
UMTA-CA-06-0175-89-1

o
US. Department 
of Transportation
Urban Mass 
Transportation 
Administration

Inverter-Controlled 
ac Induction Motor 
Propulsion System
V o l u m e  I: Executive S u m m a r y

March 1989 
Final Report



>
T e c h n ic a l  R eport D o cu m en ta tio n  P a g e

1. Report No.

U M T A -CA -06 -0175 -89 -1

2. Government Accession No. 3. Recipient's Catalog No.

4. T it le  and Subtitle

IN VERTER-CO N TRO LLED  AC INDUCTION MOTOR  
PRO PULSIO N  SY ST EM  
V o lum e I: Executive Sum m ary

5. Report Date

March 1989
6. Performing Organization Code

7. Author's)

Jim  Clemence

8. Performing Organization Report No.

88-61138-1, Rev. 1
9. Performing Organization Name and Address
Allied S igna l Aerospace Com pany  
AiResearch  Los Ange les Division  
2525 W. 190th St.
Torrance, CA  90509

10. Work Unit No. (TRAIS)

11. Contract or Grant No.
DTUM60-82-C-7.1144

12, Sponsoring Agency Name and Address
U.S. Department of Transportation  
Urban M a ss  Transportation Adm inistration  
Office of Technical A ssistance  and Safety 
W ash ington, DC 20590

13. Type of Report and Period Covered

Final Report
March 1982 -  Dec 1988

14. Sponsoring Agency Code
UTS

15. Supplementary Notes

16. Abstract

An inverter-controlled ac induction motor propulsion system  for rail transit cars was 
designed, developed, and tested to verify projected benefits and applicability of ac over 
conventional dc cars. Two New York City Transit Authority (NYCTA) R-44 dc subway cars 
were retrofitted with prototype ac propulsion equipment based on mature, low-risk ac pro­
pu lsion  technology. The program  showed that propulsion sy ste m s using ac motors can pro­
vide greatly improved reliability and reduced maintenance, with sign ificant reductions in 
life-cycle cost. The prototype ac propulsion system conserves energy through regenera­
tive braking, returning energy to the line when the network is receptive. The equipment 
c o n s is ts  of a control unit incorporating so lid-state  integrated circuits and two e ssen ­
tially independent truck drives. For each truck, a single inverter unit powers two 
totally enclosed, self-cooled, squirre l-cage ac induction motors, each motor driving one 
of the two axles per truck. Each pulse-w idth-m odulated, vo ltage-fed, thyristor- 
controlled inverter is forced-air cooled by a blower, which also coo ls the resistors used  
to d issipate dynam ic braking energy when the line is not receptive. Demonstrated on the 
NYCTA, the ac propulsion system  improved acceleration and braking performance with good  
electrom agnetic interference and acoustic noise control and w as fully compatible with the 
existing trainlines, NYCTA signalling and supervisory equipment, and dc cars. The report 
explains how the latest technology would be applied in future production equipment to 
resu lt in even more benefits to the rail transit industry.

Vo lum e I contains the executive summary; Volume II contains final report Sections 1 
th rough  5.___________________________ _

17. Key Words

Ac propulsion system  
Ac traction motor 
Dc chopper 
Inverter drive unit 
Power conversion unit

Pulse-w idth
modulation

18. Distribution Statement

Docum ent is available to the U.S. public 
through the National Technical Information  
Service, Springfield, Virginia 22161.

19. Security C lassif. (of this report)

Unclassified

20. Security C lassif. (of this page)

Unclassified

21* No. of Pages

6 4

22. Price

Form  D O T  F 1 7 0 0 .7  (8-72) Reproduction o f com pleted page au th o rized

/



PREFA C E

The subsystem technology application to rail systems (STARS) program was 

sponsored by the U.S. Department of Transportation (DOT) Urban Mass Transpor­

tation Administration (UMTA). The UMTA organizational team was the driving 

force of the DOT effort to demonstrate the applicability of ac propulsion 

equipment to the U.S. transit industry. Credit also is due the American 

Public Transit Association (APTA) and its car equipment liaison board for its 

support during the entire program..

Work on this STARS program was conducted under DOT/UMTA Contract DTUM60- 

82-C-71144, initiated on March 31, 1982. Under this contract, the AiResearch 

Los Angeles Division of Allied-Signal Aerospace Company, teamed with 

Oy Stromberg Ab of Helsinki, Finland, designed, developed, fabricated, tested, 

and delivered a prototype inverter-controlled alternating current (ac) induc­

tion motor propulsion system for transit vehicle application. The system was 

demonstrated on two New York City Transit Authority (NYCTA) R-44 subway cars 

on the NYCTA transit system.

The program was truly a combined effort of administrative ability (DOT, 

UMTA) and technical initiative and creativity (AiResearch and its team member, 

Stromberg) resulting in a successful operational demonstration conducted with 

the support of the NYCTA, without whose help the program would not have been 

completed. Specifically, AiResearch acknowledges the NYCTA assistance in the 

areas of engineering support, test vehicle preparation and transport, electro­

magnetic interference (EMI) test support and supply of signalling equipment, 

and the maintenance of the nonpropulsion equipment on the R-44 test/ 

demonstration vehicles. The availability of the NYCTA facilities, test track, 

and revenue service operation is appreciated. The DOT Transportation Systems 

Center of Cambridge, Massachusetts, also is recognized as a major contributor 

to the overall success of this STARS project, especially in the area of EMI 

and signalling testing. The following individuals are recognized for their 

specific contributions to the program. •

• Ron Kangas, Chief, Technology Division, and Steve Barsony, Director, 

Office of Systems Engineering, DOT/UMTA, Washington, D.C.
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European transit market, enabled satisfactory completion of hardware 

qualification testing, R-44 implementation, and integration of three complete 

sets of hardware (Iwo installed car sets and one set of spares) and culminated 

in a lengthy, successful operating program on our nation's most demanding 

transit system, the NYCTA. The entire program was accomplished within the 

DOT/UMTA STARS contract budget.

It is acknowledged that the demonstrated system does not represent 

present-day technology such as the new developments in gate turn-off (GTO) 

devices that replace thyristors and thus eliminate commutation circuitry, or 

the latest advancements in microprocessors and software, but to incorporate 

this technology at the risk of program delays and possible failures was deemed 

unnecessary because the system concept and application to a real environment 

were the main priorities. Continually modifying proven equipment to incor­

porate the latest technological advances could not have guaranteed the STARS 

program success and, in fact, would undoubtedly have resulted in program 

delays and, consequently, financial hardships inconsistent with the STARS 

goals. Now that ac propulsion has been demonstrated as a viable replacement 

for outmoded dc equipment, new requirements can be met with the latest- 

technology systems.

The STARS program success is evident by current "on-the-street" requests 

for proposals by several U.S. transit authorities, including the NYCTA, for ac 

propulsion equipment or vehicles operating with ac propulsion. The Southeast 

Pennsylvania Transit Authority (SEPTA) currently is introducing ac propulsion 

equipment on its Norristown line. The STARS program was closely monitored by 

many U.S. transit properties interested in the industry shift from.dc equip­

ment to ac, and it has stimulated the widespread acceptance now being shown.

The executive summary, Volume I of this final report, provides an over­

view of the entire STARS program, including background information on electric 

rail transit and major program milestones. Volume II presents more detailed 

information on the activities of each phase of the two-phase program, includ­

ing representative samples of significant recorded test data and summaries of 

test results.
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t Ray Wlodyka, UMTA Project Engineer and Program Monitor, DOT, 

Transportation Systems Center, Cambridge, Massachusetts, and 

Dr. Ross Holmstrom and Mike West, EMI Support, Transportation 

Systems Center, Cambridge, Massachusetts

• Chuck Edelson, UMTA contract EMI support

• Richard Goodlatte, Chief Mechanical Officer, NYCTA

• Jack Rogg, New Car Engineering, NYCTA, and his STARS engineering 

staff, Oscar Rosenes and Arpad Frank; A1 Dzingelis, NYCTA Phase I 

Project Manager

• Steve Shooman, Signal Department, NYCTA

The AiResearch program was under the direction of Charles Weinstein, 

product line manager of the electrical power and rapid transit systems group.

Phase I program manager was Gabor Kalman, and the Phase II program manager was 

Jim Clemence. The AiResearch technical team was headed by Bob Rudich and Rudy 

Van Eck, and the NYCTA test program was under the direction of Keith Vasak of 

AiResearch. Stromberg's technical expertise and on-site support is 

acknowledged, especially that of Arto Issakainen.

This document summarizes the design, laboratory testing, manufacturing,

R-44 car installation, and car test program of the ac propulsion system- 

applicable to a U.S. operating transit system. The program rationale promoted 

by the UMTA program organization was that the conversion from current dc 

onboard propulsion to ac will result in improved reliability and reduced main­

tenance and is compatible with existing transit practices. The introduction 

of ac induction motors, which have no commutators or brushes to service, is 

the key to this goal. Improved energy efficiency with elimination of series 

resistors and the ability to use regenerative braking, reducing electrical 

energy consumption by up to 37 percent, are additional benefits.

