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PREFACE

This final report records the findings of an application study that
investigated the feasibility of hardware and technology transfer to railroad
traction of a multimegawatt power conditioning unit previously developed under
sponsorship of the Department of Transportation. The report is in two parts:
Part I, consisting of Section 1, provides an executive summary and recommenda-
tions; Part II, consisting of Sections 2 through 11, contains the technical
presentation. Appendixes A through H furnish detailed supporting data.

The program was accomplished under the guidance of Mr. Matthew Guarino, Jr.,
Manager for Electrical Traction R&D, Office of Research and Development, Federal
Railroad Administration, U.S. Department of Transportation.

The work reported herein was carried out in the Rapid Tranmsit and Elec-
trical Power Systems Department of AiResearch Manufacturing Company, a division
of The Garrett Corporation. Mr. C. Weinstein is Chief Engineer of the depart-
ment. Technical guidance was provided by Dr. G. Kalman, Engineering Supervisor.
The principal author, Dr. G. W. McLean, received significant technical contribu-
tions from Mr. R. A. Bevan, Mr. R. A. Van Eck, and Mr. J. Kim.
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i. EXECUTIVE SUMMARY.

a. General. In the United States today, nearly universal use is made of
electric drives in locomotives and self-powered, multiple—unit (MU) cars. The
electric drive is a significant subsystem in each of these vehicles, and vir-
tually all of these drives use dc motors for traction. Diesel locomotives
employ the engine to power the alternator; its ac output is rectified and con-
trolled for operating the dc tractionm motors. In the Northeast Corridor and
on a few other lines, high-voltage wayside ac power is collected, transformed
to lower voltage, rectified, and controlled before being utilized by the dc
traction motors.

The existing dc traction motor drives are generally well accepted by the
railroads because they provide effective traction. Nevertheless, there still
is room for substantial improvement, particularly in performance and reliabi-
lity. The improvements desired include: higher efficiency; reduced maintenance;
better utilization of adhesion; and, in some cases, higher power output per
axle.152 It is believed that three-phase traction motor drives can provide
these improvements.

Early in the development of electric traction, railroad engineers had high
hopes for using three-phase traction motors in the arduous environment of loco-
motive drives. These hopes proved prematurely optimistic in view of the insuf-
ficient development of the associated power conditioning equipment. Recently,
however, continuing improvement in power electronics has motivated a reassess-
ment of the viability of three-phase traction motors with solid-state power
conversion equipment. The general consensus is that although the mechanical
simplicity and the superior electrical performance of three-phase traction
motors over their dc counterparts appear to be undisputed, the complexity and
higher first cost of the solid-state controllers have prevented the widespread
use of ac-traction-motor—based propulsion systems. Therefore, developing a
reliable and low-cost solid-state power converter for three—-phase traction motor
drives remains a challenge facing the R&D community.

All practical ac drive systems require power conversion equipment that
provides variable-voltage, variable—-frequency power to the ac traction motors.
Therefore, the nearly fixed-frequency ac output of the diesel alternator or
the fixed commercial frequency of the ac wayside must first be rectified and
then converted to a variable-—voltage, variable-frequency output. The associated
power conversion equipment is more complex than is required for dc drive
systems. However, because this equipment does not contain electromechanical
switching, it requires less maintenance than do conventional de¢ power conversion
units. In addition, ac traction motor drives offer the following advantages
over traditional series de¢ commutator motor drives: (1) higher efficiency
because for a given installation within a truck envelope the space available
for the active electromagnetic materials is greater; (2) improved utilization
of adhesion, since continuously smooth (contactless) control over the entire
drive and braking regions can be attained; and (3) reduced wheel/rail wear,
because the wheelslip is small owing to the very steep motor torque speed
characteristics and very fast control.
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Despite these major operational advantages, high-power ac traction motor
drives for railroad applications have not yet been developed in the United
States. On the other hand, several European firms have already produced
locomotives with three—-phase traction motors, and at least one railroad is
already operating them in scheduled freight and passenger service.3 Unfortu-
nately, the operating and maintenance practices of these overseas railroads
are so different from those of the American railroads that their experience
and technology with ac propulsion cannot be considered directly applicable
here (see Table 1~1). Therefore, the Office of Research and Development in
the Federal Railroad Administration (FRA) currently is sponsoring this appli-
cation study aimed at identifying those R&D tasks that reflect the needs and
wishes of American railroads and suppliers. A foremost task is to demonstrate
to the American railroad industry the technical and economic viability of three-
phase ac traction.

