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PREFACE

The Subsystem Technology Applications to Rail Systems (STARS) Program,
sponsored by the United States Department of Transportation-Urban Mass
Transportation Administration, is fulfilling technical needs of rail transit
systems. These various needs, described to a U.S. DOT-UMTA and American
Public Transit Association (APTA) team several years ago, were prioritized
and became projects within UMTA's STARS Program. APTA advisors identified
the AC Propulsion Project as the highest priority project within the STARS

Program.

This report describes the design, mandfacture and testing of a propulsion
system for passenger rail application utilizing a variable-voltage,
variable~frequency (VVVF) inverter and a squirrel cage induction motor, along
with associated microprocessor control circuitry. The rationale behind this
development includes several factors: reduced maintenance and improved
reliability associated with brushless AC motors énd solid state electromics;
improved energy efficiency due to elimination of series resistors; and high
regeneration capability, further reducing energy usage. A net reduction in
life cycle cost is predicted due to these factors, as compared to

conventional, cam-controlled, series resistance DC propulsion systems.

This report was sponsored by the U.S. Department of Transportation, Urban
Mass Transportation Administration, Office of Systems Engineering.
Westinghouse Electric Corporation, Transportation Division, acknowledges the
contributions made by the following organizations toward thé preparation>of
this report: Westinghouse Research‘and Devélopment Center.(design assistance
for the inverter, motor, regeneration, and control); Westinghouse Large Motor
Division (manufacture of AC traction motors); Booz Allen & Hamilton, Inc.
(reliability, maintéiqabiiity, and safety studies, as well as life cycle cost
analysis); and Rail S&stems Center/Mellon Institute (energy study). In
addition, Westinghouse acknowledges the cooperation of the EMI Techmical
Working Group, an industry association sponsored by UMTA and managed By the
Transportation Systems Center, for their guidance in testing of the

propulsion system in order to minimize electro-magnetic interference (EMI).
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EXECUTIVE SUMMARY

The advantages of rugged, simple induction motors have long been known in
industry.. HoWever,.these motors require a more complex drive than their direct
current counterparts, in that the propulsion system must precisely control the
frequency of the alternmating current (measured in hertz) in addition to

controlling current (amperes) or voltage (volts).

Recent developments in technology have made it possible to develop a variable
voltage, variable frequency (VVVF) inverter drive that is compact and rugged
enough to be applied in transit applications. Specifically, two recent
developments have made this AC propulsion concept possible. These are the GTO,

or gate turn-off thyristor, and the second generation, 16 bit microprocessor.

Just as the development of high powered conventional thyristors years ago made
solid state chopper propqlsion possible; the GTO makes possible a compact,
lightweight VVVF inverter. It does>this by virtue of being able to switch large
currents much more quickly and efficiently, and without the heavy, costly

commutation circuitry required by a conventional thyristor.

The second generation of microprocessors has been on the market for several
years, and the 16 bit single chip computers that éoﬁprise this new generation '’
offer a quantum leap in the computing power that can now fit on a single

printed circuit board. These microprocessors offer computing speed and powerful
instruction sets that allow the propulsion logic to solve thousands of complex
equations every second. In the midst of performing the calculations necessary
to ﬁaintain proper torque, the microprocessor control can also monitor the
status of events throﬁghout the vehicle, while continuing to fire the GTO's in
the precise patterns needed to generate the VVVF waveform to the traction

motor.



SYSTEM DESIGN REQUIREMENTS

The following system requirements were established jointly by UMTA and

Westinghouse prior to the start of the design process:

o DEMONSTRATE THAT AC INDUCTION MOTORS CAN BE SUCCESSFULLY APPLIED IN
TRANSIT SERVICE,

o DEMONSTRATE LIFE CYCLE COST ﬁENEFITS vs. EXISTING PROPULSION SYSTEMS.
o DESIGN WITH FLEXIBILITY FOR A WIDE RANGE OF APPLICATIONS,

o DEVELOP COMPATIBILITY TO TRAINLINE WITH CAM CONTROLLED VEHICLES.
o DEMONSTRATE EMI COMPATIBILITY WITH SIGNALING SYSTEMS,

o ADDRESS PAST CONCERNS OF WHEEL MISMATCH AND COGGING.

o DEVELOP TO BE PRICE COMPETITIVE WITH CONVENTIONAL PROPULSION SYSTEMS.

o SOLID STATE CONSTRUCTION FOR ALL CIRCUITS BETWEEN LINE SWITCH AND
TRACTION MOTOR.

o MAJOR REDUCTION IN CONTROL LOGIC HARDWARE COUNT AND MINIMAL ANALOG
CIRCUITS FOR IMPROVED RELIABILITY.

o TOTALLY ENCLOSED MOTOR FOR IMPROVED RELIABILITY.
o NO SEPARATE BLOWERS FOR MOTORS OR PROPULSION.
o REDUCE WEIGHT vs. CHOPPER AND CAM PROPULSION SYSTEMS.

o MODULAR DESIGN WITH FLEXIBLE OPTIONS.

xiv



AC PROPULSION SYSTEM DESIGN DESCRIPTION

The system developed by Westinghouse is shown in block form in Figure ES-1.

Components designed specifically for this project are:

o A totally enclosed, non-ventilated traction motor which exceeds
acceleration, deceleration and duty cycle requirements of the New York

City Transit Authority (NYCTA) R~44 DC traction motor

o A pulse width modulated (PWM) inverter based on gate turnoff thryristor
(GTO) technology

o A multi-microprocessor inverter control/car control logic package

o An input line filter to reduce EMI and smooth the input line ,curreant

o A GTO-based dynamic brake control package

o An optional GTO-based regenerative brake control package which

supplements the regenerative current produced by the inverter

Many components, such as the line switch, line reactor and master controller,
are similar or identical to conventional equipment.
The system configuration tested was based on a design in which one carset
consisted of four AC traction motors, four inverters, dynamic brake capability,
full regeneration capability, and microprocessor control logic. The actual
laboratory test configuration was a half carset that consisted of two AC

traction motors and two inverters, with dynamic and regenerative brake control

circuits and microprocessor control logic. Line filter, line switch, operator's

xv



INVERTER
CONTROL
LOGIC

—_—
CONTROL

INVERTER

REGENERATIVE
BRAKING

POWER

INVERTER
CONTROL
LOGIC

REGENERATIVE
BRAKING

INVERTER
CONTROL
LOGIC

TO TRAINLINES,
LOAD WEIGHT,
ALARMS, ETC...

REGENERATIVE
BRAKING

INVERTER

CONTROL
LOGIC

THIRD RAIL
SHOES

KNIFE SWITCH

FUSES, AND
LINE SWITCH

REGENERATIVE
BRAKING

DYNAMIC
BRAKING
& RESISTORS

System Block Diagram

FIGURE ES-1




controls, and other peripheral equipment were also included in the laboratory
test, as were DC motors coupled to the AC traction motors to serve as a load
dﬁring acceleration and provide power during braking. These DC motors were
connected to a computer controlled simulator to allow them to emulate the

actual torque of an NYCTA R-44 car under various conditions of service.

PROJECT RESULTS

Approximately 18 months of full-scale system testing was completed in the
Transportation Division's power laboratory and in an older facility im the

Westinghouse East Pittsburgh Works.

Both the tractionm motors and the power circuits were extensively outfitted with
thermocouples to verify operation within allowable temperatures, and the system
was connected to a state-of-the-art computer-controlled load simulator. The
system was exercised over a profile equivalent to duty on the NYCTA RR Line.
Actual energy usage was computed by the car control logic during these runs,
based on varying line receptivity assumptions; and this data was an input to

the Cost and Economic Analysis (Section 11).

In addition, the system was exercised over a more severe profile which
incorporates high speed operation not seen in RR Line duty, System performance

[

complied with or exceeded all AC Propulsion Project requirements,

Extensive measures were also taken to verify control system operation and
stability, including the construction and testing of a large flywheel which was
used to simulate the actual inertia of a vehicle. All of these tests

demonstrated satisfactory operation of the AC propulsion system.
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RELIABILITY, MAINTAINABILITY AND SAFETY STUDIES

Reliability, maintainability -and safety of the AC propulsion system were
analyzed in depth as a part of the design process.. System reliability
projections (Section 8) are an input to the Cost and Ecoﬁomic Analysis (Section
11). 1In addition, the reliability efforts indicated the potential advantage of
a two inverter per car system., Maintainability studies (Section 9) confirmed
the advantages of the modular design approach with associated ease of
replacement of failed assemblies. Safety studies (Section 10) revealed no major
hazards, as individgal components of the AC system are similar to those now in

use in conventional DC chopper propulsion systems.

The elimination of as many electro-mechanical devices as possible was in
keeping with the overall program goals of reduced maintenance and improved
reliability. The system developed allows for true four quadrant control; that
is, transition between all four modes of operation (forward propulsion, forward
braking, reverse propulsion and reverse braking) is possible without the need
to transfer any mechanical contacts. Contactors fdr field shunting, reversing,
and power/brake are all eliminated along with all of the series resistor
contacts required by cam control. The only electro-mechanical devices in the AC
propulsion system are the line switches (LS1 & LS2, shown in Figure 3-2). For
comparison, in the NYCTA R-44 cam propulsion equipment there are 14 contacts on
the power cam controller (PCC), 10 cbntacté on the brake cam cbnt;dller (BKCC),
. 4 contacts on the series-parallel contactor (SPC), 6 contacts on the

power /brake contactor (PBC), an Sl contactor, an S2 contactor, a J contactor, 6
field shunt contactors (Fl through F6) and a reverser with 4 contacts for a

total of 47 contacts.

DC motors for traction applications have an open, or drip proof, frame so that
cooling air passes over the internal parts. This is mainly due to temperature
rise restrictions on the commutator and brush gear. The AC induction motor,
‘which has neither b;ﬁshes nor commutator, does not have this problem, so an
environmentally-superior totally enclosed motor was developed, with the

internal parts and insulation isolated from the traction environment.
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LIFE CYCLE COSTS

Life cycle cost investigations were performed on the entire system, with the
cam~controlled NYCTA R-44 car as the vehicle for comparison. As expected,
savings in the areas of maintenance and energy are substantial, and help to
offset the somewhat higher initial cost of the AC propulsion system. The 30
year life cycle cost analysis estimates that the savings in energy and
maintenance will result im a 30 year life cycle cost per propulsion system as

shown below (see Sectiom 11, Figure 11-11 for details):

o Present R-44 cam control propulsion $561,872
o AC propulsion system with four inverters/car 491,524
o AC propulsion system with two inverters/car 475,019

Projected savings in energy and maintenance would pay back the added initial

capital cost of the AC propulsion system in approximately four to five years.

This analysis is based on a comparison of equal fleet sizes. 1In ggality, the
improved reliability and availability of AC propulsion could justify the .
purchase of a smaller fleet to support the’same peak hour demands. In tﬂis
case, the savings are immediate, because of the lesser capital cost of a

smaller fleet.

SYSTEM CONTROLS

Conventional approaches to controlling VVVF inverters involve substantial
amounts of analog circuitry (operational amplifiers, etc.), which are more
sensitive to electrical noise and temperatufe variations than digital circuitry
and requife calibration on occasion. Additionally, analog circuits must be

"hard wired"; that is, a number of integrated circuits and discrete components

xix



are permanently wired into a circuit that performs a single function. Since a
large number of functions must be implemented in the control, literally
hundreds of analog IC's and discrete components are needed. The flexibility.of
digital circuitry allows the same small number of IC chips to.perform.dozens of
different functions, all under the control of software. The result is a very

substantial savings in the total number of control logic components.

Since an inverter does not feed the AC motor with a pure sine wave, low
frequency harmonics are preseat in the output waveform, and cogging (torque
pulsations) can be a problem. This is a.particular problem with a current
source type of inverter. The PWM type of inverter (described later in this
summary) permits synthesis of voltage waveforms with suppression of the low
frequency harmdnics which are the cause of the undesired torque pulsations, or

cogging. ~

Past efforts in AC propulsion development have encountered problems wherein the
asynchronous nature of AC motors caused uneven load sharing among the various
axles unless extremely tight tolerances were maintained on wheel diameter. The
single motor per inverter approach used by Westinghouse eliminates all wheel

mismatch problems.

APPLICABILITY TO OTHER SYSTEMS

The basic system design meets the varied needs of a number of transit
properties. Requirements such as 80 mph operation and high regeneration
capability were included in the design. The modular approach employed is
ideally suited to application on maﬁy different systems. Options for level of
regenerative braking capability, type of motor frame (totally enclosed or drip
proof), and other choices make the system easily adaptable to heévy rail, light

rail or trolley bus systems.
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ELECTRO-MAGNETIC INTERFERENCE (EMI)

Electro-magnetic interference (EMI) is of concern in the development of an AC
propulsion system, since an inverter sweeps through a broad range of
frequencies. DG chopper propulsion, which can operate at a single frequency,
can be designed to avoid critical track signalling frequencies. For this
reason, the design efforts included a detailed EMI study, including extensive
laboratory ﬁesting and measurements, These efforts were run in conjunction with
the EMI Technical Working Group, an industry working group sponsored by UMTA

and managed by the Transportation Systems Center in Cambridge, MA.

Based on data obtained on the susceptability of existing power frequency track
circuits, audib frequency track circuits and extensive design iterations
performed by computer simulation, the electro-magnetic emissions from the
propulsion system were minimized. Specifically, EMI compatibility was assured
by design of the input filters and by appropriate selection of pulse width
modulation strategies and frequencies in the proprietary inverter control
software. The results of this EMI compatibility design effort were verified by
full scale laboratory testing using recommended test procedures developed by

the EMI Technical Working Group.

Results of the testing indicate a safe margin for EMI on the power frequency
track circuits in use at NYCTA, the primary subject of the investigation. All
track circuits in use at NYCTA were catalogued and tested for sensitivity to
interference at the signalling frequency. The‘worst—case track circuits were
then connected to the AC propulsion laboratory setup, and the spectral output
of the AC propulsion system was fed into the track circuits with a variablé‘
gain amplifier so that the actual level at which interference occurs could be
recorded. For the most sensitive track circuit tested (a 25 Hz, double rail
direct relay receiver), the unoccupied margin was 5.2 dB and the occupied
margin was 6,0 dB. Compatibility with audio frequency track circuits is assured
through redesign of the line filter based on the specific audio frequencies of
interest. This aﬁproéch has been verified throhgh computer simulation and

actual laboratory measurements.
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SYSTEM WEIGHT

The system is light in weight when compared with other  systems on an equal

performance basis. The system weights, on a per car basis, are as follows:
o Existing NYCTA R~44 cam propulsion 13,614 1bs.

o AC propulsion with drip proof motors and
inverter-only configuration (includes

basic regeneration capability) 12,524 1bs.

o AC propulsion with drip proof motors and
partial regenerétion configuration
(regeneration capability of imverter-only
configuration, plus additional electric

braking via dynamic brake) 13,139 1bs.

0o AC propulsion with drip proof motors and
full regeneration circuits (regenerative
braking can provide full service brake

requirements) - 16,549 1bs.