The key to the success of the STARS program as evidenced through the 

Phase I and Phase II efforts was the initial team decision by AiResearch and 

Oy Stromberg to use a proven ac propulsion concept tailored to the requirements of 

STARS. The use of this system, already developed and operational in the

TV
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EX EC U T IV E SU M M A R Y

INTRO DUCTION

The D O T /U M T A -sponsored  inverter-controlled alternating current (ac) induction 

m otor propulsion system  program has successfu lly dem onstrated that ac propulsion 

sy ste m s offer significant, achievable near-term benefits to the rail transit 

industry.

The prototype ac propulsion system (Figures 1 and 2), built by an 

international team--AiResearch Los Angeles Division of Allied-Signal Aerospace 

Company in the United States and Oy Stromberg Ab of Helsinki, Finland-- 

incorpora.tes low-maintenance, totally enclosed ac traction motors together 

with thyristor-based power conditioning circuits and solid-state controls.

The system was installed in place of the original direct current (dc) equip­

ment in upgraded self-propelled R-44 subway cars of the New York City Transit 

Authority (NYCTA), and successfully demonstrated in New York in one of the 

world's most demanding rail transit applications.

This executive summary provides an overview of the entire STARS program 

effort, including some background information on electric rail transit and the 

rationale for considering conversion to ac propulsion systems. The STARS 

program history is reviewed, program accomplishments are discussed, and the ac 

propulsion system and components are described. Significant test results are 

summarized. Volume II provides more details, including design information, 

pertinent data collections, and reduced test results.

DOT/UMTA STARS Program

The DOT/UMTA subsystem technology application to rail systems (STARS) program, 
of which this ac propulsion system program is an important element, was established 

to benefit the U.S. rail systems industry by encouraging the application of the 

latest technological developments to rail systems.

1



a. R-44TEST/DEM0NSTRATI0NCARS

THIRD-RAIL DC POWER 
FROM EXISTING MAIN 

FUSE AN D  KNIFE SWITCH

TO E X IS T IN G  C O U P L IN G S  A N D  G E A R  B O X E S  A-5S497 -A

b. AC PROPULSION SYSTEM BLOCK DIAGRAM F-56381

FIGURE 1. AC PROPULSION SYSTEM AS DEVELOPED FOR R-44 CAR
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a. TYPICAL R-44 INSTALLATION

b. INVERTER

d. DESIGNED TO MATCH R-44 DC PERFORMANCE
F-56378

FIGURE 2. AC PROPULSION SYSTEM EQUIPMENT AND LAYOUT 
IN R-44 CAR
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a R-44 STARS CARS UNDERGOING REFURBISHMENT AT 
MORRISON-KNUDSEN FACILITY, HORNELL, NEW YORK

b. LINE CONTROL EQUIPMENT INSTALLATION
(SHOWS SAFETY HANGING FEATURE) F-56376

FIGURE 2. (CONTINUED)
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a. INVERTER ENCLOSURE AND COOLING AIR BLOWER

b. LOWERING INVERTER INTO RACK

FIGURE 2. (CONTINUED)
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a. AC MOTOR INSTALLATION IN R-44 CAR

b. BRAKE RESISTOR AND INVERTER INSTALLATION IN R-44 CAR

F-56379

FIGURE 2. (CONTINUED)
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DOT/UMTA has sponsored numerous programs to foster the development of 

advanced systems for the U.S. rail transit industry. In previous programs, ac 

induction motor propulsion was identified as the most suitable system 

developed to date for transit applications, primarily because of the desirable 

characteristics of the induction motor. Important benefits expected to 

accompany a conversion from systems using conventional dc traction motors to 

systems using the less expensive, lower maintenance squirrel-cage ac induction 

motor include:

• Lower operating costs • Reduced maintenance

• Improved reliability • Energy savings

The 3-phase ac squirrel-cage induction motor, unlike conventional dc 

traction motors, has no brushes or commutator to wear out— there are no 

insulated windings on the cast-aluminum rotor. Its simple, brushless con­

struction makes it easier and less costly to manufacture, and it is nearly 

maintenance-free. With no insulated wire on the rotor, rotor temperature is 

not a major concern, and the motor can be completely sealed to prevent dirt 

and water from getting inside. The motor can be cooled effectively by a 

built-in fan to provide airflow over the external finned surface. With no 

brushes or commutator to wear, periodic maintenance is limited to relubricat­

ing the bearings once every 3 or 4 years and occasionally washing off the out­

side of the motor with a hose.

The open-frame construction of the typical dc traction motor and its 

exposed, electrically "hot" brushes/commutator surfaces are eliminated, along 

with the brushes/commutator "flashover" and maintenance problems.

Electric Rail Transit Background

In the past two decades, developments in power conditioning and controls 

devices and circuitry have made the ac induction motor propulsion system a practical 
alternative to dc systems for rail transit application. Fast-acting switching and 

control circuits using solid-state electronics now can make ac propulsion systems 

feasible and competitive with dc systems.

7



One reason dc motors were used instead of ac motors in the earliest rail 

transit electric propulsion system applications is that it was easier to 

provide variable speed from dc motors. Although the superior attributes of ac 

motors were recognized at that time, the difficulties encountered in 

developing ac power control circuitry that would operate satisfactorily on­

board moving rail vehicles made the use of ac motors impractical.

The induction motor torque/speed characteristic is only suitable for 

transit applications when a variable-frequency, variable-voltage supply is 

available, and until the advent of high-speed, high-power solid-state switch­

ing devices, suitable power supplies could not be developed. The mechanical 

contactors, relays, etc. used in dc systems were not suitable because they 

would not provide the extremely rapid, precisely timed switching action needed 

for variable-frequency ac control, nor were rotating motor-alternators 

suitable for providing variable-frequency ac power.

The advent of the thyristor, a solid-state device capable of rapidly 

switching large electrical currents, made it possible to develop dc-to-ac 

inverter power supplies suitable for induction traction motors.

One of the first applications of thyristors was in dc propulsion systems 

for so-called dc "chopper" regenerative braking systems. In regenerative 

braking, the traction motors function as generators driven by the wheels, and 

the generated electrical energy is returned to the third-rail power network. 

The motors, acting as generators, place a load on the driving wheels and thus 

act as electrical brakes. The chopper circuit allows the generated voltage to 

be increased to a level above that of the line, so power can be returned to 

the line during periods of line receptivity. When the line is not receptive, 

another thyristor circuit, a braking chopper, controls power dissipated in 

braking resistors during dynamic braking. The result is reduced operating 

costs by reducing overall energy consumption.

Although dc-chopper regenerative braking has made a significant impact in 

reducing energy consumption, the dc propulsion systems used predominantly in 

U.S. electric rail transit vehicles appear to have reached a level of

8



development beyond which continued improvements are limited by the dc motor's 

inherent high maintainability requirements. The necessity for frequent 

inspection, servicing, and replacement of the brushes and commutator is the 

primary limitation of the conventional dc traction motor design. The commu­

tator, and the brushes that must make electrical contact with the rotating 

current-carrying segments in the commutator, are both subject to wear and 

erosion by friction and electrical arcing.

1. D ire c t-C u rre n t Traction M otors

W hen electric  propulsion system s for rail tran s it w ere  firs t developed over 

100 years ago, the  dc m otor was the obvious choice because of the  ease of 

speed contro l using th e  m ethods available at the  tim e, m echanical contactors.

Its wound rotor/separately wound stator (field) construction and operat­

ing characteristics permitted relatively simple step-wise speed control by 

using a system of manual or electropneumatic cam-operated mechanical switches 

(contactors) and resistor banks, which was within the capabilities of the 

existing control technology. In addition, dc motors were compatible with dc 

primary power transmission systems, which avoid the difficult commutation 

problems encountered when ac power is used.

The dc motor speed is adjusted by inserting various resistances in the 

power circuit and by reconnecting units in different series, series-parallei, 

and parallel configurations. This can be accomplished with mechanical switch 

ing devices or contactors. With its wound-rotor construction, however, a dc 

motor requires brushes and a commutator to carry the high armature current. 

Despite improvements in materials and design over the years, the mechanical 

wear and electrical arcing associated with the brushes and commutator 

necessitate frequent maintenance.

2. A l t e r n a t i n g - C u r r e n t  T ra c t io n  M o to r s

In th e  s q u irre l-cag e  ac induction m otor, speed is contro lled  by varying the 

freq u en cy  of the ac supp ly— not feasible using m echanical contactors, bu t now  

read ily  accom plished using fas t-a c tin g  s o lid -s ta te  e lectron ic  sw itching circuits.

9



In the squirrel-cage induction motor, the rotor rotates under the 

influence of the rotating magnetic field generated by the alternating currents 

in the stationary stator winding--thus no brushes or commutator are required. 

Maintenance is limited primarily to infrequent bearing relubrication.

3. Power Conversion Equipm ent

To make a change from  dc to  ac propulsion possib le w ith in  the  existing tran s it  

n etw o rks , the  dc prim ary pow er m ust be converted in to  su itab ly  conditioned ac fo r  

th e  ac traction  m otors .