TABLE 1-1.—-AMERICAN VERSUS EUROPEAN RAILROAD PRACTICES

Parameter American Foreign

Train loads, tons

Freight 20,000 1,000 to 2,000

Passenger 350 to 500 350 to 700
Predominant duty Freight Passenger
Axle loads, tons 25 to 30 20
Rail size, kg/m 70 50
End buffing requirement, tons 560 200
Dispatching adhesion 0.18 to 0.24 0.25 to 0.3

(1) Background: 1In the early 1970's FRA sponsored the development of an ac pro-
pulsion system for a high—speed experimental Tracked-Levitated Research Vehicle
(TLRV).4 The ac propulsion system of the TLRV consisted of two major subsystems:
(a) a linear induction motor (LIM) and (b) a high-power—density, multimegawatt
power conditioning unit (PCU). The latter functioned as a variable-voltage,
variable-frequency power supply, with potential applications for LIM electrical
propulsion as well as for three~phase traction motor drives. The technical fea-
tures and characteristics of the TLRV ac propulsion system are summarized in
Appendix A. Because of the large capital investment required for the special
TLRV guideway and the high energy costs associated with the high-speed opera-
tion, TLRV-type vehicles cannot be economically justified. Nevertheless, the
basic experience and technology acquired during the development and testing

of a TLRV 6-MW PCU and associated controls are directly transferable to the
converter hardware required for three-phase traction motor drives.
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(2) Objectives: The propulsion system developed for the TLRV is the most
advanced and most powerful three-phase ac traction system ever built. This ac
propulsion system was partially tested in 1976, before it was dismantled and
stored at the Transportation Test Center (TTC). Updating this technology and
adapting it to railroad use is the basis of this study.

The objective of this application study is to investigate practical and
economic three-phase traction motor drives utilizing hardware and technology
developed for the TLRV propulsion system. The principal problem lies with
the power conditioning unit (PCU) and its adaption to traction motors. Hence,
this ac traction motor drive study focuses on an integrated single—axle drive
(i.e., independent drive for each wheel axle) for locomotives, both all-electric
and diesel-electric, that will meet the following objectives:

(a) Maximum axle power density, i.e., the usable power per
driven axle for a given axle load

(b) Minimum dynamic loading of the track
{c) Uniform wheel wear

(d) Operation with relativély large differences in wheel diameters
(with respect to other wheel sets)

(e) Reduced- possibility of derailment
(f) Increased reliability (locomotive availability)

(g) Reduced interference with signaling and other communications
* (EMI control)

(h) High power factor
(i) Improved braking, regenerative braking in particular

Meeting these R&D objectives will result in a mere efficient locomotive
fleet characterized by lighter-weight locomotives in fewer numbers.

(3) Technology Transfer: The technology that evolved during the'development _
of the ac propulsion system for the TLRV is adaptable to traction R&D. Listed
below are ‘the particularly promising areas to which the technology transfer
applies:

(a) High-power electric machinery at up to 10 MVA per single unit
(see Figure 1-1)

(b) Power electronics equipment at up to 6 MW per single unit (see Figures
1-2 and 1-3)

(¢) Liquid cooling of machinery and power electronics (see Figure 1-4)

(d) Modular power electronic units (see Figure 1-5)
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FIGURE 1-1.

FIGURE 1-2.

SYNCHRONOUS CONDENSER, 10 MVA.

PHASE-DELAY RECTIFIER, 6 MW.

F-35516



FIGURE 1-3. INVERTER, 6 MW.

F-35514

FIGURE 1-4. DIRECT LIQUID COOLING.



FIGURE 1-5. THYRISTOR MODULE.