Note that the inverter-only configuration still provides regeneration, which is
not available with the cam-controlled propulsion, yet it is 1,090 1lbs. lighter

than the cam—-controlled R-44 car propulsion system.
Totally enclosed motors add 1,400 1bs., per car. This figure was not included in

the above chart for comparison, since the present R-44 propulsion system uses

drip. proof motors.
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DESIGN OF SYSTEM COMPONENTS

The individual components that compriée the AC propulsion system are described
in more detail in the following sections. Only those components designed
specifically for the AC propulsion system, as summarized eafiier, are

discussed.

Traction Motor

There are several differences between the Westinghduse AC traction motdr, shown
"in Figure ES-2, and a conventional three phase squirrel cage induction motor.
Mechanical construction is in keeping with Westinghouse standards for DC
traction motors. Class H insulation, rated for 190°C rise, form wound stator
coils, and a speed range of 0 to 6,000 rpm are also superior to industrial
motors. The rotor is cast aluminum. The motor is rated 125 HP continuous at 45

Hz base speed (1350 rpm) and 1.5 Hz slip.

A quiet shaft-mounted fan was designed for the traction motor. The fan is
designed to circulate air over external fins on the motor frame, requiring no

Filters. A shroud and screen assembly protects the fan blades from debris.

A parallel design was completed for a drip proof version of the same motor.
This option is available in applications where its reduced cost and weight plus
cooler running may be seen as an advantage. The laboratory development and
testing efforts have been based solely upon the totally enclosed design,
however, since this represents the more challenging design from a thermal
perspective, and also due to the strong APTA interest in this type of motor

noted earlier.

Laboratory testing of the AC traction motors involved exercising them over
NYCTA RR Line simulated duty and other, more demanding high speed profiles. The
test motors were outfitted with numerous thermocouples throughout in order to
verify operation at allowable temperatures. A precision on-line torque meter

was used to measure the motor output and verify performance of the motor.
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AC TRACTION MOTOR DISASSEMBLED

FIGURE ES-2
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When exercised over the relatively low speed NYCTA RR Line profile, maximum
temperature rise did not exceed 99.3°C. When run at its continuous rating of
125 HP, the maximum temperature rise did not exceed 159°C, still well within

Class H insulation rating.

Inverter

The inverter functions as a variable voltage, variable frequency DC to AC
conversion circuit, converting conventional DC power from catenary or third

rail into AC power at the voltage and frequency necessary to drive the AC

traction motor at the speed and torque selected.

A. Candidate Approaches Studied:

™

Six candidate approaches to inverter design were studied. Conventional two
stage inverters, both current- and voltage-fed, involve a chopper in front of
the inverter to regulate either current or voltage and to protect the inverter
from line voltage disturbances. In these two approaches, the inverter
regulates only frequency. Pulse width modulation, or PWM, is a technique by
which both voltaée and frequency are controlled in a single stage inzggter.
This is the third basic approach studied. Each of these three approééﬁes was
evaluated using both conventional thyristors and gate turn-off thyristors

-(GTO's).

GIO's resemble conventional thyristors in that they are a solid state switch
capable of rapidly turning large currents on and off. However, a GTC is furned
off by a control pulse, just as it is turned on. A conventional thyristor
requires a second thyristor, a capacitor, and several other components to turn
off, or commutafe. These added components, called the éommutafion circuit, are

not required with a GTO.
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Comparing a complete GTO circuit with a complete conventional thyristor circuit
(including commutation circuitry), the GTO circuit is smaller, lighter, more
reliable and less costly than the equivalent conventional thyristor circuit.
Additionally, it does not have to wait for a large commutation capacitor to
recharge before a new turn-off command can be given. This makes it ideal for
the PWM approach, which requires rapid switching capability to control voltage

and protect against Ffaults due to line disturbances.

B. Selection of PWM Inverter Using GTO Thyristors:

After substantial investigation and a preliminary design of all six candidate
approaches, the PWM inverter ﬁsing GTO thyristors was selected. An analysig
was made based on the cost, size, weight and reliability of each approach. The
GTO-based PWM inverter was determined to be superior in all of these criteria
to the other five approaches. The elimination of the need for a front-end
chopﬁer and all thyristor commutating circuitry are the wajor reasons for this,
This circuit is also the most electrically efficient of the six for the same

reasons.

As noted above, a PWM inverter does not require a chopper on its input to
control current or voltage. The PWM method instead controls voltage in the same
stage as frequency. Essentially, the voltage waveform generated by é
conventional inverter is a squared-off "six step" approximation of a sine wave
to the induction motor (Figure ES-3, top). With the PWM techalque, the
inverter actually turns rapidly on and off during each half-cycle, producing a
waveform with a reduced effective voltage (Figure ES—3,'bottob). Note that the
"effective" sinusoidal waveform is shown superimposed in dotted lines. This is
how a PWM inverter regulates voltage at the same time as if controls the
frequency - by switching a GTO "switch'" on and off very rapidly and precisely,
thie "effective" voltage to the motor wiﬁdings is contfolled by the ratio of GTO
on-time to GTO off-time. Note that this on/off controlling is done within each
half-éycle of the AC waveform. It is here that the high speed and ease of

control offered by a GTO makes the PWM inverter easier to implement.
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The PWM inverter has the added advantage of being able to control the harmonic
content of its output waveform. This reduces motor heating and torque
pulsations ("cogging") -which are both due to undesired harmonics in the motor

current. Smooth application of motor torque is possible at any motor speed.

The inverter, shown in Figure ES-4, is designed for superior thermal
performance and ease of maintenance. All components are mounted on a slide-out
heat sink, and the entire assembly can be easily replaced as a unit.
Power-dissipating devices (GTO's and associated snubber diodes) are mounted in
a thermal module developed to eliminate the requirement for forced ventilation.
The entire assembly is sealed and impervious to moisture and contamination.
Teflon bearing surfaces for the slide-out heat sink are also excellent seals,

particularly due to the fact that they do not lose their resiliency with age.
The inverter was instrumented with thermocouples during laboratory testing, and

during worst-case conditions, all devices ran well within allowable temperature

ratings.

Regenerative Braking Circuits

One of the design goals of the AC Propulsion Project was to suﬁply rated R-44
service brake rate from 80 mph using no friction brake. This requires circuitry
that can handle nearly four times as much power in braking as it consumes in
“acceleration, as shown graphically in Figure ES-5. The reason is that powerbis
equal to torque times speed. In motoring, full torque 1is not available at
higher speeds; in braking, however, full torque (deceieration) must be
available at speeds up to 50 mph, and 77% of full torque is still required at
the top speed of 80 mph. Since braking requires high torque at high speed,
substantially more power is needed - in terms of both mechanical braking

horsepower at the rail and kilowatts in the iaverter circuit.
Rather than oversize the inverter to handle this intermittent requirement,

Westinghouse designed separate circuits to handle the additional effort

required in braking. This is in keeping with the goal of modular design, as
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these separate circuits are in physically separate packages and can be easily

eliminated for applications where they are not required.

Three different configurations are available with this concept, as described
below. Packaging for all of these circuits follows guidelines established for
the inverter - sealed construction, simple, modular removal and repair, and no

requirement for forced cooling.

A. Basic Configuration - Inverter Only:

The inverter and AC traction motor can regenerate power with no added
circuitry. However, for reasons noted above, the inverter alone cannot apply
sufficient voltage to the motor to provide the needed torque at high speeds.
This system is appropriate where high electrical braking rates at high speeds
are not involved. This approach is sufficient for the speeds and duty seen on
the NYCTA RR Line, and thus this is the.configuration that is the basis for the

Cost and Economic Analysis in Section 11,

B. Full Regeneration Configuration:

Because it is not limited by commutation Voltage (which can cause flashover in
a DC motor),‘ah AC traction motor can be used for all service braking:
eliminating friction brake use almost entirely. This creates the need for extra
circuitry to handle the excess power and high voltage which result. The "full"
regeneration scheme involves a previous Westinghouse patent to match the high
voltage generated in braking to line voltage.t The power that the inverter
cannot handle in regeneration is fed directly to the line through this separaté
cireuit (see Figure ES-6), which employs a special traﬁsformer to reddpe the |

high motor voltage that is developed.

t - Registered under US Patent No's. 3815002 (6/4/74) & 3991352 (11/9/76)
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REGENERATIVE BRAKE UNIT WITH PC BOARDS IN FOLD OUT POSITION :
FIGURE ES-6
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This circuit provides capabilities beyond those required on the NYCTA RR Line
duty cycle, and is not addressed in the Cost and Economic Analysis for this
reason. This optional module was, however, built and tested along with the
inverter/motor syétem in the Westinghouse power laboratory. 1In a sufficiently
receptive system with high speed, high rate braking, a fleet of vehicles so

equipped would provide substantial energy savings.

C. Partial Regeneration Configuration:

Concepts for a third option have been developed, but have not been tested in
the Westinghouse power laboratory to date. This provides an intermediate
solution to the first two configurations discussed. By means of resistors, the
"excess' braking energy (i.e. that energy which is beyond the capability of the

inverter-alone approach) is dissipated as heat.
' 8

Mt

This approach still provides for the regeneration of a large portion of
available braking energy, and in fact can recover most of theﬁenergy available
in low speed, High station density routes. At higher speeds, the system
provides a blend of regenerative and dynamic braking. The service braking is
still all-electric, and friction>brake usage is nearly eliminated. This option
is both lighter and lower in cost than the fully-regenerative system described

above.

a3 ot

Dynamic Brake Circuit

In the case of all three of the previously-described configurations for
regeneration capability, a dynamic brake circuit is also provided. This is
needed when the line is non-receptive or partially receptive, and it functions

-to dissipate excess braking energy in resistors when necessary.
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This circuit is basically a DC chopper, as it is located on the DC input side
of the inverters, and it works simply by regulating line filter voltage and
dumping excess energy into a conventional grid of braking resistors. However,
the circuit is GTO-based, all solid-state, and utilizes sealed comstruction

just as with the other power handling circuits.

Control Logic

Conventional approaches to control of an AC inverter involve substantial
amounts of hardware, mostly analog circuitry such as operational amplifiers.
Control approaches which do use a microprocessor typically employ the
microprocessor only for simple supervisory functions. The actual generation of
the complex AC waveform, and from this the commands to fire thyristors, are
generally implemented in analog circuitry. Analog circuitry is highly
susceptible to electrical noise and its output can vary significantly with
variations in temperature; additionally, its components require calibrationm and

occasional adjustment.

Second generation 16 bit microprocessors have arrived over the past few years
which are an order of magnitude ahead of their 8 bit counterparts in |
computational power. As an example, a 16 bit microprocessor can perform
multiplication with a single instruction, where the older 8 bit microprocessor
performs the same operation via a lengthy series of repetitive additioms. This
power permits the microprocessor to simply synthesize the required AC
waveforms, eliminating large amounts of hard-wired analog circuitry formerly
dedicated to this purpose. Microprocessor control also allows for system
modifications (acceleration, jerk limit, etc.) via software revision, as

opposed to hardware changes.
The control system configuration consists of a single supervisory microcomputer

per car, called the car control logic, which in turn directs four slave

microcomputers called the inverter control logics.
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A. Car .Control Logic:

The car control logic interfaces with trainlines, operator's controls, alarms
and indicators. The car control logic controls dynamic braking, friction brake
blending, dead rail detection/reaction and line switch operation. It is also
resPohsible for self test diagnostics and cam emulation -- in short, the car
control logic controls everything except the operation of the individual

inverters and full regeneration brake circuits.

B. Inverter Control Logic:

The car control logic in turnm directs four slave microcomputers, called
inverter control logics. Each of these is responsible solely for the operation
of a single inverter/traction motor (and full regenerative brake circuit, if
applicable). The car control logic simply sends a torque request to~each
inverter control logic, and in turn receives feedback from the inverter control
logic on inverter and motor performance. The inverter control logic is
dedicated to solving the complex equationé necessary to calculating correct GTO

firing times, then firing the GTO's and monitoring motor performance.

C. Control Logic Packaging:

Due to this increase in computational power, the selected approach to AC
propulsion control utilizes a minimum amount of hardware. Laboratory testing
and development has been carried out with off-the-shelf single board computers-
which use the Motorola MC68000 microprocessor, along with breadboarded

peripheral hardware.

Layouts have been developed for the final, minimal configuration boards, and
Westinghousé has determined that each inverter can be controlled by a single
printed circuit board in the small (6.3" x 9.2") double-width Euro-card f§fmat
(see Figure ES-7). The supervisory car control computer in final form will

occupy four of the same size circuit boards, so that the total logic package
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consists of eight of these cards, and can fit in a single cradle such as the
one shown in Figure ES-8. The major reductions in hardware for the inverter
control are accomplished through unique digital methods of PWM waveform
synthesis and control loop feedbéck, which have resulted in several

Westinghouse patent applications,

D. Modular Features and Diagnostic Capabilities of Comtrol Logic:

Each inverter control logic, like the inverters, is fully independent for
improved availability. Modular design is preserved by minimizing the amount of
interconnections to the inverter itself. The inverter control logic accepts a
torque request from the supervising car control logic and in returﬁ informs the
car control logic of its status (motor speed, overcurrent trips, etc.). It
sends to the inverter only the commands required to fire the GTO's, and

monitors the inverter's performance.

The supervising car control logic, also based on the MC68000 ﬁiproprocéssor,
serves to Interpret trainlines and allows the vehicle to train with

cam-controlled vehicles by "emulating" the tractive effort profile typical of

the cam-controlled propulsion. It controls dynamic brake and also serves to

monitor axle speeds and react to a wheel slip or slide. Wheel slip and slide

ARGy

are under better inherent control with an AC motor, which tends to lose all

.,
s BENILA

torque in responsé to a rapid change in axle speed.

The final function of the car control logic is to aid in diégnostics and
maintenﬁnce. The sophistication of the MC68000 allows the caf control logic to
self-test the majority of circuits in the inverter control logics, inverters
and brake circuits without the need for a sepérate suitcase-type test unit. A
troubleshooting concept has been developed which is based on a simple handheld
terminal which connects to the car's logic cradle. Software built into the car
control logic can self-test most of the major components of the propulsion
system, and report test results to the operator on the terminal. This terminal

can also be used for monitoring purposes to further enhance maintainability.

xxxvii



8-S3 JYN9I4

TTTAXXX

a1avdd 219071 NOISTINd0¥d

: SOLDER SIDE

20-SLOT “P1" BACKPLANE ' ’ COMPONENT SIDE

. 0
0
S Q
) . — .
0 r_-——"‘ Q
, H:l/l DOUBLE
- o|— 1 vME BOARD

~ \ ////// =======r-EEE e
SINGLE | / | ;// !.’—5
VME BOARD o = \\\?,\?/‘\ @Q
J B e
\ Q -pz" BACKPLANE
Eo

/0 CONNECTORS

\




This modular design concept allows for ease in adapting to other
configurations. A two inverter per car configuration, or a sidgle inverter
trolley bus system, can be implemented with the same basic componenfs. The
inverter control logic becomes a standard component, and only the.cer control

logic's inputs and outputs must be tailored to the specific application.

MODULAR DESIGN AND DIAGNOSTICS

The modular desigh coupled with available options makes the system readily
adaptable to other applications, including light rail and trolley bus. Minimal
redesign is required to the majority of the hardware, and options for motor
.frame and regeneration capability allow the system to be tailored to the

application.