It was not until fast-acting, high-power solid-state switches 

(thyristors) became available that it became practical to convert the primary 

dc power into the variable-frequency ac needed for ac propulsion systems. By 

using thyristor-based inverters to convert dc into quasi-sinusoidal ac power, 

ac traction motors could be used in the existing dc transit systems.

Such systems have been operating in revenue service since the early 

1970's, especially in Europe. The fast action of the high-power solid-state 

"switches" and powerful computational capabilities of digital microprocessor 

units now make it feasible to properly control the ac power frequency and 

voltage to effectively regulate the speed and torque of ac traction motors'.

4. NYCTA dc Cars

The in verte r-co n tro lled  prototype ac induction m o to r propulsion system  was 

designed  to  be insta lled  in place of the dc equ ipm ent on tw o  NYCTA R -44  subway cars 

fo r  dem onstration  purposes.

The NYCTA cars are self-propelled electric rail transit cars powered by 

four dc traction motors installed in two 2-axle trucks. The R-44 dc propul­

sion system is shown in the block diagram of Figure 3. Each motor drives a . 

separate axle through a flexible coupling and a speed-reducing gearbox with a

10



gear ratio of 5.087:1. The cars have contact shoes to collect power from the 

NYCTA third-rail current source, which supplies nominal 600 vdc. The cars are 

designed to operate as a married pair or in trains with other cars, all 

controlled from one car.

The NYCTA cars are controlled by the motorman's five-position master 

controller, which includes:

4
(a) Minimum power

(b) Series

(c) Parallel

(d) Coast

(e) Braking

(f) Express (when installed)--corresponds to "Stromberg Mode" (80 mph) 

on the ac system

ANNUNCIATION

} FRICTION 
BRAKE

1G-00385

FIGURE 3. R-44 DC PROPULSION SYSTEM BLOCK DIAGRAM
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In the minimum power position, the traction motors are connected in full 

series with maximum field resistance; in the series/parallel positions, the 

resistance is progressively removed in nine steps and the motors reconnected. 

In coast, power to the motors is removed, and dynamic braking is enabled. In 

dynamic braking from high speed, the motors function as dc generators 

supplying current to resistor banks that dissipate the dynamic braking energy. 

At low speed, the electropneumatically actuated friction brakes take over. 

Pneumatic braking is used in emergency braking.

The dc cars are designed to provide an acceleration rate of up. to

2.5 miles per hour per second (mphps) and selected rates of deceleration 

between 1.5 and 3.0 mphps for empty and fully loaded cars.

PROTOTYPE AC PROPULSION SYSTEM PROGRAM

As one o f th e  D O T/U M TA  STARS program s, th e  in v e rte r-co n tro lled  ac induction  

m o to r propulsion system  program  was intended to  d em onstra te  th e  potentia l benefits  

o f ac propulsion to  th e  rail industry.

The program goals, system specifications, and major accomplishments are 

summarized in following paragraphs. Also presented is a brief program 

history, together with a discussion of some of the key technical issues that 

were addressed.

Program  Goals

The prim ary goal of th is  program  was to  dem o n stra te  and verify  the projected  

perform ance im provem ents and operating and m aintenance cost reductions obtainable  

w ith  the  in v e rte r-co n tro lled  ac induction m otor propulsion system .

By demonstrating such benefits, it was expected that this program would 

help pave the way for greater application of ac propulsion systems in the U.S. 

rail industry and provide needed improvements in electric rail transit. The 

transfer of technology developed in European ac propulsion systems contributed 

greatly to this goal, in line with DOT/UMTA STARS program strategy.
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S ystem  R equ irem ents

The ac propuls ion  system  program  sta tem ent of w ork  and specification  called 

fo r  tw o  c a r-s e ts  o f ac propulsion equipm ent installed in tw o  upgraded NYCTA R-44  

cars in place o f th e  dc propulsion equipm ent.

The ac equipment was required to operate from the existing NYCTA 600-vdc 

third-rail power, using the existing R-44 current collection equipment, main 

switch, and fuses. Each car set of ac equipment was to consist of:

• Four squirrel-cage induction motors to be installed on the existing 

R-44 trucks using existing motor mounting provisions and gearboxes

• One or two static inverters to convert the dc power into quasi- 

sinusoidal ac power suitable for the ac motors

• An electrical regenerative braking system to conserve energy by 

using the ac traction motors as generators during braking and 

returning energy to the line

• A propulsion system control unit that will interface with the ac 

propulsion system equipment and existing train controls and signals, 

handling common tractive effort between trucks, blending of 

electrical and friction brakes, gap and dead rail detection, ana 

safety features

• Associated mechanical and electrical equipment including all 

equipment required to interface with the vehicle

13



M a jo r A ccom plishm ents

The accom plishm ents  in th is program are especia lly  n o tew o rth y  in lig h t of 

th e  constra in ts  im posed  on an acceptable ac rep lacem ent fo r conventional dc 

pro p u ls io n  system s.

The establishment of dc propulsion as the U.S. rail transit industry 

standard places additional restrictions on competitive ac systems. For suc­

cessful introduction into and widespread acceptance by the rail industry, the 

ac system must be compatible with the existing transit authority dc primary 

power and associated control, signalling, trainline systems, etc. that have 

been set up for dc propulsion.

Significant accomplishments during program Phase I included the 

following:

0 System analysis results:

Railroad line profile established for 37 stations, 17.64 mi, 

63-min run

Electromagnetic interference (EMI), signalling capability

preliminary report prepared

Energy study prepared

R-44 interface/Stromberg design

t Laboratory system test— 3-month comprehensive program (equivalent to

15,000 miles) completed without failure

0 R-44 equipment layout and weight-balance study

0 Completed reports:

Life-cycle cost summary

Maintainability

Reliabi1ity/safety study

Energy analysis

0 Test program plan

14



Major accomplishments of Phase II of this program included:

• Demonstrated acceleration, braking, and maximum speed performance equal 

to or better than that of the R-44 dc system

• Demonstrated the capacity for system braking regeneration within line 

receptivity levels

• Demonstrated EMI levels and compatibility with trainlines and the NYCTA 

signalling circuits and subsystem equipment

• Established basis for greatly improved reliability projections, reduced 

maintenance requirements

t Projected significant improvement in life-cycle cost

• Generated an ac propulsion procurement specification in cooperation with 

the NYCTA

1. Perform ance

The ac propulsion system  dem onstrated acceleration perform ance and m axim um  

speed  exceeding th a t of the dc system . M axim um  deceleration  during braking was  

equal to  th a t o f the  dc system .

The ac system's fully regenerative braking capability was demonstrated, 

as was brake blending (regenerative plus dynamic braking), under conditions of 

full, partial, and zero line receptivity.

Figure 4 presents an energy consumption comparison showing that the ac 

propulsion system with full regenerative braking would be expected to use 37 

percent less energy than the dc propulsion system under equivalent operating 

conditions. Even without regenerative braking, the ac system is more 

efficient, using 10 percent less energy than the dc system.
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AC PROPULSION WITH FULL REGENERATIVE BRAKING 
YIELDS 37 PERCENT ENERGY SAVINGS OVER DC PROPULSION

a. ENERGY CONSUMPTION SUMMARY

(100 - CAR FLEET IN OPERATION, 30 YEARS, PRESENT WO RT H)

COST ITEM

DC
PROPULSION

($1,000)

AC
PROPULSION

($1,000)

PROPULSION SYSTEM PRICE 225 225
ENERGY COSTS (FULL REGENERATION) 263 166
MAINTENANCE COSTS 88 17

COST OF REQUIRED SPARE CARS 146 46
N E W  TE CH NO LO GY INTRODUCTION 2
PRESENT W O R T H  PER CAR (1987) $722 $456

b. LIFE-CYCLE COST SUMMARY

EG-03059*

8-14579

FIGURE 4. ENERGY AND LIFE-CYCLE COST COMPARISONS
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2. Life-Cycle Cost

Estim ated life -c y c le  cost for the ac propulsion system  is s ign ificantly  less 

than  th a t of th e  dc system .

The life-cycle cost summary of Figure 4, based on present-worth-1987 calcula­

tions, shows an overall savings of up to 37 percent for cars equipped with ac 

propulsion and regenerative braking; operating under conditions of full line 

receptivity. Of this savings, 37 percent is related to energy costs, 36 percent to 

spares, and 27 percent to maintenance. The first costs of the dc and ac systems 

were considered equal, although a penalty was assessed the ac system to account for 

the introduction of new technology with probable initial adjustments required. The 

cost comparison is for a property-specific application, assuming 100-car fleets in 

operation over 30 years in NYCTA service.

3. Reliability

The ac propu ls ion  system  is projected to  be far m ore reliab le th an  the dc 

system .

The STARS ac propulsion system is based primarily on equipment produced 

for the Helsinki Metro system, which started track testing in 1977 and entered 

revenue service in 1982. Helsinki Metro kept careful reliability records on 

this ac propulsion system equipment, which demonstrated excellent reliability 

growth curves.

