developing the cooling system.

First, in a concept phase and considering the know-how of ECS out of other drivetrain
programs, the overall drive unit concept was established. Then the 3D model of the drive unit
was set up, along with analytic calculations for dimensioning the planetary gear set and the
wheel bearings; one main item was the development of the cooling system, in a close
cooperation of design and 3D fluid simulation. Prototypes have been built and tested on rigs

at ECS as well as in the Monorail train by Bombardier.

The production of the drive is done on a series assembly line at ECS, tailor-made for the
volume. Before delivery, each unit passes an End-of-Line test rig, where its function is tested

and its characteristics recorded to ensure the quality level.
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1 The Train

Monorail is a driver less and fully automated transport vehicle with a full aluminum body. The

futuristic design covers high innovative solutions, based on proven technology.

1.1 Thetrain 1 solution

Figure 1 shows train and its advantages.

What are the Advantages of monorail against other public transport solutions:
+ Opens a new traffic level for transportation

» Rapid construction time scale
— Support structure and rail components can be prefabricated
— Monorail routs can feature tight curves and steep grades

» High Transport capacity

» Full automatic driver less solution - 24 hours

» Highly energy efficient/ recuperation

Fig. 1: The train - solution

1.2 Thetrain i projects

Figure 2 shows the current Monorail Innovia 300 projects of Bombardier.

* Bombardier has got
significant contracts for
its Innovia Monorail 300
from the cities of:

* Riyadh, Saudi Arabia -
3.6km line service the
King Abdullah Finical
District

+ Sao Paulo, Brasil —

23.8km as extension
of the Metro line 2
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Fig. 2: The train - projects
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1.3 Thetraini Sao Paulo

Some important and interesting facts about the Sao Paolo project are shown in figure 3.

Project Sao Paulo :
» 54 seven car trains

— Length, seven car train 86m

— Weight, empty 93.8t

— Wheel base 9120mm

— Average commercial speed 40km/h

— Power 14 * 160 kW = 2.24 MW / per train
— Capacity seated 122 / per train

— Capacity standees 880 / per train

— Maximum grade 6%

» Transport capacity up to 40.000 pphpd* sum. up to 500.000 daily users

+ End to end journey times will be cut from almost 2 hours to 50min

* Passenger per hour per direction

Fig. 3: The train i S&o Paulo

With 18 million inhabitants, Sdo Paolo is the financial centre of Brazil and South America.
The 10" richest city in the world, S&o Paolo faces many urban challenges, including serious
traffic congestion, stretching the already extensive metro, suburban rail and bus network to
its limits. To tackle these problems, further network expansion is planned by transport
operator Companhia do Metropolitano de S&o Paolo, including construction of a monorail to

serve the eastern suburbs.

2 Drivers and targets for the train and its drive

2.1 Drivers for this drive solution

The drivers for this solution are summarized in figure 4. The smaller size of the drives

improves the space availability inside the train and it makes maintenance easier.

» Enabler of walk through
gangways

— Passenger distribution in the vehicle
ends in higher transport capacity

— Better visibility along the interior

» Enabler of easier tyre exchange

Fig. 4: Drivers for this solution
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2.2 Targets of the drive

Following targets for the train and the drive had been defined, figure 5:

+ Lifetime target of 30 years and >4 mio km

* Ambient temperatures -25°C to +55°C

+ Axle load of 13 to

+ Max. design speed 90km/h (wheel)

* Motor power 160 kW, motor torque 1050 Nm
+ Minimum of mechanical braking

* Good NVH behavior

+ High efficiency

+ Smallinvestment

+ Availability for market within short time

+ Very compact design to allow wheel chair passing in cab and easy tyre exchange

» High integration of wheel bearings, planetary gear set and motor

Fig. 5: Targets for the drive

3 Functions, concept and design of the drive

Considering these targets and the limited package, a completely new and very compact drive

has been established, by concept work, design, simulation and later on with prototype build

and testing.

3.1 Functions of the Drive

Figure 6 shows the functions the drive in its application has to provide.

* Provide propulsion

» Transform torque and speed of electric
motor to wheel level

* Recuperation / less mechanical brake
wear

« Carry load of half car, 13 tons!
+ Support of mechanical brake
+ Completely enclosed

- Enables faster tyre exchange

Fig. 6: Functions of the drive
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3.2 Design of the drive

Figure 7 shows a section through the drive with its main components. The parts, that have
interface functions respectively are interfaces, are printed in italics. This cut away picture
shows very well that a very compact drive has been designed and brought into series

production.

Motor
Sealing

Planetary Gear

Stator / Cooling

Rim interface

Motor
Sealing

: " HV/LV
Wheel L= | Connector
Bearing / ] ! | (
i N Brake Disk
Rotor / Motor RS i replr
shaft T A

Resolver
Rotor/Stator

ol Water
Bogie interface Gonnection
Fig. 7: Drive design

4 New drive, new features

The main benefits of the new developed drive are summarized in Figure 8. Those features

make this drive quit unique in the rail market.