The maintenance of the system is made simpler by the easily replaceable modular p

components, and routine preventive maintenance requirements for the system are
minimal and simple. Preventive maintenance is.essentially reduced to visual ~
inspection and traction motor bearing lubrication. Sophisticated diagnostics

allow rapid fault isolation, and all undercar components are easily

replaceable. ‘ ’ . -

" FUTURE PLANS FOR AC PROPULSION DEVELOPMENT

The efforts summarized in this report reflect the status of the AC propulsion
system development as of the Critical Design Review held in March, 1985. 1In
future applications of this system, Westinghouse plans to incorporate several

-product enhancements which are detailed in this section.

As of thisvwriting, Westinghouse efforts are directed toward the development of
standard packaging for the inverter and control logic. In the case of the
inverter, recent developmenﬁs in solid state device packaging are being
incorporated. A thermal assembly called a Pow-R-Brick™, developed jointly by

Westinghouse Transportation Division and Westinghouse Semiconductor Division,
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will replace the double side cooled assembly which preseatly contains the
GT0/diode devices. This module is already used in the present packaging for
several diodes in the inverter and for several conventional thyristors employed
in the full regeneration brake circuit. At the time construction began on the
present inverter, this packaging was not available with a GTO, but a GTO/diode
Pow-R-Brick™ is now available for testing. The Pow~R-Brick™ simplifies device
replacement, since it is replaced as a module and no special clamping
procedures are required. The package also permits more effective heat transfer,

and provides electrical isolation.

Initial thermal analysis indicates that a two motor inverter using 2,000 ampere
GTO's can fit in a package not much larger that the current single wmotor
inverter with its 1,000 ampere GTO's. This standard package will be applied to
a range of applications from rail propulsion to trolley bus propulsion to a

static inverter for solid state auxiliary AC power generation.

The design of the control logic has been standardized in order to permit the

- use of a single board inverter controller in a variety of systems. The inverter
controller is a standard module, with one per car required on a trolley bus
system, and two or fdur per car on a railcar propulsion system. Standard CPU
and I/0 boards are used for the car control logic so that, in most instances,
only one printed circuit board will require modifications for a specific

application.

CONCLUSIONS AND TRADEOFFS

The system as designed and tested successfully met all of the design and
performance requirements established. The application of novel approaches to a
number of design issues has led to a propulsion system that is lightweight,
reliable and cost effective while at the same time providing performance

unparalleled in conventional propulsion systems.
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The modular design of the AC propulsion system is adaptable to a wide range of
vehicle systems and transit applications. For any specific application, a
number of tradeoffs must be considered in order to select the optimum

configuration. Several of the key tradeoffs are discussed below.

One of the primary tradeoffs studied during the propulsion system design
process was the relative advantages and disadvantages of open frame, or drip
proof, versus totally enclosed AC traction motors. Stroang input from APTA
representatives at the preliminary design review led to the'selection of a
totally enclosed AC traction motor for fabrication and testing in the full
scale laboratory setup. The primary advantage of this motor is its completely
sealed construction, making it essentialiy impervious to such environmental
factors as snow, moisture, salt, and foreign matter in general. In addition,
the thermal design of the totally enclosed motor represented a greater
challenge in order to effectively conduct waste heat away from the motof
“without the use of intermally-circulated cooling air. Given a successful
totally enclosed motor design, a similar design for a drip proof motor was

viewed as a relatively straightforward engineering task.

There are, however, advantages to be gained by employing a drip proof AC
traction motor. The weight advantage noted earlier of an estimated 350 lbs. per
traction moﬁor, or 1,400 1lbs. per rail car, is certainly a viable
consideration, especially since the weight saved is in the critical area of the
truck. The weight savings is due to more efficiency in heat transfer by the use
of internally-circulated cooling air, alloﬁing the use of a smaller motor for
the same duty requirements. The smallér motor also costs somewhat less to

manufacture.

In addition, the added environmental protection of a totally encldsed motor may
be of marginal benefit in all but the most severe of applications, since
studies of DC traction motors have generally shown that a large number of
problems encountered are related to the commutator and brush gear. Given the
lack of commutator and brush gear in an AC traction motor, an open, drip proof

frame motor may be a more cost-effective choice in such applications.
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For these reasons, a parallel design was completed for a drip proof AC traction
motor. However, as noted earlier, only the totally enclosed design was built

and tested as a part of the AC Propulsion Project.

A second tradeoff studied during the design process was the number of inverters
to be used per car for the AC propulsion system. The selection of a four
inverter/four motor configuration was driven by a number of factors. Among
these factors were wheel mismatch problems associated with two motors driven
from the same inverter; reliability versus availability; and, ease of
maintenance. The fact that GTO's were not available in a iarge enough size (at
the start of the design phase) to allow for a two imnverter per car
configuration was a major factor. Smaller GTO's could be paralleled, but GTO's
are inherently difficult to apply in parallel as they are difficult to balance;
this approach was seen as inherently too risky. For these reasons, a four

- inverter/four motor configuration was selected.

Wheel .mismatch concerns have been totally eliminated due to the four inverter
approach, since each motor 1is separately controlled; S0 no special maintenance
practices are required. This has the added benefit of providing equal traction
to all four axles, providing superior performance on grades and in inclement

weather.

The four inverter concept is also very beneficial to availability. Unlike a DC
motor, an AC motor can be allowed to spin freely if the inverter driving it
fails, without the need to stop the train and electrically disconnect the
failed axle or truck. Simulations indicate that a ten car train on the NYCTA
RR Line can complete a run without substantial loss of héadway with up to ten
of its forty inverters failed. The probability of this occuring is negligible,
and this means that propulsion failures are unlikely to cause substantial
losses in schedule time. Maintenance can be scheduled at the end of the shift,

without service interruptions.
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A two inverter per car configuration does, however, offer some advantages. Its
lesser parts count will improve reliability (with some loss of availability)
and reduce cost somewhat. Since the initial selection by Westinghouse of a four
inverter per car system, several firms have developed larger GTO's, large
enough to make a two inverter per car configuration feasible. This option is

also addressed in the Cost and Economic Analysis in Section 11.
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1. INTRODUCTION

" The advantages of rugged, simple induction motors have long been known in
industry. However, these motors require a more complex drive than their
direct current counterparts, because a propulsion system must precisely
control the frequency of the alternating current (measured in hertz) in

addition to controlling current (amperes) or voltage (volts).

This report describes the design, manufacture and testing of a propulsion
system for passenger rail application utilizing a variable-voltage,
variable-frequency (VVVF) inverter and a squirrel cage induction motor, along
with associated microprocessor control circuitry. The rationale behind this
development includes several factors: reduced maintenance and improved
reliability associated with brushless AC motors and solid state electronics;
improved energy efficiency due to elimination of series resistors; and high
regeneration capability, further reducing energy usage. A net reduction in
life cycle cost is predicted‘due to these factors when compared with

conventional cam-controlled, series resistance DC propulsion systems.



2. AC TRACTION MOTOR

Direct current motors have been the main stay of the traction equipment
industry for many years primarily because it is relatively easy to achieve
speed control with these machines, and they exhibit very desirable speed
torque characteristics. The equipment has been in a constant state of
development during these many years which has resulted in the achievement of
high reliability and high power density in the traction drives. The advent of
high power solid state device technology has impacted the industry as these
new technologies have been exploited in an effort to further improve system
performance. The entry of power semiconductor equipment to the industry has
been staged as electromechanical system components, such as rheostat controls,
have been replaced by more efficient electronic controls such as choppers.

The power device and control technologies have continued to advance and have
achieved a level where replacement of the traditional DC machine with an AC
machine and adjustable speed electronic drive is technically feasible and

economically attractive.

During the initial stages of the design effort a number of motor design
options (listed in Figure 2-1) were considered. Each configufation has its
own strengths and advantages which ultimately will be judged in the market
place against its initial costs, operating efficiency and maintenance
requirements. The choice of the appropriate design configuration is made
difficult because all of the listed options can be made to give satisfactory
performance in virtually any traction application and, with the elimination of
the commutator and brushes, one can expect significantly improved reliability
from any one of the listed design options. Ultimétely a design course was
chosen which would result in the development of a machine which would provide
the maximum performance, efficiency and reliability that could be achieved.
This also proved to be the most difficult machine concept to design which is
an appropriate approach for any development program. Achievement of the
program goals with a design whiéh offers options of environmental protection,
high efficiency and maximum reliability will conclusively prove that the AC

machine is a viable, attractive alternative to traditional DC drives.
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Motor Component Option
Enclosure Open, Dripproof, Splashproof

Totally Enclosed

Total Enclosed Fan Cboled

Stator Winding Form Wound

End Wrapped Mush Wound

Mush Wound

Rotor Cage Copper Bar w/Brazed
End Rings

Cast Aluminum

Characteristics

Best thermal performance,
lightest weight, most

affected by environment

Heaviest, best environmental

protection, quiet

Heavy, good environmental
protection, noise may present

a problem.

Sealed insulation system,
best environmental protection
mechanically most rugged,

highest dielectric strength,

most expensive

Insulation system not sealed,
end turns wrapped for addi-
tional rigidity and environ-
mental protection, medium

cost

Insulation not sealed, most
economical winding, good

thermal performance, mechan-

- ically flexible.

Highest efficiency, highest
cost, best transient load

performance

Medium efficiency, lower

cost, mechanically rugged.

FIGURE 2-1 MOTOR DESIGN OPTIONS



With these goals in mind the design chosen to develop was a totally enclosed
fan cooled enclosure (TEFC) using form wound stator coils aﬁd a brazed copper
rotor cage. Subsequent operational tests showed that the extremely low slip

" inherent with a high efficiency copper cage winding caused instability
problems when the motor was operated with the developed control system. In
addition, the inadvertent use of an incorrect end ring material caused a
mechanical failure of the end ring at the highest operational speed. The need
to solve the control problem and to rapidly replace the motor rotors was
satisfied with the decision to utilize a cast aluminum rotor with higher slip

and hence modestly reduced efficiency.

The following sections will report on the design of the motor as initially

conceived and the motor modifications and test results.

2.1 MOTOR DESIGN

[y

During the initial stageé of the engineering effort a number of decisions were
required to define the design approach for the motors. Several design options
were investigated and many perfectly suitable choices for enclosures, winding
and rotor construction were identified. Initial design choices were made
consistent with the philosophy of developing a "top of the line" product. The
totally enclosed fan cooled enclosure was chosen because it offers the maximum
environmental protection for the motor, the copper rotor cage because it
provides the highest achievable efficiency and form wound stator coils to
provide the best combination of mechanical rigidity, high voltage capability
and environmental protection. In short, it was decided to pursue what was
believed to be the highest reliability and performance options available even
though.these machines would be penalized by modestly increased weight and
cost. In addition, we believed the achievement of acceptable power density in
a TEFGC enclosure to be the most formidable engineering challenge faced. Since
the use of open enclosures would provide improved cooling and a relaxation of
design constraints, it was felt the more difficult TEFC enclosure should be

pursued during this effort.

2.2 ELECTRICAL DESIGN

The initial design goal for the motor was set at 190 HP which we believed was

the highest rating which could be achieved in a TEFC enclosure within the
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available space. Analysis of the chosen car undercarriage showed that a NEMA
445T frame machine would nest within the allowed envelope provided the frame
length could be kept less than 31 inches and appropriate end bells were

provided to allow the coupling to enter the motor box dimensions.

More detailed analysis of the electrical characteristics and mechanical
calculations of the traction system finally resulted in the choice to provide
a 445T frame machine with an active core length of 10.75 in. The significant
dimensions of the commercially-available stator and rotor slot geometry that

were chosen are detailed in Figure 2-2.

Many alternative designs were investigated to determine the most optimum
winding configuration for achievement of the design goals. Additionally,
alternative operating voltage levels were analyzed to provide the most
appropriate system characteristics to achieve the maximum power density and
machine performance. It was quickly determined that the machine should be
wound with four poles and an investigation of gear ratios résulted in a motor
specification which is summarized in Figure 2-3. Figures 2-4 and 2-5 depict
the load curves which were chosen to further define the rating requirements of

the motor.

Several alternative detailed machine designs were developed as the definition
of the system solidified. Five final candidate designs emerged and are
summarized in Figure 2-6. Design 4 was chosen after a detailed analysis of
its losses, expected temperature rise and electrical performance. This design
exhibited the highest efficiency and lowest predicted temperature rise of the
candidate designs and met all performance requirements. A summary of the

design is shown in Figure 2-7.
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12.38 dia,

50 slots evenly
spaced (.202x2.015)

60 slots evenly
spaced- (.372x1.625)

Figure 2-2

Motor Lamination Major Dimensions
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Base Rating
Base Speed
Maximum Speed
Base Frequency
Frame
Enclosure
Frame Length

Maximum Poles

190 HP

1334 RPM
6000 RPM

45 Hz

445 T

TEFC

31.55 inches
4

MOTOR SPECIFICATION SUMMARY

FIGURE 2-3
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Figure 2-4
Motor Power Requirements
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PDWER (HP)

Note: This figure represents the 77th to 86th Street Run of
the NYCTA RR Line and is typical of duty over the
entire line.
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Figure 2-5
Motor Duty Cycle
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STATOR
CORE LOSS
(WATTS)

STATOR
I<R LOSS
(WATTS)

TOTAL
LOSSES
(WATTS)

LINE
CURRENT
(AMPS)

HOT SPOT
RISE (9C)
1700/900CFM

| POWER
| FACT-
EFFICIENCY (%) |OR

WINDING

1.

450V

9 TURNS/COIL
4 PARALLEL
064“ 4“

1,573 6,770 238 1899/2179 92.2 83

2.

450V

4 TURNS/COIL

2 PARALLEL -
.144" X .289"

2,355 7,234 258 1679/197° 93.1 75

450V

8 TURNS/COIL
4 PARALLEL

- .072" X .289"

2,355 4,802 258 1560/186°

4.

420V

8 TURNS/COIL
4 PARALLEL
.075" X .274"

1,864 4,980 258 1549/1830 93.3 80

5.

400V

8 TURNS/COIL
4 PARALLEL
.072" X .289"

1,573 5,132 267 1590/1890 93.2

|
I
I
I
|
I
|
I
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|
I
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I
|
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FIGURE 2-6
FINAL ELECTRICAL DESIGN CANDIDATES



Enclosure

Total Length

Housing Outer Diameter

Gear Ratio

Base Speed
Speed at 80 mph
Speed at 50 mph
Frame

Stator Slots
Stator Winding
Conductor

Rotor Slots
Rotor Winding
Single Air Gap
Active Core Length
Coil Throw

Base Voltage

Base Rating

Total Losses, Base Load

Base Efficiency
Power Factor
Current

Ry per unit

Ry per unit

Xy per unit

Xy per unit

XM

TEFC

31.55 in.

22.125

7.235 (32.375 inch wheels)
1334 RPM

6009 RPM

3756 RPM

445T

60- .372 1.625

4 parallel, - 8 turns/coil
.075 x .274

50- .202 x 2.015

Brazed Copper Cage

.070 in.

. 10.75 in.