(e) High voltage dielectrics

(f) Application of advanced magnetic and insulating materials

(g) High-temperature, high—-pressure dielectric fluid systems

(h) High—energy transient absorption

(i) Truck dynamics

-(j) High—speed power collection

(k) Electric braking methods

Typically, the power conversion unit has the most significant impact on
the ac traction motor drive in terms of cost, volume, reliability, and perfor-
mance. Therefore, the study is primarily aimed at evaluating candidate power
conversion systems, using the PCU of the TRLV ac propulsion system as a base-
line approach. ¢

Weight is not of prime concern in locomotives; volume is. Using a rotating

machine solely to aid thyristor commutation in place of less costly and more
reliable static components cannot be justified for railroad applicatioms. On

the other hand, it would be advantageous to retain the current-fed, inverter—-type

F-35515
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characteristics of the TLRV power conditioning hardware, which (a) requires.

no separate commutation circuitry (e.g., commutating capacitors, free wheeling
diodes, current rate of rise limiters); (b) uses rectifier-type thyristors,

as opposed to the more expensive inverter-types; and (c) rides through certain
faults and commutation failures without self-destruction. Because these features
of the original power conversion approach should be retained, the study concen-
trates on power—conditioning circuitry that can be derived directly from the
TLRV hardware.

(4) Power Requirements: The various types of operations and applications result
in an array of power requirements for propulsion systems. Locomotive power
ratings also depend on the type of service intended, whether freight or pas-
senger. For the purpose of the study, the nominal power requirements for the
three-phase traction motor drive have to be defined.

Based on a preliminary analysis of applications of ac traction motor drives
for locomotives, it appears that a universal freight/passenger locomotive for
conditions in the United States is not feasible. Electric freight locomotives
need to develop 4,600 kW continuous ratings for 6 axles in order to haul a 1740-
ton train up a 2-percent grade at a speed of 40 kph. High-speed electric pas-
senger locomotives need to develop a continuous rating of 6000 kW, but can use
only 4 axles with ac drives in order to haul a 700-ton train up a 0O.5-percent
grade at 240 kph. In both cases the higher allowable adhesion coefficient of
ac traction motor drives should be utilized, along with a maximum axle load of
25 tons. Diesel locomotive power is limited to the maximum power of the prime
mover; hence the axle power is limited. 1In this case, the better utilization
of adhesion of an ac traction motor should be coupled with improved truck
design.

MU cars used for commuter service or very high speed operation require
nominal axle ratings of 225 to 250 kW. In comparison, subway vehicles need
100 to 120 kW per axle, and light-rail vehicles (LRV) have typically 60 to
100 kW per axle nominal ratings.

(5) Conclusions: Based on the results of this study on the utilization of
existing hardware and technology for ac traction R&D, the following conclusions
have been reached:

° R&D should be aimed at electric locomotives with three-phase ac
traction motor drives.

o A universal freight/passenger locomotive is not practical in the
United States.

e For future electrical locomotives with the proposed axle loads and
power levels, passenger locomotives should have 4 axles and freight

locomotives should have 6 axles.

® Individual axle drives are preferred.



Static power converters should be made of identical modules for both
freight and passenger locomotives,

R&D should be aimed at current-source inverters.
R&D should be aimed at completely suspended traction motors.
Three-phase ac traction motor drives should be environmental-free.

R&D should be aimed at methods and equipment that minimize mainte-
nance requirements.

1-8



b. Summary of Technical Presentation.

(1) High Power Density of AC Traction Motors: A main attraction of an ac trac-
tion system is the high power density of ac traction motors. This can lead to
lighter motors, which, in turm, reduces the unsprung mass on the axle. Reduc-—
tion of unsprung mass reduces the dynamic forces on the track, and an improve-
ment in safety and track maintenance costs can therefore result. Alternatively,
high-speed locomotives require low unsprung mass to avoid excessive dynamic
track forces. In summary

® AXLE OSCILLATIONS RESULT IN TRACK DETERIORAflON AND
RAIL BREAKAGE

e FORCES ON RAIL INCREASE WITH UNSPRUNG MASS

¢ HIGH POWER DENSITY OF A.C. MOTORS ALLOWS REDUCTION
OF UNSPRUNG MASS

A14574

(2) Relationship Between Track Forces and Unsprung Mass: The equation linking
dynamic track forces with unsprung mass and vehicle velocity shows that a reduc-
tion in unsprung mass can be used in three ways:

(a) It enables a reduction of peak track dynamic force.

(b) It enables a higher train velocity to be achieved for the same
dynamic forces.