As shown by Figure 5, the control unit demonstrated an instantaneous mean 

distance between failures (MDBF) of 176,000 mi and a cumulative MDBF of

120,000 mi after 16.5 million car miles of operation, and the equivalent dis­

tances for the inverter are 612,000 and 410,000 mi. The ac traction motor had 

only 3 failures in 66 million motor miles, for a motor MDBF of 22 millionv
miles. The following table shows a calculated Helsinki Metro system MDBF (per 

car) of 91,000 mi. The R-44 dc system records, in contrast, indicate a MDBF 

of only about 18,300 mi.
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Component
MDBF,

mi

Controller 120,000

Inverter 410,000

Motors (4) 5,500,000

Total system 91,000

The STARS ac propulsion system reliability is projected to equal that of 

Helsinki Metro, based on the similarity of equipment.

Program  History

The in v e rte r-c o n tro lle d  ac induction m otor p ropu ls ion  system  program , in iti­

a ted  on March 31, 1982, w as expanded to 76 m onths d u ra tio n  from  th e  46 months 

in itia lly  planned.

The ac propulsion system program (Figure 6) was originally proposed as a 

46-month effort to culminate in simulated revenue service testing at the DOT 

Transportation Test Center (TTC) in Pueblo, Colorado. During the course of 

the program there were some program modifications that affected both the 

schedule and scope of work. Having particular significance to the results of 

this program was the decision to change the test site to the NYCTA system in 

New York and to use upgraded R-44 cars as the demonstration vehicles.

The ac propulsion system originally was to be installed in two standard 

R-44 cars and subjected to simulated revenue service tests at the TTC con­

trolled test track in Pueblo. The initial system design efforts in Phase I of 

the program were in line with this objective, and the equipment built for 

development testing was tailored to such a test program.
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• EMI
• ENDURANCE

CDR PHASE 1 
PHASE II AW A RD

FAB PHASF II H ARDW ARE

k«

• 2 CAR SETS PLUS SPARES

PHASE II PR O G R A M  TEST REDIRECTION 
AND NYCTA AGREEM ENT

AW A RD  CO N TRACT FOR R-44 CAR REFUR- 
BISHMENT AN D  A C  EQUIPMENT INSTAL­
LATION TO M ORRISO N -K N U D SEN

• 2 A C  CARS
• 2 DC CARS

M ORRISON -KNUDSEN EFFORT---------------------
• UPGRADING
• EQUIPMENT INSTALLATION
• TEST PR O G R A M

• A C  CAR PERFORM ANCE
• DC CAR PERFORM ANCE
• TRAINLINING (4 CARS, A C  + DC)
• EMI/SIGNALLING DOT (PRELIM)
• WEIGHT BALAN CE

SHIP CARS TO NYCTA

SEA BEACH TESTING
• PERFORM AN CE: AC . DC, A C  + DC
• EMI, SIGNALLING
• SUPERVISORY, DETECTOR,-----------------

REGENERATION DEMONSTRATION
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FIGURE 6. INVERTER-CONTROLLED AC INDUCTION MOTOR 
PROPULSION SYSTEM PROGRAM MILESTONES

20



Later, during the early part of Phase II, DOT/UMTA, AiResearch, and the 

NYCTA agreed to conduct Phase II testing on NYCTA property in New York using 

two upgraded R-44 cars and,, in conjunction, two upgraded dc cars for compari­

son testing. The change of test site had two important impacts on the pro­

gram: (1) it provided an opportunity for more realistic testing in actual

transit service, and (2) it resulted in a significantly more stringent 

development test program.

Although the TTC tests were planned to simulate revenue service in a 

typical transit application, the actual testing would have been done in an 

environment allowing more careful control of test conditions and outside 

influences than was possible in New York.

The change in car configuration also had impact on the work, since the 

upgraded cars differed from the standard R-44's in several aspects, including 

the air brake system and master controller.

The R-44 car upgrading and ac equipment installation work was conducted 

by the Morrison-Knudsen Company of Hornell, New York, as a subcontractor to 

both AiResearch and the NYCTA.

Overall, the change in cars and test site had the effect of significantly 

increasing the scope of work— introducing unanticipated site-specific problems 

that were not directly related to the equipment performance but still had to 

be resolved--while, on the other hand, resulting in a more meaningful and 

convincing demonstration performed under actual revenue service conditions.

T e s t A ctiv ity  Sum m ary

T est ac tiv ities  fo r the  ac propulsion system  program  included com ponent 

te s ts  perform ed before insta lla tion  in the R -44  dem onstration  cars, initial 

system  tes tin g  done at the  M orrison-K nudsen facilities  in Hornell, N ew  York, 

and dem o n stra tio n  tes tin g  perform ed at the NYCTA Sea Beach facilities.
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Individual components of the ac propulsion system were thoroughly tested 

at the manufacturer to verify acceptability prior to delivery to Hornell for 

installation in the two ac propulsion demonstration vehicles and service as 

spares.

1. Test Program  at M orrison-K nudsen Facility

Initial system  tes tin g  w as perform ed at the system  insta lla tion  s ite  of 

M orriso n -K n u d sen  C om pany in Hornell, New York, w h ere  fac ilities  w ere  available  

to  allow  thorough  "shakedow n" testing to verify correct and safe car operation  

w ith  the  ac p ro p u ls io n  system  installed.

Tests were performed on the ac cars, operating individually and as a 

married pair as well as during operation with dc cars, to fully establish 

proper car functioning. The following list summarizes the Morrison-Knudsen 

test program:

• Tests of ac cars

Acceleration (AWO and AW3 loading simulated, 30 mph) 

Deceleration (AWO and AW3 simulated)

Electric brake fade (below 5 mph)

Jerk limit operation (drive-brake-drive)

Emergency brake operation

Regeneration simulation

Spin/slide demonstration

Safety, fault isolation system checkout

Preliminary signal circuit EMI tests and radiated EMI test

program (ac and dc)

• Tests of ac cars coupled to dc cars

Trainline compatibility

GE controller operation vs STARS R-44 specifications 

Performance runs
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2. Test Program at NYCTA Sea Beach Facility

A fte r dem o n stra tin g  satisfactory operation at th e  Hornell s ite , the dem on­

s tra tio n  cars w ere  transferred  to  the  NYCTA Sea Beach fac ility  fo r the  rem ainder o f 

t ! ie  te s t program  on an operating railroad line.

The NYCTA Sea Beach activities included:

• A comprehensive performance test program

• An EMI-signal 1ing test program

• A substation supervisory circuit interference test program

• A power consumption test program (for "A" line service)

• A ripple detector demonstration program (for "A" line service)

The performance testing was structured to provide complete characteriza­

tion of the ac cars performance in "AB" married car pairs (designated AB(ac)), 

and in four-car trains consisting of two ac and two dc cars (designated ABBA). 

Tests of the two dc cars (designated AB(dc)) also were performed to permit 

accurate ac and dc car performance comparisions. As shown by the performance 

test plan flow chart in Figure 7, the tests were performed at two different 

car weights, AWO (empty) and AW3 (fully loaded).

3. System  Im provem ents  Resulting from Test Program

The lengthy and com prehensive tes t program w as successful in dem onstrating  

its  goal of ac propu ls ion  in tegration into an operating  tra n s it system  w ith  no 

im p ac t on existing  "in -p lace" equipm ent or facilities. The benefits  of regenera­

tio n  and the red u ctio n  in car m aintenance requ irem ents  w ere evident. The tests 

revealed  areas of im provem ent for fu tu re  designs.

As in any complex test program, some difficulties occurred; however, they 

did not alter the test program conclusions and only served to provide techni­

cal additions to future procurement specifications. Two noteworthy incidents 

that resulted in lengthy investigations were:
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(a) Transfer of Braking Energy from Regenerative or Rheostatic to 

Friction, and Subsequent Wheel Lockup and Slide— During a demonstra­

tion run, the ac cars were placed in "full service brake" for 

regeneration testing. In the ac control unit, an optical isolator 

is used to limit braking rate and prevent wheel slide. In this test 

run, the wheels were locked and the isolator, sensing no relative 

axle motion, switched from regenerative brake to friction. Since 

the R-44 car onboard friction brake system was not equipped with a 

spin-slide circuit, the slide continued. Subsequent lengthy testing 

of both ac and dc cars showed that slides could be induced on a 

regular basis when friction brakes were suddenly applied. Consider­

ing the track conditions, wheel lockup was substantiated. In future 

systems, the ac propulsion would be designed for a longer "window" 

on electrical braking to allow for momentary wheel and axle-to-axle 

lockup before switching to the friction brake system from regenera­

tive braking. It also is recommended that all friction brake 

systems be equipped with spin-slide controls. It is noteworthy that 

the ac car system appropriately functioned as designed to switch 

from regenerative to friction-only braking as a safety measure in 

response to any slide indication. It was also conclusively shown 

that there could be no overlap of electric and friction brakes.

(b) Several Power Device Failures of the Onboard ac Inverters During 

Regeneration and Power Consumption Testing in Conjunction with the 

Ripple Detector Tests-~These device failures were traced to inade­

quate component grounding and shielding procedures. The R-44 

utilizes the car itself as ground. This would be taken into con­

sideration on future designs.