1 - 12
420 Vv
190 HP
10.4 KW
93.3%
80%
258 A
.0199
.0094
.0737
.1354
1.74

MOTOR DESIGN SUMMARY

FIGURE 2-7



The electrical insulation system chosen for these prototypes is a class H
system consisting of a Kapton strand insulation, a Kapton coil insulation and
a Kapton-Nomex laminate ground wrapper. Figure 2-8 provides details on the
insulating materials while figures 2-9 and 2-10 illustrate the application of
these materials in the insulation system. All components are class H and
testing of the combined system has confirmed that it also meets class H
requirements. IEEE standard 11-1980 entitled "IEEE Standard for Rotating
Electric Machinery for Rail and Road Vehicles" allows a temperature rise of

170 C by resistance and 190 C by embedded detector for a totally enclosed

class H machine.

2.3 THERMAL DESIGN

The thermal design and analysis of the traction machine consisted of two
separate but related tasks. The first task was the analysis of heét flow to
the ambient air as a function of air flow velocity and the second task was the
development of a fan which would provide the required air flow throughout the

motor speed range.

2.3.1 Motor Heat Flow Analysis

IEEE Standard 11-1980 allows a maximum temperature rise for totally enclosed
machines with class H insulation of 170°C by resistance and 190°C by embedded
detector for transit applications. The goal we set for the machine design was

to achieve 190 HP in the TEFC enclosure within these temperature limits.

The predibtion of machine temperature rise was made using a finite element
model which closely approximates the thermal resistance and loss distribution
in the machine. Figure 2-11 illustrates the geometry of the model that was
employed to complete the thermal analysis of the motor. A half slot model of
the stator was constructed which consists of a one half slot pitch
representation of the conductor, ground wall insulation and stator back iron,

motor frame, frame fins and a heat transfer layer which represents the thermal
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Item

Description

.075" x .274" Kapton

Insulated Copper Wire

.001" x 1.00" Kapton Tape
.006" Kapton-Nomex Laminate
005" x .75" Glass Tape

.0025" x .5" Kapton
Adhesive Tape

(1) of .025" Nomex Paper
(1) of .015" Nomex Paper
(1) of .007" Nomex Paper

Class H Solventless

Polyester Resin

AC TRACTION MOTOR

Function

Conductors

Primary/Seal Tape

Ground Wrapper

Finish Tape

Spot Tape

Filler Between Coils
Filler Under Wedge

Slot Liner

Impregnating Resin

STATOR COIL INSULATION SYSTEM

'FIGURE 2-8
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Figure 2-10
Coil Arrangement in Slot
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drop between the fin and ambient air. The heat transfer coefficient between
the fin and ambient air was adjusted to analyze the effects of different air
flows over the motor frame fins. The developed finite grid is shown in Figure

2-12 and a representative iso-thermal plot is shown in Figure 2-13.

Figure 2-6 shows the estimated temperature rise of the alternate designs for

total fan air flows of 1700 CFM and 900 CFM.

2.3.2 Fan Design

The decision to proceed with a TEFC motor required that é fan be designed
which will provide the necessary air flow throughout the speed range without
producing unacceptably high noise levels. Therefore it was deciced to design
and build a quiet prototypical traction motor blower and shroud which Would
provide 1000 cfm airflow at 1700 rpm while producing a total noise of less
than 90 dBA at 6000 rpm and 84 dBA at 4500 rpm. The design of the blower is
consistent with future manufacture of the blower for extended duty on actual
truck mounted motors available. Space for the fan and shroud was limited to
'an axial length of 4.12 inches and a maximum unrestricted outer diameter of

22.125".

The pre-prototype design configuration of the fan consisted of 30 blades with
an 11 inch OD, 8 inch ID and an axial blade length of 2.5 inches (at the main
radius) as shown in Figure 2-14. The design is based on the required air flow
and physical size limitations using the results of earlier work on TEFC motors

and traction motor flow rates and noise levels.

Using estimates for flow path resistance derived from the motor gedmetry,
approximate values for flow rates and noise levels were calculated and are
summarized in Figure 2-15. Plotted on the Y-axis is noise (SPL, dBA average
at 15 ft. from the motor at 6000 rpm). Also shown is the required fan
diameter (inches, with 21.5 inches as the upper limit in size) as a function
of the flowrate of air. Figure'2—15 shows that 1800 ft3/min represents the
upper limit for flow at 1700 rpm, and that fan noise will fall in the range of
110 dBA or higher. At the other end of the scale, with a fan diameter of 8
inches, the flow rate would be reduced to about 1000 ft3/min with noise in the

90 dBA range.
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Traction Motor Blower with End Bell
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FAN OD, INCHES

*SPL-dBA, 6000 rpm

ESTIMATES FOR NOISE AND FLOW
FOR THE AC TRACTION MOTOR

P = 21,5 INCHES
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**FLOW RATE IS ESTIMATED, WITH POSSIBLE.ERROR OF 100 FT3/MIN,

Figure 2-15
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Results of tests on the pre-prototype fan are shown in Figure 2-16 which shows
a flow delivéry of 1120 cfm at 1792 rpm without a suction grill which is
equivalent to 1060 cfm at 1700 rpm. Figure 2-17 shows test results obtained
using a wooden mockup in front of the fan inlet to simulate the proximity of
the wheel to the fan. A volume flow rate of 1032 cfm at 1792 rpm was measured
which equates to a flow rate of 980 cfm (Qersus the requirement of 1000 cfm)
at 1700 rpm. The diameter of the prototype fan was set at 11.5 inches outer
diameter to regain the 2 percent loss below the specified flow that was

observed with the "wheel" in place.

Laboratory measurements of noise (SPL in dBA [re 2 x 1074 microbar]) at 5 feet
from the machine yielded an average of 70 - 72 dBA at 1700 rpm. Entering the
SPL-vs.-diameter curve shown in Figure 2-15 provides an estimate of 95 dBA for
free-field noise level at 15 feet running at 6000 rpm. It appears that the 96
dBA specification on noise will be difficult to meet with a reasonable fan
design. The decision was made to proceed with the prototype fan and accept
the slightly increased noise levels. The final design configuration of the

- fan was modified from the pre-prototype design to ease manufacture and improve
expected performance. The long (radial) skirt shown in Figure 2-14, which
extends beyond the fan blades, was not included in the metal prototype blower
since it was only a device to allow diameter changes on the pre-prototype
blade row. This skirt was designed to become part of the motor end bracket or
a separate piece mounted to the end bracket. The final design configuration
of the blower is shown in Figure 2-18. The blower consists of a machined
aluminum fan mounted to the shaft of the motor with a slotted key, lock washer
and nut for ease in assembly and removal; a directional foam core/fiberglass
hub for directing air flow; and a blower shroud of foam core/fiberglass

enclosure.

2.3.3 Fan Test Results

Fan testing for flow requirements was performed with the experimental
arrangement shown in Figure 2-19. These flow tests indicated that the fan
would produce the desired 1000 cfm at 1700 rpm with an approximate noise level
of 68 dBA measured 15 feet from the machine based on readings of 70 - 72 dBA

at 5 féet.
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After installation of the fan and shroud on the prototype motors it was not
possible to determine fan air flow, but motor temperature was obtainable.
Initial temperature rise data was obtained. Temperature rises of 130°C for
operation at 120 HP and 1343 rpm were obtained which were slightly higher than
expected. Inspection of the fan assembly indicated that the fan shroud was
not properly fitted and reduced air flow was therefore expected. The shroud
was modified to obtain the ﬁroper clearance (about 0.12 inches between fan and
shoud) and the motor temperature rise decreased to 123°C for 120 hp and 1343
rpm or a reduction of 7°C in rise temperature. This value fit the expected
motor temperature for this operating condition. The effect of placing covers
over the external fins of the motor frame was investigated to determine if
trapping the air within the fins would reduce motor operation temperature.
Covers were fabricated and mounted on the motor frame and tested without

appreciable improvement in cooling effectiveness.

Noise readings were taken on the combined motor fan assembly at speeds up to
6000 rpm in the 1L test laboratory at the Westinghouse East Pittsburgh site.
‘Results of these tests are plotted in Figure 2-20 and show that the recorded
noise levels were quite high in comparison to the expected values due
primarily to reflected noise. The data reported in Figure 2-20 compares the
AC motor fan to the 1447 DC motor, and the overall level at the two fans,

which are similar.

There is no reason to expect one to be much noisier than the other at a given
speed if they are the same size (diameter). However, the 1447 motor fan has
an outer diameter of about 16 inches, while the AC motor fan has an outer
diameter of 11.25 inches. At a given speed, the 1447 fan should be 5 or 6 dBs
louder (based on SPL = 10 log (ND)S). The point is that, for a given fan
type, higher tip speed should yield higher noise levels.

The noise data was plotted as a function of log N to look for the expected
linearity and to estimate the slope of dB-vs-log N. For the 1447 DC fan, the
slope is about 5.1 which is reasonable compared to values reported in the
literature and shown in Figure 2-20. In the same figure the AC motor fan
noise readings taken in the 1L laboratory are shown, and as can be seen it is
basically non-linear. The contention that errors due to reverberance and very

complicated reflection patterns will increase with power (or speed) seems to
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be borne out by the rapidly increasing slope of the curve. At the low end,
the slope is similar to the data for the 1447 DC motor; at 6000 rpm, a slope
of 7 or more is indicated, which is much higher than reported data on similar

fans.

Also shown in Figure 2-20 is the single point measurement from the
Westinghouse Fluid Systems Lab at a speed of 1793 rpm with a raw dBA reading
of about 72. It is estimated that a free field measurement at 15 feet should
be about 68 dBA. Following a slope parallel to the 1447 DC motor data would .
give an estimate of 96 dBA at 6000 rpm. This is in agreement with the 5 or

6 dB estimated difference between the DC and AC fans based on diameters. This
analysis indicates that for accurate test results the noise test should be
repeated in more appropriate surroundings such as an anechoic chamber or a
laboratory which approaches free field conditions. Therefore noise levels are
expected to be in the range of 96 dBA at 6000 rpm (80 mph) and 90 dBA at 4500

rpm (60 mph).

2.4 MECHANICAL DESIGN

A brazed copper rotor design was initially chosen for the prototype motors.
Fifty copper bars are inserted into slots in the rotor punchings and anchored
in place by mechanically upsetting the rotor bars and rotor teeth in the
center of the rotor. Copper and rings are brazed to the ends of the rotor
bars to form the cage circuit. The rotor punchings are keyed and pressed onto
the shaft which has a tapered drive extension for mounting to the gear hox and

a threaded and keyed fan extension to drive the blower.

The effect of skewing the rotor bars of a motor is known to reduce noise
effect generated by the interaction of the stator coil and rotor bars. In a
standard rotor (no skewing) the entire length 6f the rotor bar is heing acted
on by the flux field of the opposing stator slot. As the rotor rotates by
attraction to the stator slots the possibility of increased noise can occur by
the rotor bar to stator slot magnetic field orientation changes. This effect
can be minimized by the design of slot configuration and number éf stator
slots, rotor bars and air gap. These effects were factored into the design of
the original three brazed copper rotor motor designs to minimize noise

effects.
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Of the original three motors one of the rotors was constructed with a skewed
rotor. The effect of a skewed rotor is that the rotor bar is being influenced
by more than one stator slot at any particular time. The interaction of more
than one stator slot tends to reduce the noise assoéiated with the magnetic
field orientation changes. Another advantage of the skewed rotor is that the
motor torque pulsations due to the magnetic field change as rotor bar pass by
stator slot is reduced. A standard rotor (straight bars) would have a small
pulse torque imposed on the steady state torque condition. This condition of
torque pulsing and noise are related and can therefore be reduced by the

design conditions of slot configuration, number of slots and air gap.

When testing was performed on the three original motors no noticeable effect
was' found between the straight rotors and skewed rotor. However, no direct
measurements were taken to determine noise variations or torque ﬁulsations.
In order to accurately determine these effects, noise level reading in an
anechoic chamber would be required as well as highly sophisticated toxque
measurements. Since no noticable effect was found on the system tests, it is
felt that no real advantage is obtained by the added operation of skewing the

rotor for the system under consideration.

The stator of the machine consists of a stacked, laminated core which is
pressed into a cast nodular iron frame. The 445T frame which was used is a
commercially available frame which will require only slight mounting
modifications for actual traction application. The form wound coils are wound

into the c¢ore, arch bound with impregnated dacron pads and wedged into the

slots to form a solid, mechanically rigid winding.

The end brackets of the motor are attached to the motor frame with 9 mounting

bolts and are supported with a machined fit.

Bearings that are presently in use on the Westinghouse DC traction motor line
were found to be'suitable for this application as well. A 65 mm roller
bearing was chosen for the drive end and a 45 mm ball bearing for the
non-drive end. The maximum rated speed for the bearings with our anticipated
loads is 9000 RPM. The bearings that were chosen have an excellent service

record in transit applications.

Figure 2-21 shows an outline of the AC traction motor with shroud installed.

A photograph was shown in Figure ES-2.
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During equipment testing, the motor end rings expanded at 6000 RPM and rubbed
the stator windings causing a failure. Investigation showed that an incorrect
end ring alloy had been provided which did not possess adequate strength.
Initially, we planned to rebuild the rotors using the specified copper bars
and a brass end ring in place of the originally supplied copper end ring.
However, the low slip of the motor made control difficult so the decision was
made to replace the copper rotor with a higher slip, cast aluminum rotor. The
increased losses present with the aluminum rotor required that the motor

rating be reduced as well.

2.5 TEST RESULTS

2.5.1 Temperature Tests

One of the prototype motors was extensively instrumented with thermocouples to
provide detailed temperature rise data throughout the machine. Figure 2-22
provides a general location map for the thermocouples while Figures 2-23 and
2-24 show the actual thermocouples in place in a punching stack before

‘pressing into the frame.

Temperature tests were completed on the instrumented prototype atva load of
120 HP at 1343 rpm. Figure 2-25 shows the temperature distribution in the
motor at this load. Analysis of fhe data indicates that operation of this
machine at 190 HP without modification would result in a temperature rise of
approximately 194°C which exceeds the allowable rise of 170°C rise (by
resistance measurement) by 24°C. However, the stator punchings that were
employed contained flat spots to increase the material yield during punching.
These flat spots effectively eliminate 50% of the backiron to frame contact
and thereby double the temperature rise between the frame and stator iron
compared to a round punching. This effect is clearly seen in Figure 2-25 when
one compares temperatures on the 45° angle which are over the round portion of
the punching to the temperature rises on the vertical and horizontal axes
which are over the punching flats. Use of round punchings should result in a
temperature rise of 169°C at 190 HP, 1343 RPM with the rest of the motor

unchanged which is within the allowable 170°C rise.

During motor testing, as noted earlier, the decision was made to replace the

copper cage rotor with a cast aluminum rotor to improve stability and speed
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replacement of the damaged rotors. The control system engineers requested

that the rotor be redesigned as follows:

1. Increase slip from 0.7% to 3.5% at 125 HP.

2. Modify design to prevent end ring growth due to high speed operation.

After detailed study, it was found that the best way to achieve these goals
was to use a cast aluminum rotor. The material selected has 30% conductivity

and is a high strength alloy.

To save time, the motor manufacturer used an existing mold to cast the
aluminum rotor. This mold included fins which were machined off in order to

get the right end ring resistance.