(¢) It enables the same dynamic force to be achieved with higher static
axle load; this enables a higher drawbar pull to be achieved per
locomotive. s

A
F=Fo+1223Aav./ W WHERE F
9

Fo
A

PEAK AXLE LOAD (TON)
STATIC AXLE LOAD (TON)

ANGLE OF TRACK
PERTURBATIONS (RAD)

STIFFNESS (TON/MM)
VEHICLE VELOCITY (KPH)
UNSPRUNG MASS (TON)
GRAVITATIONAL CONSTANT

m n o n

Q@ s<x

42 Fo = 30 TON

2 SPEED = 100 MPH
o
£ 40 Fo = 25 TON
Q
g 38
3 Fo = 20 TON
W - 7‘._
x 36
<
(4]
s 34
Z FOR SAME DYNAMIC LOAD STATIC
2 LOAD CAN BE INCREASED IF UNSPRUNG
3 321 MASS IS REDUCED

a0 | L !

2 25 3 35

A-14566

UNSPRUNG MASS/AXLE (TON)
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(3) Locomotive Requirements: If the American railroad system is to be electri-
fied, the process will take many years and will require a period with both
diesel-electric and all-electric locomotives in operation. A drive system that
could be built into both types of locomotives would therefore be desirable, '
particularly from a maintenance point of view. A specification for a locomo-
tive was chosen with a common static axle load of 25 tons, which results in

a 150-ton locomotive with 6 axles, or a 100-ton locomotive with 4 axles. The
curves show that the performance of a freight train driven by a 6-axle locomo~
tive would be limited by the adhesion limit between wheel and track; a passen-—
ger train would be limited by the power rating of the motor and supply.

1740 TON
2% GRADE

400

ADHESION LIMIT
(150 TON)

300

ADHESION LIMIT
(100 TON)

TRACTIVE EFFORT (KN.)

200
' 700 TON
100 r_ ,0-5l%ziiDE//

| | | L |
40 80 120 160 200 240
SPEED (KPH)

® FREIGHT LOCO. PARAMETERS

42 KPH MIN. SPEED ON 2% GRADE
25 TON AXLE LOAD

150 TON C-C ARRANGEMENT

1740 TON ADHESION LIMITED TRAIN

® PASSENGER LOCO. PARAMETERS

25 TON AXLE LOAD
240 KPH MAX. SPEED ON 0.5% GRADE
6 MW ALLOWS 700 TON TRAIN WITH NO ADHESION LIMIT

A-14592



(4) Locomotive Specification: A solid-state supply power rating of about 6
MW would be capable of supplying either the freight or passenger locomotive.
The 4-axle locomotive would then be capable of hauling a 700-ton passenger
train at up to 240 kph (150 mph), and the 6-axle locomotive would be capable
of hauling a 1740-ton freight train up a 2-percent grade at 42 kph (26 mph).
It is envisaged that a 25-kV, 60-Hz overhead supply would be used. The shaded
area in the figure shows. the acceleration achievable by both types of locomotive.

FREIGHT | PASSENGER
ACCEL. T.E.
60 Hz, 1 PHASE, SUPPLY:
400 -
= 1740 TON FREIGHT TRAIN | |\ ol v 25 25
- : MAX. VOLT (kV! 275 27.5
S 150 TON V)
2 MIN. VOLT (kV) 20 20
g 300 RAIL POWER (kW) 6.000 6,000
e ADHESION LIMITS ‘ ’
w TRAC. EFFORT START (kN)| 450 320
w MAX. SPEED (kph) 160 240
E 200 MIN. SPEED ON
g —~— 6 MW POWER LIMIT RULING GRADE (kph) . 40 -
g
a APPROX. WEIGHT (TON) | 150 100
100k TRUCK ARRANGEMENT c-C 8-B
AXLE LOAD (TON) 25 25
TON) | 2 "2
700 TON PASSANGER TRaiy | UNSPRUNG MASS (TON) |
| | A | | | SUSPENSION | FRAME FRAME
40 80 120 160 200 240  |wHEEL DIAMETER (MM) | 1150 1150
SPEED (kph) P
A-14559

(5) Influence of Design on Adhesion: To minimize the number of locomotives
required, the maximum adhesion per axle must be obtained. Apart from good mech-
nical design, maximum adhesion can be obtained by (a) using individual torque
control on each axle, (b) reducing the dynamic variation of axle load, and (c) -
reducing torque pulsations.. Individual torque control allows each axle to be
operated near to its slip limit even when axle load transfer occurs. The reduc-
tion in unsprung mass associated with each axle also increases adhesion through
a reduction of dynamic load variation. ‘

® TRANSFERABLE TORQUE IS PROPORTIONAL TO AXLE LOAD
® GOOD MECHAﬁICAL DESIGN REDUCES AXLE LOAD TRANSFER

¢ INDIVIDUAL CONTROL OF TORQUE ON EACH AXLE INCREASES
EFFECTIVE ADHESION :