* New respectively specific features:

— Very compact design by high integration of wheel bearings,
planetary gear set, electric motor;
no bevel gear set, motor and drive on one axis

Tire change more easily possible because bogie
components do not have to be removed

— 2 oil areas, connected; sealed active motor parts
in between, dry area

— Use of rotary radial seal rings on shafts
not labyrinth seals because of package reasons

— Sensor to monitor oil level lowering below limit

— Planetary carrier / wheel bearing design — gears are between the
wheel bearings = planetary carrier is the axle of the vehicle

Fig. 8: New drive, new features

5 Dimensioning of drive, planetary gear set

The dimensioning of the drive was based on the specification provided by Bombardier. Since
this is a new application, Bombardier and ECS together established final criteria for the drive.
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5.1 Dimensioning

The dimensioning of the rotating parts considers following items: data from simulated round
trips with different payload conditions provided by Bombardier; si mul at ed data fr om
eventso |like one train is pushing ememgentytbmke tr ai n

maneuvers.

The dimensioning of the structural parts considers these items: wheel forces due to vertical
and lateral loading and vibrations, respectively propulsion and braking, simulations of

different curve radii and their influence on wheel loads.

The dimensioning is done for rupture safety and endurance, with a differentiation between
durability and proof loads.

5.2 Planetary gear set

One of the mechanic key elements of the drive is the planetary gear set. It is needed to adapt
the electric motor characteristics to the requests of the train to the drive. A single planetary

gear stage with a quite high ratio of 7.44 has been developed, figure 10.

* Gear set ratio 7.44
— Quite high for a single planetary gear stage;
nevertheless feasible and good efficiency
+ Gear geometry acc. to DIN 3960
— Design for good NVH behavior
Small dimensions respectively low weight
- Dimensioned by analytical methods acc. to DIN 3990
— Ultimate torsional strength
— Durability (30 years with 138 000 km/year)

Fig. 9: Planetary gear set

6 Integration of the electric machine

The propulsion of the unit is provided by an electric machine. This machine had to be
integrated with several aspects: mechanically, electrically and thermally (cooling). It has to be
supplied with high voltage current for the drive and there are low voltage connections for the

Sensors.
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+ Development of mechanical and
electrical interfaces

- Stator fitted into cooling jacket

+ Cooling jacket fitted into drive housing
* Rotor fitted on rotor shaft

+ Cooling system and optimization

+ High voltage cables, connected in
connector box,
sealed to prevent water etc. from

outside

+ Low voltage cables for resolver and
motor temperature sensors,
connected in low voltage junction box

+ Ground connectors

Fig. 10:

7 Cooling layout and optimization

Integration of the electric machine

To enable an optimal use of the electric motor, the cooling system and especially the cooling

channels have been

opti mi zed, -havphutlsyppontep byd3®s i g n

flow simulations of the coolant and by simulating the heat transfer.

+ Special design of water channels
in cooling jacket

+ Optimize heat transfer

» Avoid hot spots

* Minimize pressure drop

* Optimized fittings

+ Casted

» Ventilation device included

Fig. 11:

8 Testing

Cooling layout and optimization

The different topics with their respective focus are addressed in various different tests,

performed on adequate test rigs at ECS in Austria as well as on the Bombardier test track in

Kingston, Canada.

The main tests are described on the next pages, stating the basic criteria and some

important aspects and values of the different test.

el
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8.1 Lubrication and Ventilation

An elementary function of such a drive is to have proper lubrication and to avoid oil coming

out of the ventilation. These basic functional tests and corresponding optimizations have

been done first. Figure 13 states the main data.

Lubrication specification:

- Sufficient oil supply
to gears and bearings
from 100 rpm up to 3800 rpm
(2 to 90km/h)

« Test at different inclinations

Ventilation specification
* No leakage at breather
at all speeds

+ 12 different variants have
been investigated

Fig. 12: Lubrication and Ventilation

8.2 Radial seal ring test

This test is to verify the durability of the radial seal rings. It is an endurance test. Figure 14

shows the main information about it.

Specification:

* No leakage during test run, no
severe wear of seals or races on
bushes

+ ECS standard test
» Applying dust from outside
+ ~270hrs test

» Cold sections by cooling down in
climate chamber included

Fig. 13: Radial seal ring test

8.3 Dyno test (rotating)

This test is to verify the durability of the rotating parts, mainly the gears and bearing of the

drive. Figure 15 shows the main specifications. Two units in back to back alignment were

used; therefore two units were tested within one run, which allowed to get a higher number of

results within the same time and with limited additional costs.
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Fig. 14: Dyno test (rotating)

8.4 Wheel bearing & planetary carrier tests

With one set up, but two different test programs, the wheel bearings and the planetary carrier
have been tested in the fatigue lab, fig. 16.

Fig. 15: Wheel bearing & planetary carrier tests

8.5 Housing parts fatigue test

For the housings parts, another test set up was used. By this test, the non-rotating housing

parts have been tested with an adapted test program, figure 17.

Fig. 16: Housing parts fatigue test