The lower conductivity rotor required that the motor be derated from 190 HP to

125 HP, which is still more than adequate for the application,

The manufacturer ran a temperature test at 125 HP with the new medium loss,
medium slip rotor. The temperature rise by resistance was 159°C which
‘represents a 36°C increase in temperature over the copper rotor. However,
this is well within'the thermal limits for Class H insulation. Grease was
observed to be leaking out of the bearing during this test. This is due to
the higher rotor temperatures. The grease grade was changed to correct this

problem.

Temperature tests were also run simulating operating on the RR Line of NYCTA.
Under these operating conditions the motor end turn temperature rise was
99.3°C. This is quite cool and shows that the motor is designed for heavier

duty than the RR Line requires.
2.5.2 Noise Tests

Due to equipment limitations, it was not possible to test this motor and fan
at 6,000 RPM in an anechoic chamber. Hence, an analytical study was
undertaken as detailed earlier to predict noise level based on test data on
hand. The noise level predicted by this study is 96 dBA at 6,000 rpm and 15
feet in an anechoic chamber. This, unfortunately, exceeds the design goal of
90 dBA, but compares favorably with current DC traction motor fan designs.
Also note that a noise level in excess of the design goal only occurs at

speeds in excess of 60 mph, which are not seen in NYCTA RR Line duty.
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2.6 CONCLUSIONS

Testing has demonstrated that the TEFC motor presented here is satisfactory

for use in NYCTA service, and in fact has thermal margin remaining for this

application.

The motor was built as a TEFC which has the advantage of environmental

protection. However, a drip-proof motor design would have the following

advantages:
1 Lower weight (aproximately 350 lbs. less, or about a 20% reduction)
2 Smaller size
3. Cooler operation
4 Lower cost

All of the present DC motors in NYCTA service are drip proof and a drip proof
induction motor can be expected to perform better than the DC machine since it

‘has no commutator or brushes.

Figure 2-26 summarizes the characteristics of the final motor configuration ;
which was tested during DOT witness tests in September 1984. This motor meets ,

or exceeds all requirements of the DOT contract with the possible exception of

fan noise.

In concluding, it ié apparent that more work is needed to address the concern
of fan noise. The high airflow requirement of a totally-enclosed motor is the
key reason, along with the fact that a shaft fan must supply sufficient
cooling airflow at less than maximum speed, and must therefore deliver an even
higher airflow at maximum speed. It is at or near maximum speed that the fan

noise becomes of concern.

With a drip-proof motor frame, fan noise would not be as significant a

problem, since lower airflow is required.

2-37



Final

Stator:

Diameter 19.0 in.

Length 10.75 in.

Slots 60 rectangular

Winding ’ Form wound, Y connected
Rotor:

Diameter 12.36 in.

Length 10.75 in.

Slots . 50 rectangular

Bars and Rings , Cast aluminum

Single Air Gap .070 in.

Base Speed Design Parameters (45Hz, 2.5 mph/s tractive effort):

Power Out 125 hp¥***
Speed 1303 rpm
Losses 10.52
Efficiency 89.9%
Power Factor 74.6%

Line Voltage 420 V. rms
Line Current ' 190 A rms
Torque 502 ft. 1h.

* Design goal - not a requirement for NYCTA application.

*%* Based on tests.

FINAL MOTOR CGONFIGURATION

FIGURE 2-26



3. GTO-BASED PWM INVERTER

Until recently, the thyristor was the only device available for use in either
high power DC or AC motor drives. Approximately four years ago, high power
GTOs became available and are now being incorporated in drive systems.. The
thyristor's dominant position is being challenged by the cost, efficiency and
reliability advantages offered by the GTO. The GTO device itself is more
costly and has slightly higher losses than a thryistor, however, when the cost
and losses of auxiliary components required to obtain proper switching
operation are considered, the GTO displays an advantage. The additional
complexity of the thyristor circuit compared to that of the GTO not only
effects cost and losses, but also reduces the reliability of the thyristor

approach.

Although GTOs were initially introduéed by Westinghouse approximately 17 years
ago, the device at that time did not have sufficiently superior characteristics
to attract widespread application. It was not until Japanese manufacturers
undertock GTO development that a commercially attractive device was produced
and marketed. Within the last four years, the available GTO ratings have
increased significantly and device costs are continually falling. Compared to
the thyristor, which is now a mature product offering only marginal future
improvements and a fixed price structure, the full potential of GTOs is yet to
be realized and further significant improvements in ratings, characteristics
and costs are expected. For these reasons, the GTO is the preferred device for

fulfilling the requirements of advanced AC propulsion systems.

An objective analysis of a wide variety of alternative AC drive system
approaches indicated that when all things were considered, a direct fed GTO PWM
voltage source inverter driving a singie AC motor resulted in a system with the
lowest size, weight, and cost, and the highest efficiency. Other

considerations which favor the use of one motor per inverter are:

o . Use of a single inverter per motor eliminates all problems and

penalties associated with wheel mismatch.
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o A lower rating, smaller inverter which will be built in larger numbers
is more amendable to lower cost and more standardization in

fabrication.

o Maintenance, service, and repair will likely be less costly on smaller

inverter packages.

o Overall improvement in car availability since a failure of the
inverter/motor will result in loss of only one-fourth of propulsion

capability.

o More universal applicability to various system properties with less

custom design and modification.

Based on the preceding considerations, the inverter approach selected to meet
the requirements for an AC propulsion system is a GTO inverter operated
directly from the DC supply voltage. This approach meets all performance
requirements and offers significant advantages over other alternative systems

which were considered.

A simplified block diagram df the selected system for demonstration of AC
propulsion, which includes a direct fed GTO-PWM inverter is shown in Figure
3-1. In the selected approach, the inverter sizing is largely determined by
motoring rather than braking requirements, since the braking circuit handles
the additional power generated when up to full rate braking is provided above
base speed. A schematic diagram of the main power circuit for one motor is

shown in Figure 3-2.

3.1 DESIGN OBJECTIVES

The general requirements and objectives described here also apply for the

regenerative and dynamic brake circuits covered in Section 4.
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3.1.1 Primary Electrical Power

The designed inverter operating input voltage range is 425 VDG to 750 VDC.
Nominal operating voltage at which car performance is specified is 600 VDC.
The inverter controller protects the inverter from excursions outside this
fange by shutting off the inverter. Transient voltages on the order of 3000
volts can appear on the third rail. The propulsion system input filter is
sized so that in the event of a large transient voltage on the third rail, the
transient voltage at the output of the input.filter (filter capacitor voltage)
is limited to 1350 volts by the zener like breakdown characteristic of the
aluminum electrolytic input filter capacitors. The minimum value of DC link
filter capacitance and in turn the minimum number of input filterAcapacitor
cans is defined by limits imposed on induced harmonic currents in the third
rail at train signaling frequencies. The minimum number of cans required to
ensure non-interference with train signaling is more than enough to absorb the
enérgy contained in a worst case line transient and to handle the inverter
ripple current. The inverter device voltage ratings are selected to safely
withstand at least a 1400 volt inverter input voltage transient with the

inverter shut off.

3.1.2 Duty Cycle

The typical duty cycle for the propulsion system is required to conform to the
NYCTA "RR” line loading. The average duty of the 77th to 86th street run on
the "RR" line is virtually equivalent to the average of the entire "RR" line
loading.A In addition to handling the typical duty cycle, the equipment should
be capable of handling a braking cycle from 80 mph, which begins with a maximum
braking rate of 2.3 mphps at 80 mph, linearly increases to 3 mphps at 50 mph,
and holds at 3 mphps below 50 mph. A linearized speed vs. time characteristic
of the 77th to 86th street typical run is given in Figure 3-3. Repeating 77th
to 86th street runs and an 80 mph braking run were used to evaluate inverter
component current, switching frequency, and power dissipation versus time for
the purpose of sizing power system components and for determining cooling and

packaging requirements.
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3.1.3 Power Semiconductor Design Safety Factors

1. Under normal operating conditions, power semiconductors in
general are to have approximately a 50% safety factor on

breakdown voltage.

2. The choice of power semiconductor current rating and cooling
requirements is based on obtaining both at least a 10°C margin on
maximum allowed operating junction temperature and a cycling

junction temperature variation (AT) of 40°C maximum.

3.2 PACKAGING OBJECTIVE

The packaging approach chosen for the propulsion system power circuitry does
not employ forced air cooling. The undercar mounted power equipment boxes
contain finned heatsinks on the bottom which are cooled by the natural air flow
available due to the propulsion of the car. The equipment boxes are dustproof

and splashproof to protect the equipment from harsh environments.

3.2.1 Minimum Disruption of Existing Undercar Equipment

An effort was made to mount all AC drive equipment in the space available by

removing the motor control box and a set of dynamic brake resistors. The area
thus available is approximately 144 inches long by 73 inches wide with a height
constraint varying from 17 inches at the side of the car to 39.5 inches towards

the middle of the car, as shown in Figure 3-4.°

3.2.2 Cooling

o The boxes do not require air flowing through them.

o The system does not require blowers.

o  Effort was made to make use of ram air for cooling purposes.

o All heat producing components are mounted on the heat sink to minimize

box ambient temperaturé.
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3.2.3 Equipment

Each motor has an independent:

o Inverter Box

o Inverter Reactor

o Regenerative Brake Box
o Braking Transformer

Thus in all there are four inverter boxes, four inverter reactors, four
regenerative brake boxes, four braking transformers and one dynamic brake box
per car. This equipment is in addition to a line switch, line reactor and
dynamic brake resistors which are common for AC and DC systems. The under-car

location of this equipment is shown in Figure 3-5.

A half-car set of AC drive equipment was designed, built and tested in the
development program. A block diagram of the main power components of this
equipment is shown in Figure 3-6. The dynamic braking circuit has been
designed to handle requirements for a full car, but at present is fitted to

handle a half-car (one truck) set-up.

3.2.4 Service Considerations

The inverter was considered as the component most likely to require maintenance
in the system. Therefore, it was decided the inverter should be placed in a
location convenient for maintenance, preferably accessible from outside the
car. It was also desired to make the inverter a replaceable module to reduce
car downtime due to maintenance. Other equibment such as the regenerative unit
is considered to be more reliable compared to the inverter. Thus it was

decided to locate it in an area not quite as accessible as the inverter.
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3.3 POWER CIRCUIT REQUIREMENTS

Power circuit requirements are defined by the DC link voltage and car
performance specifications. The motor, described in Section 2, is designed to
meet car performance specifications for a 130,000 lb. car at 600 VDC link

voltage with a 7.235:1 gear ratio, and 32-3/8 inch diameter wheels.

The required inverter line-to-line fundamental output voltage component versus
fundamental output frequency characteristic at 600 VDC link is shown in‘Figure
3-7(a). Compensation of the inverter output voltage, as a function of motoring
or braking load, at low frequencies for voltage drop in the motor stator
resistance and leakage reactance to provide constant air gap flux is not shown

here for simplicity.

The maximum voltage available from the inverter occurs when the inverter goes
_into six-step operation (base speed), and is virtually independant of motoring
or braking. However the voltage applied to the motor must be increased when
operating above inverter base speed to permit full rate braking well above base
speed. This increase in voltage is accomplished by a fully regenerative
braking circuit, which is described in Section 4. By using a braking circuit
it is possible to achieve full-rate braking above inverter base speed with no
operating voltage penalty on the inverter and with just a moderate inverter

current penalty.

Figure 3-7(b) shows the maximum fundamental inverter line current component
versus fundamental frequency requirement in motoring and braking. The higher
current in braking than in motoring up to inverter base speed is due to the
fact that the required braking rate is 3 mphps while the required motoring rate
is 2.5 mphps. Above 125 Hz (50 mph) the maximum braking rate linearly tapers
to 2.3 mphps at 200 Hz (80 mph). '
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The higher current in braking above braking circuit base speed (43.5 mph or 109
Hz) is due to the fact that the motor operates under-excited, and operates at
higher than typical rotor slip frequency to obtain the required braking rate
when operating up to 200 Hz (80 mph). The braking circuit base speed is
related to the turns ratio selected for the braking circuit transformer and the
magnitude of dec link voltage. The terms inverter base speed/frequency or
braking circuit base speed/frequency are used here to define the speed/
_frequency at which the inverter output voltage or the braking circuit output
voltage reach their maximum value. This speed/frequency, of course, changes as

de link voltage changes.

In braking, a large portion of the inverter line current and the inverter line
current peak flow in the inverter free-wheeling diodes rather than the GTO main
switches. 1In practice, because of harmonics contained in the motor line
current, the peak worst case instantaneous motor line current handled by the
inverter GTOs under normal operating conditions is about 580A. To handle this
current and also have sufficient margin to protect GTOs By shutting them off in
the event of a shoot-through fault or an overload, at least 800A turn-off

inverter GTOs are required.

3.4 CIRCUIT DESCRIPTION

A schematic diagram of the PWM inverter is shown in Figure 3-8. The inverter
consists of an input filter capacitor bank, a fault current limiting circuit
and three identical inverter pole circuits. The description of the inverter

pole circuit will be made with reference to inverter pole A.

Di/dt protection for upper and lower inverter pole GTOs (GTO-1 and GTO-2) 1is
provided by L1. Ll is 7ul and at a maximum operatiﬁg voltage of 750 VDC it
limits GTO di/dt to 107A/us. The series diode and resistor around L1 serve to
limit the voltage on Ll when a GTO is turned-off, and serve to dissipate energy

trapped in Ll1.
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A conventional type snubber consisting of a capacitor (Cl and C2), charging
diode (D12 and D13) and discharging resistor (R4 and R5) is used to limit GTO
dv/dt. When a GTO is turned-off, the GTO current is diverted into the series
connected snubber capacitor and diode. The rate of rise of capacitor voltage
is 1/C, and with a 2uf capacitor and a worst-case turn-off current of 8004,
dv/dt is 400 V/us. When the GTO is turned back on, the snubber capacitor is
discharged through a snubber resistor (R4 and R5) of 10 ohms and the GTO. The
time constant of this snubber capacitor discharge is 20us. For reliable
inverter operation, it is required that the snubber capacitor be virtually
discharged before its GTO is turned off. If this is not done, the GTO will be
subjected to excessive dv/dt when it turns off, which can result in GTO
failure. For reliable operation, a GTO should be on at least 2.5 snubber time
constants. We have chosen a minimum GTO on time of 3.5 snubber discharge time

constants or 70us for the inverter.

One of the worst situations for an inverter is a shoot-through fault. To
minimize the possibility of this occurring, the inverter is controlled to
provide a 35us minimum "dead time" between an off command to an off-going
inverter pole GTO and the on command to the opposite inverter pole GTO. This
is more than enough time for the GTO anode current to go to zero and for the
GTO to assume full blocking capability before the opposite inverter pole GTO is

turned on.