® REDUCTION OF TORQUE PULSATION IMPROVES UTILIZATION OF
ADHESION

© REDUCTION OF UNSPRUNG MASS MINIMIZES DYNAMIC .
VARIATION OF AXLE LOAD AND IMPROVES UTILIZATION OF 14686
ADHESION

1-11



(6) Importance of Torque Pulsation: Torque pulsations not only reduce the
maximum adhesion obtainable from an axle but also reduce the life of the mechan-
ical transmission between the motor and track. The transmission includes the
motor shaft, gearbox, coupling, and axle; it has typical major resonances
between 5 and 100 Hz. The combination of motor torque pulsation and transmis-—
sion resonance can produce extremely high shaft torque pulsations. Solid-state
converter-fed ac traction motors, unlike dc commutator motors, can produce
substantial torque pulsation, and a suitable design of the converter and motor
must be used to reduce pulsation, particularly during starting. The pulsations,
which, in a three—phase system, occur at six times converter output frequency,
are more likely to coincide with a strong transmission resonance during starting

than at high speed.

"STATIC CONVERTER-FED TRACTION MOTORS PRODUCE TORQUE PULSATION
.PULSATION CAN CREATE RESONANCE IN MECHANICAL TRANSMISSION
TYPICAL RESONANT FREQUENCY RANGE 5 TO 100 HZ

'TORQUE PULSATION |

(a) REDUCES LIFE OF MECH. TRANSMISSION
(b) REDUCES ADHESION
{c) AFFECTS RIDE COMFORT

TORQUE MAGNIFICATION DUE TO MECHANICAL RESONANCE BETWEEN MOTOR
AND RAIL A

INTERNAL TORQUE
SHAFT TORQUE

T (PER UNIT)
>

A-14568
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(7) Load Sharing Between Axles: At present, the choice of ac traction motor
is between an induction motor and a synchronous motor. Both of these motors
have torque speed characteristics that produce excellent inherent control of

* wheelslip, but neither is able to load share between axles containing different

wheel diameters. If a common converter is used for all axles, then each motor
will operate at the same supply frequency. Under these conditions, if the
axles are driven by synchronous motors,. then they must all rotate at the same
velocity, and an unequal wheel diameter must therefore produce continual wheel-
slip. An induction motor drive has similar problems since even small wheel
diameter differences can produce large variations in power output from the
traction motors, as shown below:

® WHEEL DIAMETER DIFFERENCE (UP TO 3%)

e IF ALL AXLES ARE SUPPLIED FROM COMMON
INVERTER FREQUENCY, LOAD SHARING BETWEEN
A.C. TRACTION MOTORS MAY BECOME
UNACCEPTABLE -

F
TORQUE

[ A L
T N
PERCENTSLIP 3 2 1 -1-2 -3

i . . A14565

(8) Review of AC Traction Motors:

ADVANTAGES
® GOOD MOTOR RELIABILITY
o LESS MAINTENANCE
® MORE FLEXIBLE DESIGN (NO COMMUTATOR LIMIT)

~ @ HIGH POWER DENSITY

DISADVANTAGES

® MORE COMPLEX CONTROL CIRCUITS

A58

© TORQUE PULSATIONS AT STARTING
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(9) Criteria for Selection of Candidate Power Conditioning Units: Railroad
~requirements produce a closely defined specification for the power conditioning
unit and traction motor. These requirements reduce the possible converter sys—
 ‘tems that can be considered and also dictate the modifications necessary to
standardize converter circuits if they are to be used as locomotive power con-
The most important criteria for selection are listed below.

ditioning units.
PERFORMANCE
@ ABILITY TO PRODUCE HIGH STARTING TORQUE
® EFFICIENCY OF PCU AND TRACTION MOTOR
e MAGNITUDE OF TCRQUE PULSATIONS
¢ ABILITY TO ACCOMMODATE DIFFERENT WHEEL DIAMETERS
® ABILITY TO CONTROL WHEEL SLIP .

¢ INPUT POWER FACTOR

CosT

® CAPITAL COST

o MAINTENANCE COST v 4575

(10) Statiec Converters: The present study is concerned with current-source
converters because the TLRV converter used thyristor modules designed for this
mode of operation. Many of the problems of locomotive converters are common to
both current-fed and voltage-fed operation; however, it appears that at present
manufacturers are moving to the current-source converter for economical reasons.