Technical Issues

The key to th e  use of an ac induction m otor in rail tran s it app lications is 

th e  availability o f a contro lled , variab le-frequency, v a riab le -vo lta g e  ac pow er 

supply, made possib le  through the  application of s o lid -s ta te  electronics.
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1. Speed/Torque Control

The ab ility  to  e lectronically  control the ac trac tio n  m otor speed, to rque, and 

d irec tio n  of ro ta tio n  is an im portant factor in achieving im proved re liab ility  and 

perform ance over cam -co n tro lled  dc propulsion system s.

The ac system eliminates the numerous maintenance-intensive electrical 
contactors and power-robbing series resistances required by the typical dc system.

By controlling ac frequency and voltage, motor speed and torque can be 
varied. The direction of rotation of a 3-phase induction motor such as used 
in traction motor applications can be easily reversed by interchanging two of 
the three stator connections. With thyristor c ircu itry  this can be done 
electronically; no mechanical reverser contactor is  necessary. Of importance 
in regenerative and dynamic braking systems, the induction motor operates as 
an induction generator when driven at a rotor speed above synchronous speed.
Thus, simply reducing the frequency of the ac supply to reduce synchronous 
speed below rotor speed w ill in itiate  electrical braking action.

2. W heel D ia m e te r Variations

W hen tw o  in d u ctio n  m otors driving d iffe ren t axles are e lectrica lly  connected  

in paralle l and po w ered  from  a common inverter, som e lim its  are placed on the  

a llow ab le  w hee l d ia m e te r d ifference between axles.

I f  the inverter powers two parallel motors, which drive two axles having 
wheels of differing diameters, then the two motor speeds w ill be different.
The motor driving the axle with the larger diameter (slower) wheels develops 
the larger torque; the average or effective torque is midway between the two 
axle torques. The slower motor, producing the greater torque, w ill demand 
more current from the inverter than the machine turning faster. In the brake 
mode, however, the axle with the smaller diameter wheels develops the higher 
braking torque. Hence, there is a compensating effect which tends to even out
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motor loading due to wheel diameter differences. The NYCTA requirement for 

the STARS program was to allow a 3/4-in. difference in diameter within a truck 

and anything up to new/fully worn variation on a car. Hence, separate 

inverters were selected for each truck with a medium slip motor characteristic 

to allow the 3/4-in. variation.

3. E lectrom agnetic  In terference (EMI) and S ignalling

Extensive analysis  and te s t e ffo rts  show ed th a t th e  ac propuls ion  system ­

g en era ted  EMI did n o t result in an increase in radiated em issions or track  circuit 

relay activ ity  over th a t  from  dc cars. Thus, no re lated adverse im pact on transit 

p ro p erty  signalling w ould  be antic ipated upon conversion from  dc to  ac operation.

Extensive Phase I studies were conducted as part of a cooperative program 

between AiResearch/Stromberg and the DOT Transportation System Center (TSC). 

Additional studies were provided by the EMI technical working group (TWG), a 

DOT/UMTA-sponsored committee composed of senior engineers from propulsion 

system suppliers, representatives from the Government and universities, and 

consultants. The total effort consisted of:

• Characterization and cataloging of signalling equipment susceptibil­

ity (performed by TSC/TWG)

• Characterization of steel rail electrical parameters as a function 

of dc current (TSC/TWG)

• Derivation of train-to-signalling transfer -functions (AiResearch/ 

TSC/TWG)

• Prediction of drive emissions (AiResearch/Stromberg)

• Measurement of drive emissions as part of the Phase I laboratory 

system test of one prototype truck drive (AiResearch/Stromberg)

• Design for compatibility (AiResearch/Stromberg)
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The study was to be further defined in Phase I I  and emission limits 
established for continued testing at the DOT Pueblo fa c ility .  When the Phase 
I I  test program shifted from Pueblo to the NYCTA test track, i t  was deemed 
necessary to establish track signalling c ircu it compatibility through actual 
testing on the NYCTA Sea Beach Line. A total of 18 track circu its (single- 
and double-rail, 25- and 60-Hz) were provided by NYCTA as representative of 
their signalling system, andtests were performed as shown by the following 
l is t .

GRS balancing reactor single rail--60 Hz 
US&S capacitor-type single rail--60 Hz 
GRS balancing reactor single r a i l—60 Hz 
GRS capacitor-type single r a i l—60 Hz 
GRS capacitor-type single r a i l—25 Hz 
US&S shielding reactor single r a i l—60 Hz 
US&S single ra il (no shielding reactor)—60 Hz 
GRS matching transformer single r a i l—60 Hz 
US&S balancing reactor single r a i l—60 Hz 
US&S single ra il (no balancing reactor)—60 Hz 
US&S matching transformer single ra il (PV250 re lay )—60 Hz 
US&S shielding reactor single r a i l—25 Hz 
US&S matching transformer single ra il (PTV-42 re lay )—60 Hz 
US&S shielding reactor single ra i1 —25 Hz 
GRS balancing reactor single ra i1--25 Hz 
GRS rotary-type relay double r a i l--25 Hz 
GRS vane relay double r a i l—60 Hz 
US&S matching transformer double r a i l—60 Hz

Two open-circuit configurations also were tested.

Numerous test runs were made for each track c ircu it. The test program 
included:

• Circuits tested with negative return isolated through the substation 
(an isolated return is considered worst case because a ll propulsion 
return current is returned through the track c ircu it)

Circuit 1 
Circuit 12 
Circuit 2 
Circuit 4 
Circuit 6 
Circuit 10A 
Circuit 10 
Circuit 3 
Circuit 11A 
Circuit 11 
Circuit 14 
Circuit 17 
Circuit 13 
Circuit 18 
Circuit 5 
Circuit 7 
Circuit 8 
Circuit 15
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• Circuits tested with nonisolated return

The signalling circuit test track is shown in Figure 8. In all, about 

500 test runs, of the ac cars were made with both visual monitoring and 

recordings made of circuit activity. The cars were maintained at AW3 load 

conditions (fully loaded) for the test, with all ac equipment operating. The 

results of this comprehensive program showed that the spectral signatures of 

the ac cars were in line with those of existing dc cars and resulted in no 

additional EMI-induced track circuit relay activity.

Conductive emissions tests then were performed on the AB(ac) cars and on 

the ABBA consist (with the ac cars driving) on the NYCTA Sea Beach Track E3.

To simulate worst-case, the cars were fully loaded and operated with all 

auxiliaries turned on, headed in a direction toward the substation. Numerous 

test runs were made under varying modes of operation (acceleration, decelera­

tion, regeneration, and nonregeneration), and no emissions with an amplitude 

sufficient' to affect either power substation equipment or operation were 

observed.

AC PROPULSION SYSTEM DESCRIPTION

The p ro to typ e  ac propulsion system u tilizes  s q u irre l-c a g e  ac induction  m otors  

to  drive each axle, supp lied  by variab le-frequency, p u ls e -w id th -m o d u la te d , vo ltag e - 

fed , s o lid -s ta te  inverters  contro lled  by a propulsion system  con tro l un it using a 

com bination  o f analog and digital m icroprocessor-based circuits. The system  is 

capable of fu ll regenerative  braking subject to  line receptiv ity .

In line with the decision to use mature, reliable components, the proto­

type system is a modification of the ac propulsion system used on the Helsinki 

Metro system, which began service in 1977. The system is designed for compat­

ibility with automatic train control systems and telecommunications systems 

employed in the U.S. with regard to EMI, harmonics, and supply transients.

The ac propulsion system basically comprises two truck drives, each 

having two squirrel-cage induction motors to drive the two separate axles on

29



N

E2 TRACK

too

a Ek TRACK

IMPEDANCE BOND 

--------  CROSSBONDING

SINGLE-RAIL  TRACK CIRCUITS

(NOT TO SCALE)

B-14245

FIGURE 8. SIGNALLING TEST TRACK CIRCUITS AT SEA BEACH



each truck. Each pair of motors is driven by a single, solid-state, voltage- 

fed, pulse-width-modulated static inverter. Both truck drives (four motors 

and two inverters) are controlled by a single control unit. Other major 

components are the line control equipment (one per system), line filters (two 

per system), brake resistors (two per system), and inverter/resistor cooling 

blower units (two per system).

Design Features

Designed as a re tro fit installation on existing upgraded  NYCTA R -44  dc subway  

cars, th e  pro to type  ac propulsion system  uses the ex is ting  dc m otor m ountings, 

gearboxes, and co up lings  and operates from th e  existing dc th ird -ra il power, 

responding  to  all in te rfac in g  control signals in the  sam e m anner as w o u ld  a 

conventional c am -co n tro lled  dc car.

The system is designed to provide the capability of operating the ac 

propulsion-equipped cars in-train with existing R-44 dc cars. Trainlining and 

other vehicle interfaces remain unaltered. The original master controller, 

pneumatic braking (p-signal) generator, main fuse and knife switch, and the "clam­

shell" connectors are retained.