If however, a shoot-through fault should occur, the inverter is protected.
Shoot-through fault current rate 'of rise is limited by the circuitry consisting
of L4, L5, D7, D11, and R10. In normal operation, the current in L4 builds up
to the peak current drawn by the inverter. As the inverter current fluctuates
below this peak level, the difference current free-wheels through D7 and L5.
The purpose of L5 is to soften the reverse recovery of D7, and D1l and R1O

serve to discharge the energy trapped in L5.
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In the event of a shoot-through fault, the initial rate of rise of fault
current-is limited by the 7ulH di/dt reactor (Ll) until the current in D7 goes
to zero, and subsequent rate of rise of fault current is limited by L4. L4 is
400 uH and at a maximuwmn DC link voltage of 750 VDC, the worst case
shoot-through fault di/dt is 1.88 A/us. The shunts in the cathode of each GTO
monitor'its current, and in the event that a preset over-current trip level is
exceeded, the gate driver turns off the corresponding GTO and an SOS signal is
generated and delivered to the inverter controller which initiates turn-off of
all inverter GTOs. The control and GTO driver are designed to guarantee a
minimum GTO on time of 70us, which guarantees that once a GTO is turned on, it
is on long enough to discharge its snubber capacitor. A shoot-through fault
can therefore exist for up to 70us, and at 750 VDC link voltage and with L4
equal to 400uH, the fault current can increase by 132A over the trip level in
70us. With 800A turn-off GTOs in the inverter, a 650A over-current trip level

.is selected for safe GTO protection.

3.5 CIRCUIT PACKAGING

Based on the guidelines mentioned in Section 3.1 it was decided to:

o) Locate the inverter such that it is accessible from the side of the

car.
o Mount a cold plate at the bottom of the box and mount all heat

producing components to this plate.

o Make the heat sink a modular removable assembly.
3.5.1 Component Layout Objectives
1. Reduce stray inductance in the snubber circuits to a minimun.
2. Limit stray inductance in the circuit as a whole to a minimum.
3. Keep wire lengths from the GTOs to the gate drivers as short as
possible.
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Approximate estimates of losses in key iﬁverter components are shown in Figures
3-9 through 3-12. These estimates are based on the "typical"” run and an
intermittent 80 mph braking run described in Section 3.1. The loss estimates
were simplified by assuming that the basic inverter pole switching frequency is
fixed at 400 Hz at fundamental inverter output frequencies from 0 Hz to 50 Hz,
and equal to the fundamental inverter output frequency for frequencies greater
than 50 Hz. The average power loss in key components for a "typical" run

(defined as Miller Run per Test S-1A with 20 second station stops) is listed

below:
Avg. Power Loss Total

Component . Qty. : Each (Watts) Loss (Watts)
1 GTO 6 150 900
2 Diode-D1 6 55 : 330
3 Snubber-R4 6 60 360 ‘
4 Snubber-R1 3 80 240
5 Diode-D7 1 160 160
6 Inductor . 1 (Outside the box)
7 Capacitors 24 ' (In Regen. Brake box) -

Total 1990

Mounting the inverter at the side of the car imposed a constraint of 16.50
inches on the height of the box. Four identical inverters, to be located
similarly, restricted maximum width to 36.00 inches. Location of the
regenerative brake boxes, mounted behind the inverters, restricted
aécessibility of the inverter to the front side. The restricted height and one
side accessibility prompted an inverter design with a sliding heat sink

arrangement, which resulted in ease of manufacturability and serviceability.

During initial design stages, there was some concern with creepage due to the
mounting of power devices to the bottom surface of the box, however, the
concept of raising the insulating surface 3/8 inch above the main surface

resolved these concerns.
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Inverter GTO Power Dissipation vs Time (Typical NYCTA 77th to 86th Street Run)
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A GTO/Diode stack per Figure 3-13 was developed for double-side cooling on an

insulated sink. The arrangement allows:
o Pre-assembly of devices.

o Double-side cooling, transferring heat from both pole faces to a

common sink.
o Mounting of the snubber diode and capacitor close to the GTO.

Note that the base portion of the stack aluminum blocks has a 2 mil
electrophoretic deposited polyamide—imide>film which increases the creep
distance and isolation between the stack and the baseplate. The stack is
placed on Chomeric 1671 insulation and’ fastened to the sink with four bolts.
The insulation provides isolation between the device and the heat sink. This
arrangement allows use of a common sink for all devices used in the inverter.
The snubber diode is mounted on the GTO block and the capacitor is clamped to
the mounting bar within a distance of one inch from the GTO block, thus

providing low stray inductance in the R-C snubber circuit.

A mathematical model was created to analyze the stack. Nodal and spice
programs were developed to analyze the stack for transient and steady state
impedence. Per this analysis, the transient impedence is shown in Figure 3-14
and the steady state impedence with 1000 LFM of air flow through the heatsink
fins is:

GTO - .278 °C/W
Diode - .345 °C/W

All the inverter resistors are plaqohm type having a flat ceramic Base. These
resistors are non-inductive and have excellent isolation between the resistance
wire and the ceramic base. All resistors are fastened to aluminum blocks with
silicone adhesive, and the aluminum blocks are bolted to the common sink. This
is done to transfer as much of the heat generated in the resistors as possible
into the common sink. Free-wheel diode D7 is a power brick packaged device.

The diode is isolated from the package, and so the power brick can be bolted to
. the common sink. GTO gate drivers are mounted on polyglass panels located

directly above the GTO/Diode sfacks.
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The overall inverter size is 34.91 inches wide by 31.84 inches deep by 16.09
inches high, excludipg mounting brackets but including fins. The heat sink can
easily be slid in and out on teflon slides after disconnecting only three motor
leads and three power connections. The heatsink itself is a self contained
unit and can be easily replaced with another heatsink assembly to reduce car
downtime. An outline drawing of the inverter box is shown in Figure 3-15. The

inverter heatsink layout is shown in Figure 3-16.

3.6 SELECTED TEST RESULTS

The measured performance of the motor/inverter under steady state operating
conditions and the inverter voltage and current waveforms are of particular
interest and are given respectively in Figure 3-17 through 3-20, and in the
test report titled "Inverter Voltage and Current Waveforms" included as
Appendix A, Temperature rises in the inverter package, when operating at a
typical load/duty cycle are also of particular interest. Temperature rises in
the packaged inverter versus time for a typical load/duty cycle (Figure 3-3)
and for the Garrett Synthetic Profile* (Figure 3-22) are listed in Figure 3-21.
It is apparent from these results that the Garrett Synthetic Profile represents
a significantly less severe duty on the inverter than the assumed typical
load/duty cycle since the temperature rises are significantly lower with the
Garrett Synthetic Profile. As indicated in other sections of this document,
this is also true for the AC motor and regenerative brake and dynamic brake

boxes.

It is impossible to measure device junction temperatures directly. One
approach that can be used to predict device junction temperature is to measure
the temperature rise of the device heatsink block and compare this temperature

rise with the calculated temperature rise obtained from a computer model of

* - The "Garrett Synthetic Profile" was provided by Garrett Airesearch
Corporation as a common basis for evaluation. It is essentially a

simplified equivalent of the NYCTA RR Line.
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£, Hz 5 5 5 15 15 15 30 30 30
Speed, RPM 183.6 149.7 116;4' 488.4 449 .4 416 .4 933.6 899.1 856.8
£, Ha -1.12 0.01 1.12 ~1.28 0.02 1.12° 1.12 0.03 1.44
£,, He 6.12 4.99 3.88 16.28 14.98 13.88 31.12 29.97 28.56
Yoe LIng” Volts 609 609 609 609.5 609 608.5 610 609 608
L. Lo ATPS ~10 7 46 54 11 104 121 16 185
Poe romge B -6.09 4.263 28.014 -32.913 | 6.699 63.284 | -73.81 | 9.744 112.48
Torque, Ft-Lb. ~720 3 740 ~730 7 740 ~730 10 740
Shaft Power, KW -18.764 | 0.064 | 12.227 -50.608 | 0.447 | 43.738 96.739 | 1.276 89.997
Efficiency, X 32.5 - 43.6. 65.0 - 69.1 76.3 - 80.0
v Fund., V| 24.4 28 31.6 75.6 82.8 89 166 162 158
I, Fund., Tp. 221 106.5 240 228 105 242 230 104 248.
Total Loss, KW 12.674 4.199 15.787 17.695 | 6.252 19.546 | 22.929 | 8.468 22.483
Figure 3-17 |

Motor/Inverter Test Data
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Motor/Inverter Test Data (Cont'd)

£,Hz 30 30 30 45 45 45 65 65
Speed, RPM 936 899.1 856.8 1386.6 | 1348.8 | 1309.2 | 1947.6 | 1830
fgs Hz -1.2 0.03 1.44 -1.22 0.04 1.36 0.08 4.0
£,, Hz 31.2 $29.97 28.56 46.22 44.96 43.64 64.92 61.0

Ve pomgs VOlts 610 609 608 610.5 609 607 609 607
Inc Ling® AmPS -121 17 190 -198 18 .260 17 389
Poc Links XY -73.81 10.353 115.52 -120.879 | 10.962 157.82 | -10.353 | 236.123
Torque, Ft-Lb. -730 10 740 -740 11 740 14 " 720

' Shaft Power, KW -96.987 1.276 89.997 -145.647 | 2.106 137.517 | 3.87 187.026
Efficiency, % 76.3 - 77.9 83.0 - 87.1 - 79.2
v, Fund., Voo 16§ 163 160 248 248 246 270 248
I, Fund., L. 228 104 252 231 107 247 61.5 377
Total Loss, KW 23.177 9.077 25.523 24.768 | 8.856 20.303 | 6.483 49.097

Figure 3-18
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fi, Hz 65 65 65 75 75 75 100 100 100
Speed, RPM 2019 1947.6 1842 2358 2246 .4 2140.2 3090 3006 2910
£, Hz -2.3 0.08 3.6 -3.6 0.12 3.66 -3.0 0.2 3.0
£,, Hz 67.3 64.92 61.4 78.6 74.88 71.34 103 100.2 97
' 611 B1G 11 .
Voe Ling’ VOlts 611 609 607 6 ; 607 6 609 607.5
‘ - - 18 ' -221

Lo Longe ATmPS 295 17 383 333 363 22 24 220
S -180.245| 10.353 232.481 -203.463 10.962 220.341 | -135.031] 14.616 133.65
Torque, Ft-Lb, -740 14 720 -740 16 600 -360 21 280
Shaft Power, KW -212.073| 3.87 188,252 -247.682] 5.101 182.273 | -157.899| 8.96 115.656
Efficiency, % 85.0 - 81.0 82.1 - 82.7 85.5 - 86.5

. i -

: 78 7
v, Fund., Vool 278 270 260 2 270 262 , 276 270 264
g ;
. . ‘210 _
I, Fund., T 273 61.5 352 322 53.5 338 2 40 200
Total Loss, KW 31.828 6.483 44,229 44.219 5.861 38.068 i 22.868 5.656 . 17.994
Figure 3-19

Motor/Inverter Test Data (Cont'd)
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£, 58z 125 125 125 150 150 150 175 175 175 200
Speed, RPM 3846 3738 3630 4575 4482 4422 5310 5220 5154 5904
£ Hz -3.2 0.4 4.0 ~2.5 0.6 2.6 -2.0 1.0 3.2 3.2
£,, Hz 128.2 124.6 121 152.5 149 .4 147 .4 177 174 171.8 196.8
Voo Lok VOLES 610 609 608 609.5 609 608 610 608.5 607.5 609
To conge AmPs -200 30 146 -145 48 146 -105 60 137 100
o e K -122 18.27 88.768 -88.378 | 29.232 | 88.768 | -64.05 | 36.510 | 83.227 | 60.9
Torque, Ft-Lb. -270 22 200 -170 24 110 -112 23 80 31
Shaft Power, KW -147.398| 11.673 | 103.05 1104 | 15.269 | 69.045 | -84.417 | 17.061 | 58.526 25.979
Efficiengy, % 82.8 - 86.1 80.1 - 77.8 75.9 - 70.3 -
v, | Fund., Voo | 274 268 260 276 270 266 272 264 262 268
I, Fund., T, 203 40 215 140 51 135 90 40 130 100
Total Loss, KW 25.398 6.597 14.282 22.022 | 13.963 |19.723 | 20.367 | 19.469 | 24.701 | 34.921
Figure 3-20

Motor/Inverter Test Data (Cont'd)
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Temperature (@ 40°C Ambient
Measured Calculated T.(Max.)* Calculated Cycle

Component (°c) . (°C) I(ec) AT, (c)

Typical Run 66.3 62.2 90.3 24.0
GTO Block

Garrett Run 55.8 52.0 86.9 30.1

Typical Run 62.8 55.1 81.9 19.1
Free-Wheel Diode Block

' Garrett Run 54.9 48.5 70.3 -

Typical Run 67.0 ' - 67.0 -
Power Brick, D7

Garrett Run 61.7 - 61.7 -

Typical Run 76 - - -
Snubber, R=10 ohms

Garrett Run 67 - - -

Typical Run 73 - - -
Snubber, R=0.5 ohms '

Garrett Run 63 - - -

Typical Run 66 - - -
Box Ambient

Garrett Run 55.4 - - -

* - T, (Max.,) is based on measured temperature.
J

Note 1: See Figure 3-3 for profile of "Typical Run" (run with 30 seconds stop time instead of 20 seconds).
See Figure 3-22 for profile of "Garrett Run".

Note 2: Air flow over car simulated by blower providing approximately 1000 LFM of air flow through the
inverter heatsink fins. The blower was turned off during profile stop intervals. The inverter was

shutdown during coast intervals on the Garrett Run.

Note 3: The measured temperature 1is the highest of all measured temperatures for similar locatioms.

Figure 3-21

Measured and Calculated Inverter Component Temperatures
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the thermal system. This is done to verify the computer model. Once this is
verified, the device junction temperature versus time can be calculated using
the computer model and an estimate of device loss versus time for the

load-duty-cycle being run. This was done to obtain the calculated results in

Figure 3-21.

These selected test results and results of other performed tests verify that

the basic design and performance objectives of the GTO-based PWM inverter have

been met.

In particular, the concept of a small, sealed convection-cooled circuit has
been successfully demonstrated, eliminating the need for blowers and reducing
maintenance concerns. During testing, all semiconductor devices ran at or

below the manufacturer's rated temperature.
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4. BRAKING CIRCUITS

The regenerative and dynamic brake power circuits developed for the AC
traction drive and a proposed partial regenerative brake power circuit will
be covered in this section. The partially regenerative braking circuit is
of interest, because, as will be explained later, it has significantly
lower size, weight, and cost than a full regenerative braking circuit, and
assuming it can be successfully developed, it would be preferred on systems

having low line receptivity.

As will be explained further below, the braking requirements, particularly
at high speeds, dictate that the system must regenerate nearly four times
the power in braking that it uses in propulsion. A modular approach was
chosen in addressing braking requirements. Three basic configurations are

available:

1. The inverter and AC traction motor can regenerate power with no
added circuitry. However, insufficient braking torque is
developed by the inverter alone, and thus electric braking must be
supplemented at higher speeds with friction braking. This simple
configuration is sufficient for the speeds encountered on the
NYCTA RR Line, and is the basis for the Cost and Economic Analysis

in Section 11.

2. Because it is not limited by commutation voltage (which can cause
DC motor flashover), an AC motor can be used for all service
braking, eliminating friction brake use almost entirely. This
creates the need for extra circuitry to handle the excess power
and high voltage which result. The transformer-based module which
provides this capacity is described in this section, and was
tested in the lab setup. This circuit provides capabilities
beyond those required by NYCTA RR Line duty, and is not treated in

the Cost and Economic Analysis for this reason.