This approach affords a practical and realistic demonstration, representing 

one that could readily be phased into service to replace older dc systems. Some of 

the features of the ac propulsion system are listed below.

• Variable-voltage, variable-frequency ac traction motor drive

• Voltage-fed, pulse-width-modulated, forced-commutated thyristor static 

i nverter

• Full regenerative braking capability over the entire speed range

• Induction traction motors designed to accommodate 3/4-in. wheel diameter 

differences when supplied from a single inverter

• Adaptive spin/slide control circuits

t Microprocessor-based inverter controls
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• Control unit annunciators to aid diagnostics

• Tractive effort feedback controls with automatic current limits

• Undercar layout compatible with existing dc equipment arrangement

• Utilization of existing dc motor mounting points, flexible 

couplings, and gearboxes

• Proven electromagnetic compatibility in existing transit vehicles 

and with existing track circuitry

• Open-frame construction for inverter, filter, and control units 

housed in enclosures designed to facilitate equipment installation 

and removal

• Complete self-protection by built-in and external circuits

• Dead-rail protection and incorporation of a ripple detector to 

satisfy NYCTA specific requirements

The two drives share only those portions of the controls that are, of 

necessity, car-oriented. Provisions are made for both automatic and manual 

isolation of a malfunctioning truck drive.

The equipment furnished and its specifications (Table 1) were dictated by 

the intent to retrofit two NYCTA R-44 cars with service-proven ac traction 

motor propulsion while retaining the capability of operating these cars' in­

train with existing cam-controlled R-44's.

For each drive a single inverter unit powers two squirrel-cage induction 

motors in parallel. Each inverter is cooled by a dedicated blower, the 

exhaust air being used to cool the brake resistor. The traction motors are of 

totally enclosed, self-cooled construction.

J
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TABLE 1

AC PROPULSION SYSTEM SPECIFICATIONS

Specified Service Conditions

Line voltage: . Nominal 600 vdc
Range 425 to 720 vdc

Regeneration voltage 600 to 720 vdc,
limit setable

Low voltage supply ‘Nominal 37.5 vdc
Range 28 to 44 vdc

Wheel diameter range 31 to 34 in.

Wheel diameter difference 0.75 in. max. (between 
axles on same truck)

Ambient temperature -20° to +110°F 
(-290 to +430C)

Performance Requirements

Initial acceleration 2.5 mphps

Time to 70 mph 90 sec

Service brake rate 3.0 mphps below 50 mph
(linear brake taper) to 2.3 mphps at 80 mph

Jerk limit Setable: 1.0 to 2.5 
mphpsps

Maximum speed 80 mph

Maximum normal speed 70 mph (31 to 34 in. 
wheels)

Control Match existing R-44
cars

Duty cycle NYCTA RR line (AW3)

Notes: Unless otherwise indicated, performance is for 32-3/8 in.
wheels and unloaded (AWO) to fully loaded (AW3) weight.

AW3 is defined as:

87,025 lb AWO of car with dc propulsion

-10,491 Dc propulsion equipment (removed)

76,534

+11,590 Ac propulsion equipment (added).

88,124

+43,000 Maximum passenger capacity

131,124 lb AW3 of car with ac propulsion
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Installation

The ac p ro p u ls io n  equipm ent was installed  in th e  R -44  cars in p lace o f the  dc 

eq u ip m en t th a t  w as  rem oved.

The ac propulsion system installation in the R-44 car involves:

• Control equipment

• Undercar equipment

• Truck equipment

The control equipment was installed in place of the removed dc automatic 

train operation (ATO) equipment on the "A" car and includes the propulsion 

control unit, load weigh unit, and miscellaneous equipment such as the low- 

voltage supply circuit breaker and blower circuit breakers (plus the 

associated equipment retained from the R-44 dc installation). On the "B" car, 

which has no cab, the control equipment was installed on the engineer's panel.

The undercar equipment (Figure 9) includes the line control equipment 

(LCE), line filters, inverters, cooling blowers and plenums, air filters, and 

brake resistors. The ac equipment is arranged to fit into the undercar space 

available after removing the dc equipment, which included the lighting

inverter, control group, and associated resistors. The original knife switch,

converter, brake operating unit, air supply reservoir, and battery box were 

retained, but relocated in the undercar area.

The undercar equipment is located essentially in two symmetrical groups 

about the car centerline, to maintain required balance. All of the equipment 

fits within the clearance lines, allowing good access and good airflow for all 

units.

The truck equipment consists of the ac induction traction motors and 

mounting hardware. The ac motors were designed to use the same mounts as the 

dc motors they replace, and the same couplings to the original gearboxes.
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RELOCATED L. V. CONVERTER, INVERTER DRIVE UNIT 
(FRONT TRUCK)

FIGURE 9. UNDERCAR EQUIPMENT ARRANGEMENT

Table 2 shows the weight breakdown for the ac propulsion system 

equipment. The comparative dc total weight is 10,441 lb.

Power Circuit

The pow er circuit fo r the ac propulsion system  converts th ird -ra il 600-vdc 

pow er into variab le -freq u en cy , variab le -vo ltage  ac su itab le  fo r th e  induction  

trac tion  m otors.

The main elements of the power circuit are:

• The knife switch and main fuse (existing R-44 equipment)

e The line control equipment '

• Two identical truck drives, each consisting of:

- One line filter

- One inverter

- Two ac traction motors

As shown by Figure 9, current drawn from the third rail flows via the knife 

switch and main fuse to the line control equipment (LCE). The LCE includes a 

fast-acting dc circuit breaker (MCB), a differential current relay (KDC), a 

contactor (KBL) for blower control, contactors (KIS) that switch power to the
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TABLE 2

AC PROPULSION SYSTEM WEIGHT BREAKDOWN

Weiq it, lb
Item Qty Each Total/Car

Traction motor 4 1331 5324

Line filter 2 750 1500

Line contactor 1 270 270

Inverter unit 2 1544 3088

Brake resistor 2 550 1100

Blower assembly 2 241 482

Blower ducting 
(plenum/filter)

2 80 160

Cab control unit 1 141 141

Surge limiting resistor 1 25 25

Line breaker unit 1 199 199

Total 12,289

two drives (also used to isolate a malfunctioning drive), and a contactor 

(KRS) that switches out the resistor (RSL) used to limit the in-rush current 

when the line filter capacitors are charging.

Each drive is isolated from the line by a line filter, which provides 

required inductive source impedance to the inverter input chopper and 

mitigates EMI. Each inverter consists of a dc-link (capacitor bank) and the 

following:

• A line chopper to provide the desired internal dc-link voltage 

regardless of line voltage fluctuations and to control the power 

returned to the line during regenerative braking.
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• A three-phase inverter to convert the dc power to ac, and, in the 

regenerative braking mode when the motors function as induction 

generators, to rectify the generated ac for return to the third 

rai 1.

• A brake chopper to direct power that cannot be regenerated to the 

brake resistor instead. The resistor is sized to dissipate all of 

the dynamic braking energy under conditions of zero line 

receptivity.

C ontro ls  and O perating  Modes

The ac propu ls ion  system is designed to  operate  in a m anner th a t closely 

m atches the R -44  dc cars operation for com patib ility  w ith  the  existing  NYCTA rail 

operations.

The propulsion control unit (located in the cab) interfaces with the 

trainlines and the line control equipment by means of optical couplers to 

provide high-voltage isolation. It receives the commands from the master 

controller (existing R-44 equipment) through the trainlines and provides the 

signals to the truck drives to obtain the desired propulsion system response.

600 v

FIGURE 10. AC PROPULSION SYSTEM POWER CIRCUIT
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Normally, the controls are set to match the R-44 torque/speed performance 

characteristics and trainline command response. These performance character­

istics are considerably less than the capability of the ac propulsion system. 

Consequently, an alternative full-performance mode is provided, which features 

continuous tractive control. The capability to respond to a spin-slide system 

also is provided.

In the braking mode, the ac propulsion system provides preferential 

blended electric brake control in the following order:

(a) Regenerative braking to the extent that the third rail is receptive

(b) Dynamic- (resistive) braking when third-rail receptivity limits the 
amount of regeneration

(c) Smoothly blended friction braking at very low speeds (below 5 mph)

Regeneration can be switched off by a switch located in the cab, and provi­

sions are made for both automatic and manual isolation of a malfunctioning 

truck drive. When one truck is cut out because of a malfunction, the other 

truck continues to provide its rated tractive effort in motoring; however, the 

system reverts to friction braking because friction brake control is not 

implemented on a per-truck basis in the R-44 car (thus no blending is 

possible).

Functionally, the control unit is divided into three sections, a car 

control section and two truck control sections. The car control section 

delivers load-weight-compensated motor torque requests to each of the two 

truck control sections as a function of trainline signals. The two truck 

control sections provide inverter frequency and voltage commands to the two 

truck drive inverters so that the sum of the two traction motor torques 

corresponds to the requested level.

38



B u ilt - in  P rotection  M easures

T he ac p ro p u ls io n  system  includes b u ilt-in  m easures to  pro tect the system  and 

its  com ponents  a g a in s t dam age and m alfunction and to  prevent sa fe ty  hazards.