3. A third option is discussed in this section which provides an
intermediate solution. By means of resistors, the "excess" .
braking energy (i.e., that beyond inverter regeneration
capability) is dissipated as heat. This option still provides
inverter regeneration of a large portion of the available energy.
In addition, service braking is still all-electric, reducing
friction brake usage, but it is now a combination of regenerative
and dynamic braking at higher speeds. This option is both lighter
and lower in cost than the fully-regenerative system tested in the

Westinghouse power lab.

In the case of all three of the above configurations, a separate dynamic
" brake circuit is also provided. This circuit is needed to handle
regenerated power when the line is non-receptive, and is a conventional
chopper combined with resistor tubes. This circuit also utilizes GTO

thyristors for size and weight benefits.

4.1 REGENERATIVE BRAKE CIRCUIT

4.1.1 Circuit Design Objective

The performance objectives of the AC traction drive in motoring and braking
on a per motor basis are illustrated in the torque and horsepower versus
shaft speed characteristics in Figure 4-1. Note that the maximum
horsepower in braking (740 HP) is almost four times that required in
motoring (190 HP). The power circuit must handle the peak braking power in

a drive designed for full regenerating capability.

The maximum RMS fundamental line-to-line voltage available from the
inverter (six-step operating mode) in motoring or braking is 0.78 times VDC
link or 468 V RMS at 600 volts link. If the inverter is controlled to go
into six-step operation at the peak horsepower frequency in motoring, the
motor line and inverter current required to obtain 190 HP is about 258 A

RMS, however full-rate braking cannot be maintained up to the required high
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speed since the inverter is not capable of increasing the motor voltage
once it reaches six-step operation. To handle full braking with the
inverter alone, it is necessary to control the inverter to go into the
six-step operating mode at a much higher frequency than the peak horsepower
frequency in motoring. This means that a lower voltage - higher current
motor is required, and the inverter is severely penalized because the
maximum current for full rate braking or motoring is about 1200 A RMS
instead of 258 A RMS. An inverter designed to handle full regenerative

braking is prohibitively large and expensive.

The sqlution adopted to minimize inverter and total power circuit size is
to design the inverter to reach full voltage (six-step operation) at the
peak horsepower point in motoring and to add a braking circuit which
provides an increase in motor voltage when operating at frequencies in the
inverter six-step operating range. This approach permits obtaining full
rate braking at high operating speeds without a voltage penalty, and
depending on braking circuit design parameters, little or no current

penalty to the inverter.

‘A simplified single-phase illustration of the fully regenerative braking
approach is shown in Figure 4-2. 1In this approach the braking circuit
voltage Vs adds to the inverter voltage V1 to increase the voltage on the
motor, and the braking circuit inherently regenerates all braking energy in
excess of approximately the peak motoring horsepower rating. Transformer
Tl provides isolation to allow the motor windings to float, and also its

turns ratio sets the maximum achievable motor voltage.

In motoring, thyristors TH1 and TH2 are gated on. This disables the
braking circuit and provides a "direct" comnection between the inverter and
motor. To activate the braking.circuit when braking, gating signals are
removed from TH1 and TH2. The non-conducting thyristor stays off and the

conducting thyristor goes off on the next current zero crossing. Gate
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drive is also applied to GTOl and controlled so that GTOl is turned off for .
a controlled period which is centered at the 90° and 270° positions on the
inverter voltage. By controlling in this manner, the fundamental
components of V1 and Vs are in phase, and they add directly to increasé the

motor voltage Vm.

During the interval that GTOl is off, the current in the secondary of Tl is
forced to flow into the DC source through the diode-bridge and Dl. This
clamps the transformer secondary voltage to the DC source providing
transformed braking voltage Vs on the transformer primary. Dl provides

isolation from the DC source when GTOl is on.

The maximum width of each half cycle of Vs is constrained to be
sufficiently low to guarantee that the polarity of motor current Im does
not reverse polarity during the off interval of GTOl. If Im reverses
during the GTOl off interval, the instantaneous polarity of Vs will reverse
near the‘end of each half cycle, and the average braking voltage will
decrease. In practice, the duration of each half cycle of Vs (duration of

GTOl off time) can safely be 80° maximum.

GTO1l could conceivably be removed and THL and TH2 replaced by GTOs to-
obtain equivalent braking circuit operation, however in practice the
leakage inductance of Tl renders this arrangement impractical due to the
large and highly dissipative snubber circuit that is required and because

the edge transitions of braking voltage, Vs, are too slow.



4.1.2 Circuit Description

A schematic diagram of the regenerative brake circuit is shown in Figure
4-3. The major components and the basic circuit operation have been
covered in Section 4.1. The minor components are snubber and protection
circuits for the main devices. Saturating inductor LS2, resistor RSN, and
capacitor CSN form a dv/dt protection network for thyristor TH1. Resistor
RB3 and capacitor CB2 soften the reverse recovery transient of DBIL.
Inductor LBl limits the turn-on di/dt of GBl and the turn-off di/dt of DBl
to 100A/ms maximum at 700 VDC line voltage. Resistor RBl and diode DB2
serve to dissipate energy trapped in LBl, and to limit the voltage
transient on GBl when it turns off. Capacitor CBl, resistor RB2, and diode
DB3 limit the dv/dt on GBl when it turns off. Shunt SHR1 is used in
conjunction with the GT0 gate drive to monitor GIO current, and in the
event aipre-set trip level is exceeded, the GIO is turned off and an SOS

signal is generated which shuts down the individual motor drive. -

The braking transformer can consist of three separate transformers, one for
each phase, or it can be a single three-phase unit with extra shunt legs
which serve to decouple the phases from one another. The latter approach
has been chosen for the AC drive system since it has a size, weight and
cost advantage. An outline of the braking transformer is shown in Figure

L-4.
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4.1.3 Packaging Objective

Based on the guidelines mentioned in Section 3.1 and considering that
components located in the regenerative brake box are less likely to fail

compared to the inverter, it was decided that we would:

o Locate the regenerative brake box and braking transformer behind

the inverter box. (See Figure 3-5.)

o Mount a cold plate at the bottom of the box and mount all heat

producing components to this plate.
o Mount line filter capacitors in the regenerative brake box.

o Mount 350A inverter fuse in the regenerative brake box since a

convenient location is not available in the inverter.

The space available for:

o 4 - Regenerative Brake Boxes
o 4 - Braking Transformers and
o 4 - Inverter Fault Current di/dt Limiting Inductors

as explained in Section 3.1 is confined to the space shown in Figure 3-4.
This space is approximately 144 inches long by 38 inches wide. The
undercar equipment layout in Figure 3-5 permits fitting all the equipment
in the limited available space under the car, and still allows access to

the regenerative brake box from one side,
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The overall regenerative brake box is 38.0 inches long by 16.55 inches deep
(iﬁcluding cover) by 28.19 inches high, excluding mounting brackets but
including fins. An outline of the box is shown in Figure 4-5 and a circuit
schematic in Figure 4-3. The length available for a box of such height
along the width of car was only 39.0 inches, thus the 38.0 inch limit on
box length. The heatsink can be slid in and out of the box on teflon
slides and enough slack in cables has been provided for this purpose. The
heatsink is a self-contained unit and can be replaced with another heatsink

assembly to reduce car downtime.

4.1.4 Packaging Description

In addition to brake circuit components, the regenerative brake box
contains 24 cans of line filter capacitors consisting of eight parallel
strings with three series cans in each string. This box also contains one

600 amp and one 350 amp fuse.

The braking transformer is a part of the braking circuit; however, it is
not packed in the box but separately hung under the car behind each
regenerative brake box. An outline of the braking transformer is shown in
Figure 4-4. The undercar placement of the regenerative brake box and
braking transformer is shown in Figure 3-5. The following is a description

" of the most significant features of the regenerative brake package:

o ’ Capacitors are mounted on the back wall with long bolts and are
supported at the front to restrict vibration. The capacitor bank

can be removed without disturbing any other component.

o Thyristors packed in power brick packages are mounted on the sink

which is the bottom of the box.

o GTO's are single side cooled by mounting on a copper block which
is electrically isolated from the heatsink with Chomeric 1671.
The cathode side also has a copper bus bar which is used for
electrical connection. The bus bar has been made heavy enough to

provide thermal mass for short transient loads.
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o All stud diodes (DB4) are mounted on aluminum blocks which are
electrically isolated from the heatsink with Chomeric 1671. The
isolated blocks are mounted on pads which are about 3/8" above the

surface of the heat sink.

o The gate driver boards for GTO's and thyristors are mounted on a
hinged polyglass panel so that gate drivers are easily accessible

for maintenance purposes.

o The heatsink and gate driver panel can be removed as one modular

assembly.

4.1.5 GTO Assembly

A double side cooled assembly similar to the inverter GTO/Diode assembly
could not be used due to limited available space. The conventional WTD 5
siﬁgle side assembly also could not be used because clamps for mounting the
block to the heat sink need more space on the sink than was available. The
conventional block to sink clamp also obstructs considerable block surface
which could be used for mounting the snubber resistor and diode. Mounting
of snubber components close to the main device is necessary to reduce stray

inductance in the snubber circuit.

For the above reasons, the arrangement of mounting the block to the heat
sink was modified. The modified arrangement makes the assembly compact and
also reduces chances of a problem due to uneven torqueing of clamp bholts.

The modified arrangement is shown in Figure 4-6.

Due to restricted space, snubber resistors RB2 are mounted on the sides of
the copper block on which the GTO is mounted. All the devices are mounted
on a common sink. It is estimated that each GTO block dissipates heat on a
14.50" by 4.75" sink surface. The thermal resistance from this sink to air

is estimated to be 0.072°C/W.
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Estimated power losses in key regenerative brake box components for the

typical run of Figure 3-3 and an intermittent 80 mph braking run are given

in Figures 4-7 to 4-14.

A listing of average component losses and total

‘losses assuming the typical run (defined as Miller Run per test S-1A with

20 second station stops) is given below:

Component
GTO, GBl

Diodes DB4
Diodes DBl
Thyristors, THI
Snubber-RB1
Snubber-RB2
Snubber-RB3
Snubber -RSN

Quantity
3

12

w W wWw w o Ww

Avg Loss (watts) Total Loss Watts

75
26
18
75
17
9
5
7

225
312
54
450
51
27
15
21

TOTAL 1,155
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4.1.6 Selected Test Results

Strip chart recordings of AC drive performance with the regenerative brake
circuit in operation are provided in Section 5. Figures 4-15 and 4-16 show
the motor line-to-neutral voltage and motor line current waveforms with the
regenerative brake circuit operating. The motor voltage is determined
solely by the six-step inverter output when the braking transformer is
shorted out, i.e., zero degree braking transformer pulse width. As the
braking transformer output pulse width is increased to 70°, the increasing
braking transformer voltage combines with the fixed inverter output voltage
to produce the photographed motor line-to-neutral voltages and line
currents shown in Figures 4-15 and 4-16. A comparison of measured and
calculated regenerative brake component temperature rises for the assumed
typical run of Figure 3-3 and for the Garrett Synthetic profile of Figure
3-22 is given in Figure 4-17. During testing, all semiconductor devices

ran at or below the manufacturer's rated temperature.

The results of these and other tests performed on the AC drive system
verify that the basic design and performance objectives of the regenerative

brake circuit have been ‘met.
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Figure 4-15

‘Motor Voitage and Current Waveforms_with
Regenerative Brake Circuit Operating

4-25



£ = 100 Hz V = 400V

out DC
O Vg 400V/ecm  BRAKING TRANSFORMER
PULSE-WIDTH = 30°
TE = 521 Nm

Jmbend -

|

H

0 VLN 400V /cm BRAKING TRANSFORMER
PULSE-WIDTH = 60°
TE = 965 Nm

0 IL 250A/cm

-0 VLN 400V/cm- BREAKING TRANSFORMER
PULSE-WIDTH = 70°
TE = 1067 Hm

0 IL 250A/cm

Figure 4-16

Motor Voltage and Current Waveforms with
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Temperature @ 40°C Ambient
Measured Calculated T.(Max.)¥ Calculated Cycle

Component (°c) (°c) 1(ec) AT, (°0)
Typical Run 48.1 54.7 105.0 56.7
GTO Block
Garrett Run 43.6 50.8 94.0 . .50.8
, Typical Run 72.0 - ©72.0 -
Power Brick Thyristor —~
Garrett Run 62.5 - 62.5 : -
Typical Run 52.1 51.6 '89.0 36.6
DBl Diode '
Garrett Run 44,2 o= + +
- Typical Run 54.8 52.5 140.0 84.8
DB4 Diode , =
Garrett Run - 44,0 + + ’ +
Typical Run 69.0 - - - :
Box Ambient : N
Garrett Run ~ 59.0 - Co- -

* - Tj (Max.) is based on measured temperature.

+ - Data not available.

‘Note 1: See Figure 3-3 for profile of "Typical Run" (run with 30 secounds stop time instead of 20 seconds).

See Figure 3-22 for profile of "Garrett Run'.
Note 2: Air flow over car simulated by blower providing:approximately 1000 LFM of air flow through the
inverter heatsink fins. The blower was turned off during profile stop intervals. The inverter was

shutdown during coast intervals on the Garrett Run.

Note 3: The measured temperature is the highest of all measired temperatures for similar locations.

Figure 4-17

Measured and Calculated Regenerative Brake Component Temperatures




4.2 DYNAMIC BRAKE CIRCUIT

4.2.1 Circuit Design Objective

The AC traction drive contains a GTO based dynamic brake circuit to absorb
braking energy and to hold the input filter capacitor voltage at a
regulated pre-set maximum level when braking with a non-receptive or
partially receptive line. Unlike the inverter and regenerative brake
circuits, there is one dynamic braking circuit per four motors, or one per
car. This circuit must be capable of absorBing all the energy that can be
regenerated for both the typical duty-cycle and the intermittent braking

cycle described in Section 3.1 and Figure 3-3.

The worst case energy handling requirement of the dynamic brake circuit is
defined by the maximum car weight and the maximum braking rate versus speed
requirement. These requirements are illustrated in Figure 4-18. A maximum
cér weight of 130,000 lbs. is assumed and a 10,490 1b equivalent weight is
allowed for energy stored in rotating parts for a total of 140,490 1b
maximum equivalent car weight. With this equivalent car weight, a 3 mphps
braking rate at 50 mph corresponds to an instantaneous power of 1.91 X 106
W/car and a 2.3 mphps brdking rate at 80 mph corresponds to an

instantaneous power of 2.343 X 106 W/car.

An estimate of system losses is required to determine the maximum power
that must ultimately be dissipated in the dynamic braking circuit. This
loss estimate is illustrated in Figure 4-19. This estimate indicates that
approximately 83% of the maximum instantaneous car power must be dissipated
in the dynamic braking circuit. Figure 4-20 illustrates maximum per car
dynamic brake circuit power versus time for a typical NYCTA run (Figure
3-3). This typical run is approximately thermally equivalent to the
average of an NYCTA overall system run. Dynamic brake circuit power versus
time for a "once a day" 80 mph stop is also shown. Average typical run
dynamic brake circuit power is about 163 KW. This is the average power
rating required for the dynamic braking resistors assuming 100% dynamic

braking.
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Maximum Power Available from Car:

2.34 x 10°

Estimated Losses Per Car at 80 MPH and 2.3 MPH/S Rate:

Train Resistance

Gear Losses

Motor Losses

Braking Transformer Losses

Braking Circuit Semiconductor Losses
Inverters

Total Losses Per Car

Maximum Net Power Dissipated in Dynamic Braking:

Figure 4-19

186.3

9.33

183.2

11.6

9.27

9.46

1}

409.16

1.94 x 103

Dynamic Brake Circuit Peak Power Estimate
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Assuming a 600 VDC minimum dynamic braking voltage and a 1.96 X 10° wWatt
peak instantaneous braking power, the peak dynamic braking circuit current
is 3267 amps. The GTO based dynamic braking circuit requires a number of
parallel'péths to handle this peak current. Among presently available
GTOs, the 600A turn-off, 400A RMS, 2500 volt, Toshiba GTO has the highest
KW rating per dollar and was chosen for the dynamic brake circuit. The
circuit has ten parallel GTO-braking resistor paths requiring a total of
ten GTOs per car. Only one of the ten parallel paths is chopper
controlled. The chopping frequency is 218 Hz. The other nine parallel
paths are switched on/off in sequence as necessary, and the sequence is
rotated every 0.5 second to fully utilize all nine on/off controlled
parallel paths.- Since a half-car set of equipment was built and tested in
the development program, operation of the dynamic brake circuit has been

limited to five parallel paths or five GTOs.
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4.2.2 Circuit Description

A schematic diagram of one of ten virtually identical dynamic brake
GTO-braking resistor strings is shown in Figure 4-21. The braking resistor
RDB3 conéists of five MA-20, 2.5 KW, 0.32 ohm resistors connected in series
for the PWM controlled string and six of the same resistors connected in
series for the on/off controlled strings. The PWM controlled braking
resistor string has less resistance because the maximum chopper on time is
always sufficiently less than 100% of the chopping period to allow a very
conservative recovery period for the GTO. Since the braking resistors are
inductive, diode DDB3 is required to free-wheel braking resistor current
when GTO GDBl is turned off. If the GTO is turned on while current is
free—wheeliﬁg in DDB3 (this is possible when operating at the maximum’
chopping duty-cycle), the GTO and diode DDB3 would be subject to excessive
di/dt if reactor LDBl were not present. LDBl (7uH) limits worst case GTO
di/dt to 100 A/us at a 700 volt maximum dynamic braking voltage. Resistor
RDB1 and diode DDBl serve to dissipate energy trapped in LDBl, and to limit
the voltage transient on GDBl when it turns off. Capacitor CDB2 and
resistor RDB4 serve to soften the reverse recovery transient of DDB3. The
snubber consisting of capacitor CDBl, resistor RDB2, and diode DDB2

protects the GTO from excessive dv/dt when it turns off.

The line filter capacitors are located in each of the four regenerative
brake boxes on a car to keep them close to the inverter and regenerative
braking circuit for each motor, which places them comparatively far away
from the dynamic braking circuit. The connection between the dynamic
braking circuit and the line filter capacitors contained in each
regenerative brake box is accomplished by tightly bundled pairs of cables.
Even so, several of the runs are long enough to insert significant
inductance between the line filter capacitors and the dynamic brake
circuit. The snubber consisting of diode DDB4, resistor RDB5, and

capacitor CDB3 reduces the voltage transient
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Figure 4-21

Dynamic Braking Circuit
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appearing across the dynamic brake circuit terminals due to this inductance
when dynamic brake GTOs are turned off, and in turn, reduces the voltage

transient appearing on a dynamic brake GTO when it turns off.

4.2.3 Packaging Objective

The undercar space made available by removing equipment such as the motor

control box and a bank of braking resistors has been fully utilized to

mount:
o Four Inverters
o Four Regenerative Brake Boxes
o Four Transformers
o Four Inverter Fault Current di/dt Limiting Inductors.

Since there was insufficient space available to mount the dynamic brake box
in the area made available for the AC equipment, the space where the
lighting inverter on R44 cars had been hung was selected for the dynamic
brake box. This space was available since the lighting inverter is no

longer used.

Based upon basic guidelines established in Section 3.1, it was decided to:

o Mount a cold plate at the bottom of the box and mount all heat

producing components to this plate.

o Utilize the rear wall of the box to mount free—wheeling diodes and

snubber circuits associated with them.

o Mount GTO gate drivers on a panel which is easily accessible.
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The dynamic brake box is 50.5 inches long by 13.34 inches wide (without
cover) by 24.50 inches high, including fins but excluding mounting
brackets. The bottom heatsink itself is a self contained unit and can be
replaced with another heatsink assembly to reduce car down time; An

outline of the dynamic brake box is shown in Figure 4-22.
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4.2.4 Packaging Description

The dynamic brake box includes 10 GTOs and their RC snubber networks, all
of which are mounted on the bottom heatsink. Gate drivers for the GTOs are
mounted on'a hinged panel. Half of the gate drivers are accessible with
the hinged panel in a vertical locked position, and the other half by
moving the panel to a horizontal position. The remaining components of the
dynamic brake circuit, such as diodes and their RC snubber networks are
mounted on a heatsink which is 48.67 inches long by 7.66 inches wide and
having 2 inch high fins. A component layout of the heatsink showing
assembly of GTOs and components associated with the GTO circuit is shown in

Figure 4-23.

Estimated power losses in key dynamic brake box components for the typical
ruh of Figure 3-3 and an intermittent 80 mph braking run are given in.
Figures 4-24 to 4-30. A listing of average component losses assuming the
~typical run is given below. Snubber resistor and DDB3 losses are
"significant only for the PWM controlled GTO string since the average
switching frequency of the on/off controlled GTO strings is comparatively
quite low. The loss estimate in Figure 4-25 for an on/off controlled
braking GTO assumes the GTO is on the entire braking cycle. Since the
on/off controlled braking GTO conduction times are cycled every one-half
second to balance the duty of all on/off controlled GTOs, the average power
loss in the on/off controlled GTOs is about one-half the average calculated

from Figure 4-25.

Component Quantity Avg. Power Loss Total Loss (Watts)
Each (Waéts)
PWM GTO 1 77 | 77
On/0ff GTOs 9 26 234
Diode, DDB3 (PWM) 1 17 17
Resistor, RDB1 1 45 45
Resistor, RDB2 1 25 25
Resistor, RDB4 1 11.5 11.5
Resistor, RDB5 1 65 65
TOTAL 474.5
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Figure 4-27

RDB1 Power Dissipation vs Time -~ PWM String
(Typical NYCTA 77th to 86th Street Run)
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RDB2 Power Dissipation vs Time ~ PWM String
(Typical NYCTA 77th to 86th Street Run)
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RDB4 Power Dissipation vs Time - PWM String
(Typical NYCTA 77th to 86th Street Run)
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RDBS5 Power Dissipation vs Time
(Typlcal NYCTA 77th to 86th Street Run)



.All heat producing components listed above are directly or indirectly
mounted on the heatsink in order to keep box ambient within reasonable
limits. Gate driver board components are the only components which

directly dissipate heat within the box.
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4.,2.5 Selected Test Results

Strip chart recordings of dynamic brake circuit performance are provided in
Section 5. A comparison of stabilized dynamic brake box temperature rises
for the assumed typical run of Figure 3-3 and for the Garrett Synthetic
Profile of Figure 3-22 are listed in Figure 4-31. During testing, all

semiconductor devices ran at or below the manufacturer's rated temperature.

The results of these and other tests performed on the AC drive system
verify that the basic design and performance objectives of the dynamic

brake circuit have been met.

4-48



: Temperature @ 40°C Ambient
Measured Calculated Calculated Calculated Cycle

Component o (°c) ®°c) Tj (Max.) A Tj (°0)
Typical Run 52.8 ' 53.3 88.8 36.0
PWM GTO Block - :
Garrett Run 49.1 + + R
» Typical Run 50.8 - - -
Box Ambient -
Garrett Run 47;2 : - - ‘ -

6%-%

+ - Data not availlable.

Note 1: See Figure 3-3 for profile of "Typlcal Run" (run with 30 seconds stop time instead of 20 seconds).
See Figure 3-22 for profile of "Garrett Run".

Note 2: Air flow over car simulated by blower providing approximately 1000 LFM of air flow through the

inverter heatsink fins. The blower was turned off during profile stop intervals. The inverter was
shutdown during coast intervals on the Garrett Run.

Figure 4-31

Measured and Calculated Dynamic Brake Component Temperatures



4.3 PARTIAL REGENERATIVE BRAKE CIRCUIT

On systems having insufficient line receptivity to justify the size,
weight, and cost of a fully regenerative brake circuit, a partially
regenerative brake circuit with equivalent braking capability is preferred.
The size, weight, and cost of a partially regenerative brake circuit is
less than a fully regenerative brake circuit primarily due to the fact that
in the partially regenerative brake circuit resistors instead of a braking
transformer are used to increase the motor volfage at operating frequencies
above the normal base frequency and beca@se the braking resistors which
replace the braking transformer are available at no added size, weight, or
cost. Dynamic braking resistors with a defined energy capacity per car are
required regardless of the type of braking circuit used. Also, since a
large portion of the braking energy is diséipated in the braking resistors
in the auxiliary partially regenerative braking circuit (see Figure 4-32),
the regular dynamic brake circuit can be smaller because it handles a

reduced amount of braking energy.

Figure 4-32 shows a simplified schematic diagram of this circuit. The
effective resistance in each motor line is controlled by phase angle
contrbl of thyristors TH1. The Cl capacitors provide compensation for the
inductive effect of the motor and thyristor modulation. Resistors Rl limit
the discharge current from the C2 capacitors. THZ2 permits a single step
change in the resistance on the output of the diode rectifier bridge, and

enables a significant reduction in the value of Cl (approximately 33%).

4-50



16-%

Inverter

Kt
—

R1 2

~NA

7 A TH

U —

| Motor

-——_ = —

Braking Circuit

Figure 4-32

R3

LA

Z TH2

Simplified Schematic Diagram of Partially Regenerative Brake Circuit



Disadvantages of the partially regenerative brake circuit of Figure 4-32
are that the size, weight, and cost of Cl are considerable, and that the
control characteristic of the braking circuit is quite non-linear making it
very difficult to stabilize a closed loop control. Another disadvantage of
" the circuit is that all six motor winding connections must be brought out

from the motor.
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4.4 PROPOSED PARTIAL REGENERATIVE BRAKE CIRCUIT

A relatively straightforward partial regenerative alternative to extend the
maximum speed for full rate braking above normal base speed is to insert a
controlled resistance at the input to the inverter in braking, which raises
the inverter and thus the motor voltage in braking. This, of course,
increases the voltage stress on inverter components in braking. The amount
of voltage stress increase is roughly proportional to the ratio of maximum
speed for full rate braking to normal braking base speed. This approach
would be preferred if full rate braking can be extended to the desired
speed without having to series inverter semiconductor devices. In the
event that it is not possible to obtain the desired braking characteristic
without resorting to series inverter devices, an alternative approach is

needed to obtain partially regenerative extended full rate braking.

A partially regenerative extended full rate brake circuit using GTOs that
does not increase the voltage stress on inverter devices in braking, which
is patterned after the fully regenerative brake.circuit described in
Section 4.1, appears on cursory examination to be a better circuit choice
than the circuit of Figure 4-32. A simplified diagram of this circuit is
shown in Figure 4-33. This choice, of course, would have to be verified by
a detailed analysis of size, weight, cost, and performance to verify that
it, in fact, is the best circuit configuration when all factors are

considered.

In motoring, thyristors TH1 are on, GTOl is off, and the braking circuit is
disabled. To enable the braking circuit, drive is removed from thyristors
TH1. The non-conducting thyristor stays off, and the conducting thyristor
gées off on the next current zero crossing. GTOl is then controlled on/off
so as to control the resistance and in turn the voltage inserted between
motor and inverter. This provides for a controlled increase in motor
voltage and extends braking capability beyond normal base speed. The PWM
control is also arranged to control the phase of the fundamental compénent
of braking resistor voltage so that the braking circuit operates at an
acceptable power factor without the need for cbmpensation capacitors.

Obviously, the braking
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Simplified Diagram of Proposed Partial Regenerative Brake Circuit (Single Phase)



thyristors could be removed and the braking circuit disabled by gating GTOl

on continuously in motoring. This, however, is unattractive because of the

higher cumulative voltage drops and conduction losses in D1 and GTOl that

would always be present in motoring, compared to the lower voltage drop and

conduction loss in thyristors THI.
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5. PROPULSION CONTROL LOGIC

The function of the propulsion control logic is to interpret commands received
from trainlines (regardiess of the source of commands; either train operator
or ATO). It is then the job of the propulsion control logic to control the
propulsion power‘equipment so as to provide the vehicle acceleration or

deceleration rate requested via the trainlines.
5.1 DESIGN GOALS

.In order to establish the standards for evaldation of the design, it is
essential to identify the design goals prior to the start of the design phase
of the project. This will ensure uniformity of design as well as viability of

the resulting product.
The present design has been developed in accordance to the following goalsf

High reliability. o
Maintainability and ease of fault identification.
Manufacturability.

Repeatable performaﬁce.

Environmental considerations (vibration, temperature, size, etc.).

S LW N

Flexibility and ease of adaptation to various types of transit
systems (Héavy rail, Light rail, Trolley bus, etc.).

7. Cost effectivity.

8. Functional modularity and expandability.

9. System energy efficiency.

10. Elimination of the need for "select on test" components.

11. Operational considerations (harmonic generation, etc.).
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5.2 FUNCTIONAL DESCRIPTION

In order to accommodate various types of transit systems, it is desirable to
separate the motor control functions from the car interface and performance
characteristic functions. Paying special attention to grouping of functions
on printed circuit boards as well as using a small board form factor results
in a highly modular system where functions can be tailored to meet the needs
of the customer without the heavy cost associated with a redesign of the
hardware. This philosophy has been adapted throughout the design of the AC

drive system.

The propulsion control logic consists of two major subsystems, the car control
and the motor control logics. Functions such as interfacing with trainline
signals, interpretating commands received via the trainlines, and regulating
line voltage during non-receptive braking periods fall under the car control
logic. Functions associated with each motor/inverter such as output torque
calculation and control, inverter waveform synthesis, and auxiliary brake
circuit voltage control fall under the realm of the motor control logic. In a
typical scenario, the car control logic interprets the commands received via
the trainlines, and instructs the motor control logic as to what torque output
is desired from the logic based on those commands. The motor control logic
returns certain status information to the car control logic as to it's ability

to perform the requested task.

On each car, there resides only one car control logic but as many motor
control logics as there are inverters. In order to facilitate transfer of
information between car control logic and the ﬁotor control logics and in
order to minimize the amount of redundant functions, the car control and motor
control logics reside in the same card cage. Communication path between the
logics is over the backplane of the card cage. The use of a microprocessor in
the motor control logic allows the packaging of all motor control functions on
a single printed circuit board. Each motor controller acts as an intelligent
peripheral to the car control logic and will not have direct access to the
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