The power and control circuitry includes protection against line voltage 

fluctuations that might result in overcurrent, overvoltage, or undervoltage 

conditions. Ground leakage protection also is provided, as is component 

overtemperature protection.

A "dead-rail" protection circuit prevents the possibility of energizing a 

dead section of the third rail during regenerative braking, avoiding a 

potential safety hazard. Although safe operating practices dictate that such 

"dead" sections must be safely isolated and grounded at the site of work to 

prevent electrical shock during rail maintenance or other work, the added 

protection provided by dead-rai1-sensing and regenerative-braking-inhibit 

circuitry in cars equipped with regenerative braking is a desirable safeguard.

Of particular concern is the possibility that during regenerative 

braking, the vehicle, after passing an interruption of the supply (third rail 

gap), can energize a dead section of the third rail when regaining contact.

The ac propulsion system includes circuitry to sense dead rails and power 

gaps and shut off the current flow from the system to the line during braking. 

An antiregeneration relay in the line control equipment reacts rapidly to 

either a rail gap or dead rail, preventing regeneration by removing the 

triggering signals from the regeneration thyristors in the power circuits and 

initiating resistive.braking instead.

To satisfy an NYCTA-particular requirement for disabling regeneration 

upon loss of third-rail power, the demonstration vehicles also are equipped 

with an AiResearch-designed "ripple detector," which measures third-rail 

voltage continually. When the power-station-generated 720-Hz ripple voltage 

imposed on the third-rail dc voltage decreases to a minimum level, the 

detector circuit disables the regeneration system on the car. Regeneration is
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inhibited until the circuit is again triggered on by sufficient third-rail 
ripple voltage. The ripple detector system can be adjusted to activate or 
deactivate at desired ripple levels. Obviously, a penalty in regeneration of 
electrical energy occurs with the ripple detector in operation, because the 
system will not regenerate with a low ripple voltage even though the line may 
be receptive. The ripple detector is independent of the rail gap detector.

MAJOR COMPONENTS

All of the major components in the ac propulsion system are based on mature 
technology and service-proven equipment.

The inverter-controlled ac induction motor propulsion system includes the 
following major components. The paragraphs that follow provide component 
details.

• Two line filters, one for each inverter

• Two inverters, one for each truck drive

• Four ac induction traction motors, two per truck, one driving each 
axle

• A propulsion system control unit 

Line Filters

The line filters isolate each truck drive from the line and attenuate the line 
current harmonics generated by the line chopper (in the inverter) to prevent EMI to 
the signalling or track circuits. They also protect the inverter line choppers 
from surge voltages coming from the line.

As shown by Figure 11, each line filter circuit includes two dc reactors 
(inductors LI and L2), a filter capacitor-unit (Cl), a damping resistor 
(Rl-3), two radio frequency (rf) capacitors (C2, C3), a voltage divider 
resistor unit (R4), and a discharging resistor (R5), all mounted in a separate 
aluminum enclosure located under the car.
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FIGURE 11. LINE FILTER CIRCUIT AND RESPONSE

• 14278
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Inverters

Two voltage-fed, pulse-width-modulated (PWM), compound-commutated solid-state 
static inverters supply variable-frequency, quasi-sinusoidal, 3-phase ac power to 
the ac squirrel-cage induction traction motors.

There is one inverter for each truck drive, each of which powers two ac 
induction traction motors electrically connected in parallel (Figure 12).

Located beneath the car, the inverters are forced-air-cooled by blowers 
(one per inverter) that provide clean filtered air to cool the electronics.
Each inverter interfaces with the propulsion system control unit and operates 
from the low-voltage dc supply. Depending on the operating mode (traction or 
electrical braking) the inverter (1) converts dc received from the line filter 
into ac for the traction motors, or (2) receives ac from the motors (operating 
as generators) and transfers power to the line (regenerative braking) or to 
braking resistors (dynamic braking).

During traction operation, the inverter operates under control of the 
control unit to regulate ac frequency and voltage to achieve the desired motor 
speed and torque. Each inverter includes three subunits:

• A line chopper that regulates dc voltage obtained from the line fil­
ter so the dc link voltage supplied to the inverter and brake chop­
per is independent of line voltage variations

• An inverter that converts the dc-link power into variable-frequency, 
variable-voltage ac suitable for the traction motors

s A brake chopper that regulates the dynamic braking power dissipated 
in the braking resistors during conditions of inadequate line 
receptivity for full regeneration

Each of these subunits includes thyristor switching circuits based on 
forced-commutated thyristors with feedback diodes. The thyristors are 
triggered by signals from the control unit.
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FIGURE 12. INVERTER AND SIMPLIFIED CIRCUIT DIAGRAM
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Induction Motors

The STARS ac propulsion system is designed around and achieves many of its 
benefits from the minimum-maintenance, squirrel-cage ac induction traction motor.

The high reliability and low maintenance benefits of the ac propulsion system 
are derived primarily from this brushless ac motor (Figure 13), which eliminates 
the inherent weak points of dc propulsion systems--the maintenance-intensive 
brushes and commutator in the dc motors.

The squirrel-cage ac induction motor does not have conventional windings but 
has interconnected rotor bars (the "squirrel-cage"), which turns in response to 
interaction of the rotating field created by the 3-phase ac current in the stator 
and currents resulting in the rotor; thus brushes and commutator are unnecessary.

For this application, a totally enclosed, fan-cooled motor is used. The ac 
motor features:

• Simple, rugged construction

t Lightweight, low-inertia laminated iron rotor with aluminum rotor 
bars

• Electrical parts not affected by environment

• No scheduled maintenance except infrequent bearing relubrication

• Mounting provisions and interfaces compatible with existing R-44 
truck mounting points, couplings, and gearbox.

The motor has a steel housing with welded, widely separated cooling fins; a 4- 
pole, 60-slot stator with a single-layer diamond winding of class H insulated 
copper wire in double-delta 3-phase connection; a cast aluminum rotor cage; 
cast aluminum stator bars; and a laminated iron core to complete the magnetic 
circuit. The rotor is supported by two single-row deep-groove ball bearings 
equipped with relubrication pins. Motor specifications are:
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(1) OUTER BEARING COVER, DRIVE END (16) RETAINING RING FOR FAN

(2) DISC (17) KEY FOR FAN
(3) TERMINAL BOX, COMPLETE (18) SCREW FOR BEARING COVER, 

NON-DRIVE END
(b) HOUSING (19) SCREW FOR ENDSHIELD, 

NON-DRIVE END
(5) EYE BOLT (20) ENDSHIELD, NON-DRIVE END
(6) WASHER FOR LIFTING LUG (21) BEARING, NON-DRIVE END
(7) INNER BEARING COVER, 

NON-DRIVE END
(22) ROTOR

(8) SEAL FOR INNER BEARING 
COVER, NON-DRIVE END (23) INNER BEARING COVER, 

DRIVE END
(9) GREASE NIPPLE (2b) SEAL FOR INNER BEARING COVER, 

DRIVE END
(10) WAVE SPRING WASHER (25) SCREW FOR ENDSHIELD, DRIVE END
(11) OUTER BEARING COVER, 

NON-DRIVE END
(26) ENDSHIELD, DRIVE END

(12) FAN (27) RETAINING RING FOR DISC
(13) FAN COVER (28) SCREW FOR BEARING COVER, 

DRIVE END
(1<t) NAMEPLATE (29) KEY FOR SHAFT END
(15). SCREW FOR FAN COVER (30) BEARING, DRIVE END

FIGURE 13. SQUIRREL-CAGE AC INDUCTION 
MOTOR EXPLODED VIEW
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Type HXUR/E 562G2 
128 kW 
470 v 
02
205 amp 
45 Hz 
1325 rpm 
0.83 
TEFC 
H
1336 1b (606 kg)

Power 
Voltage 
Connection 
Rated current 
Rated frequency 
Rated speed 
Power factor 
Protection class 
Insulation class 
Weight

With no insulated windings on the rotor, the ac motor is able to operate 
at higher temperature, reducing the cooling requirements. With no brushes/ 
commutator and no internal cooling air passages required, the motor can be 
totally enclosed, improving reliability by providing protection from dust, 
dirt, rain, snow, etc. The motor is self-cooled by a built-in fan that forces 
cooling air over the outer finned surface of the stator housing. No special 
cooling air filters with attendant periodic replacement requirements are 
necessary.

The rotational speed of an ac induction motor depends on the frequency of 
the ac power supplied to it. The control unit and inverter act together to 
provide the required motor torque/speed and directional response in traction 
and during electrical braking modes. Unlike conventional dc traction motors, 
there is no need to electrically reconnect the motors for different operating 
modes— thus no main circuit contactors are needed. There are no switched 
resistances in the field circuit. No reversing contactors are needed— to 
reverse motor direction, the ac voltage phase sequence is electronically 
reversed. The transition from drive to braking mode is made by reducing the 
synchronous speed of the motor from slightly greater than to slightly less 
than shaft speed, whereupon the motors act as ac generators.

The combined effects of many of these features of the ac motors result in 
additional benefits to the ac propulsion system:
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• No Brushes/Commutator— No costly brush examination/replacement or 
commutator grinding, no problems at higher voltage from arc-over, no 
exposed electrically "hot" surfaces

• Squirrel Cage— Allows higher operating temperature, higher speed, 
and less complicated cooling system; simpler construction reduces 
weight, resulting in less unsuspended mass, less rotating inertia, 
less wear for wheels

• Totally Enclosed, Self-Cooled Design--Eliminates complicated cooling 
systems, ducting, filters; provides additional protection against 
contaminants

Propulsion System Control Unit

The control unit operates in conjunction with the inverters to control the ac 
frequency and voltage supplied to the ac induction traction motors.

Operating in response to trainline commands and feedback signals, the 
controller provides the triggering signals to the thyristor switching circuits 
in the line filters and inverters. It is powered from the R-44 low-voltage 
supply and interfaces with:

• The master controller • The line filters
• The line control equipment • The pneumatic friction brakes
0 The ac traction motors • Sensors and transducers

The control unit performs the calculations necessary for ac motor 
directional control and torque control, and regenerative and dynamic braking. 
The control unit uses combined analog and digital circuitry with complementary 
metal oxide semiconductor (CMOS) and solid-state microprocessor devices 
(Figure 14). The electronics are contained on printed wiring assemblies 
(PWA's) installed in removable racks, and have built-in test connections for 
testing without removing PWA's. Light-emitting diodes (LED's) provide 
indications of normal/abnormal (failure) PWA conditions.
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TRAINLINES

B-14274

a. FUNCTIONAL HIERARCHY

b TORQUE CONTROL B-14276

FIGURE 14. PROPULSION CONTROL UNIT SIMPLIFIED BLOCK DIAGRAMS
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The circuits are sectionalized according to function to comprise one car 
control section and two truck control sections, each in a separate PWA rack.

The car control section delivers the load-weight-compensated torque 
request to each of the truck control sections as a function of trainline 
signals.

The two identical truck control sections regulate inverter frequency and 
voltage to each truck so that the sum of the two traction motor torques 
corresponds to the level commanded by the master controller.

CONCLUSIONS

The DOT/UMTA inverter-controlled ac induction motor propulsion system program 
provides a sound basis for rail transit industry decisions to modernize their 
operations, improve performance, and reduce costs by using ac propulsion.

The ac prototype system performance ishows that significant improvements 
are obtainable by ac retrofitting. Addressing U.S. rail industry concerns 
about increasing operating and maintenance costs and unsatisfactory experi­
ences with prior introduction of unproven equipment, the AiResearch/Stromberg 
team provided a system that was based on revenue-service-proven hardware 
(primarily that of Helsinki Metro) suitably adapted for use in U.S. transit 
properties.

The energy consumption and life-cycle costs projections are significantly 
lower than for dc.

The reliability record of the ac equipment is much better than that of dc 
propulsion.

The system uses the existing 600-vdc third-rail power, is interchangeable 
with present dc propulsion equipment, requires minimum revision to current 
operating practices, and would be easily integrated into ongoing vehicle 
overhaul programs.
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Even through the ac propulsion system equipment was not initially 
intended for operation in the severe New York environment and does not 
incorporate the most recent technology, it demonstrated a remarkably trouble- 
free operating record and clear benefits. Most of the problems encountered in 
the two-year test period were overcome through extensive testing and 
development effort; those related to hardware would be eliminated with today's 
technology and increased knowledge of the New York system.

RECOMMENDATIONS

The prototype ac propulsion system, based on mature, proven technology to 
minimize development risk when the program was proposed in August of 1980, provided 
ample proof of the ac propulsion system advantages. Newer technology now can 
provide even greater benefits.

The inverter-controlled ac induction motor propulsion system program 
successfully demonstrated the projected performance improvements and operating 
and maintenance cost reductions that can be realized by changing from dc to ac 
propulsion, and did so on schedule, in a demanding, real-life environment.
The decision to base the prototype system on service-proven hardware rather 
than attempting to develop all-new, state-of-the-art equipment with more 
potential for development problems to resolve no doubt contributed to this 
success.

Since 1980, however, newer, more efficient technology, especially in the 
area of power electronics and controls, has been developed and proven and is 
available for new designs. AiResearch recommendations for a future production 
version of this ac propulsion system would include the following equipment 
upgrades:

• Gate turn-off (GTO) thyristor power control devices

• Fully digital microprocessor-based propulsion control

• Heat pipe cooling for power control equipment

• Modularized construction

50



The use of GTO thyristors rather than the older conventional thyristor 
circuits and the use of fully digital microprocessor-based controls offer 
dramatically reduced parts count, thus increased reliability. The induction 
motor reliability is already so high that little improvement is expected. The 
following table compares the Helsinki Metro component reliabilities with the 
predicted improvements possible with these technology improvements.

MDBF, miles

Component
Helsinki
Metro Future

Control unit 120,000 150,000

Inverter 410,000 500,000

Motors (4) 5,500,000 5,500,000

Total system 91,000 113,000

GTO Thyristors

Still a new development when the ac propulsion system program began, but now 
fully proven, the GTO thyristor combines, within a single unit, the current switch­
ing capabilities of the more complex multi-component conventional thyristor switch­
ing circuit used in the inverter.

The conventional thyristor turns on in response to a triggering signal, 
but requires an auxiliary commutating thyristor/capacitor circuit (with 
associated capacitor charging delay) to turn it off. GTO's turn off rapidly 
in response to a triggering signal, in the same way they are turned on, with 
limited additional circuitry required. The benefits:

• Reduced cost, volume, and weight

• Fewer parts, greater reliability

• Reduced switching losses

t Faster available switching response
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The increase in available switching speed enables faster control loop 
response and allows the pulse-width modulation mode to more nearly generate a 
sinusoidal output. Motor losses are reduced and the application of torque is 
smoother.

Fully Digital Microprocessor Control

Digital microprocessors are now available with greatly increased capabilities 
and speed.

The new microprocessors can perform the functions that previously 
required many more components and offer built-in diagnostics and automatic 
malfunction indication to greatly simplify troubleshooting. At the same time, 
reliability is improved and cost reduced. Some of the benefits are:

e Extensive built-in test is practical, which simplifies
troubleshooting, shortens turnaround time, reduces cost of 
maintenance.

• Parts count is dramatically reduced, thus reducing cost, space 
requirements, and logistics burden, while improving reliability.

• Control parameters are easy to modify through software (rather than 
hardware), which reduces development cost and widens product 
applicability.

• Event memories greatly facilitate trouble diagnosis.

Heat Pipe Cooling

Heat pipe cooling is an efficient method of cooling semiconductors that avoids 
the necessity for having cooling air (carrying potential contaminants) come into 
contact with any electrically live components.

Figure 15 shows a typical heat pipe. A hollow copper evaporator is

joined to a finned copper tube (condenser) by a hollow electrically insulating

section. A small amount of liquid Freon is introduced before sealing the heat
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COPPER EVAPORATOR

• COOLING LIQUID: FREON II (2.8 OZ)
• TOTAL WEIGHT: 4.2 LB

FIGURE 15. HEAT PIPE CONSTRUCTION

pipe. The fins on the condenser increase thermal efficiency, and the pipe is 
slightly inclined to make the evaporator the lowest point. The evaporator is 
clamped to the device to be cooled. Heat is conducted through the copper 
evaporator into the liquid Freon, which boils. The gaseous Freon rises up the 
tube until it condenses and gives up its heat before flowing back to the 
evaporator as liquid Freon again.. Air may be blown over the condenser fins to 
increase cooling effectiveness without requiring airflow over the electrical 
device to be cooled.

Figure 15 shows a practical heat pipe inverter cooling package. Two 
semiconductors are double-side cooled using three heat pipes. All three 
condensers are located in a cooling air channel that runs through the center 
of the inverter box, isolating them from the electronics. Cooling air is 
blown down this channel.
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A

REMOVABLE PHASE MODULE

POWERSEMI­
CONDUCTORS

FRONT ACCESS DOOR ELECTRICAL INSULATION REAR ACCESS DOOR

FIGURE 16. HEAT PIPE INVERTER PACKAGE

All semiconductors and gating components are readily accessible through 
the front access door, and filter capacitors are located on the opposite side 
of the air channel. No air is blown over any component other than the heat 
pipe condensers (which are electrically neutral), so there are no dirt buildup 
"tracking" problems. Cooling fins can be cleaned by blowing compressed air 
through the cooling channel with a hose.

Modular Construction

The use of GTO phase modules in the inverter offers advantages of ease of 
testing and servicing, which reduces maintenance time.

The modularized construction approach is demonstrated in Figure 17. By 
opening the front access door and loosening four bolts, a GTO phase module can 
be completely removed and replaced in minutes. Control and power connections 
are by plug and socket. A gasket between the module and cooling channel 
provides an airtight seal between the cooling air channel and electronics 
section.
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B-14365

Figure 18 shows a production GTO phase module that contains two GTO's for 
one phase, complete with three heat pipes and all gating components. Three 
such modules are required for an inverter.
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