® VOLTAGE ~ FED

® CURRENT - FED

A-14587
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(11) Candidate AC Traction Motor Drives: The candidate ac traction motor
drives can be divided into line-commutated and self-commutated groups. Line-
commutated inverters offer a considerable financial advantage, but also have a
severe restriction on the type of load they are capable of supplying. The load
must fulfill two requirements: (a) it must operate at a leading power factor
and (b) the terminal voltage must be sufficient to commutate the converter
thyristors. These requirements make the induction motor unsuitable for use
with a line-commutated converter because it is incapable of operating at a -
leading power factor without extra equipment capable of correcting the con-
verter power factor to leading. =

A synchronous motor is capable of operating at leading power factor, but
at low speeds the generated emf is insufficient to commutate the inverter
thyristors. A starting phase that relies on the ac supply voltage, or an
alternative method, is therefore usually provided to commutate the thyristor.

Self-commutated converters use capacitors to commutate the thyristors and
are able to supply either an induction or synchronous motor. The induction
motor, therefore, has the particular advantage of robust construction requiring
" no slip-rings or sliding contacts, but requires a high-cost, self commutated
inverter; the synchronous motor has the advantage of its ability to operate
from a low-cost line-commutated converter.

C TRACTION
:ﬂo-m“ DRIVE PCU . TRACTION MOTOR
TLRV LCI + SYNCHRONOUS CONDENSER LINEAR INDUCTION MOTOR .
+ STARTING CIRCUIT
(A) LCI + STARTING CIRCUIT SYNCHROMOUS TRACTION
MOTOR _
(B) LCI + STARTING CIRCUIT WITH VARIABLE D.C. LINK | SYNCHRONOUS TRACTION
INDUCTANCE MOTOR
(c) HIDDEN-LINK (OR DIRECT) CONVERTER SYNCHRONOUS OR
INDUCTION TRACTION
MOTOR
(D) . |CAPACITOR ASSISTED CSI | INDUCTION TRACTION
‘| moTOR
(E) CAPACITOR ASSISTED CSI WITH INDUCTION TRACTION
AUXILIARY THYRISTORS , MOTOR
(P CAPACITOR ASSISTED CSI WITH INDUCTION TRACTION
CAPACITOR IN NEUTRAL MOTOR

LCI = LINE COMMUTABLE INVERTER
CSI = CURRENT SOURCE INVERTER

A-14583
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(12) Harmonics: A major problem associated with ac drives is the harmonic
content of the output waveforms. These, combined with the space~harmonics -
produced in the airgap of the traction motor by the winding distribution, can
produce extra losses and torque pulsations. Not all harmonic waves produce
problems, however, so that it is important to understand the behavior of these
harmonics when designing both the converter and traction motor. Some harmonic
waves can, indeed, produce beneficial effects and lead to a high-efficiency,

high-power-density traction motor.

® CONVERTERS PRODUCE NONSINUSOIDAL OUTPUT WAVEFORMS
CONTAINING TIME-HARMONICS

e TIME-HARMONICS PRODUCE HARMONIC WAVES IN TRACTION
MOTOR AIRGAP

e TRACTION MOTOR WINDING ARRANGEMENT ALSO PRODUCES
HARMONIC WAVES IN TRACTION MOTCR AIRGAP

¢ TWO TYPES OF HARMONIC WAVES:

(a) PRODUCE EXTRA LOSSES AND TORQUE PULSATIONS
(b) PRODUCE USEFUL CONSTANT TORQUE AT HIGH EFFICIENCY

¢ HARMONICS CAN SERIOUSLY DEGRADE PERFORMANCE AND
INCREASE WEIGHT OF A.C. TRACTION MOTOR DRIVE

A-14579
(13) Practical Solutions to Problems Created by Harmonics: Three basic solu~
tions minimize problems produced by harmonics: both pulse-width modulation and
dec link control methods produce output waveforms that enable a conventional
three-phase motor to be used as a traction motor; increasing the number of
phases allows a multiphase traction motor to accept nonsinusoidal waveforms
from a converter with acceptable efficiency and torque pulsations.

® PULSE-WIDTH MODULATION (PWM) REDUCES HARMONIC
CONTENT OF STATIC CONVERTER OUTPUT

© DOUBLE-BRIDGE WITH D.C. LINK CONTROL REDUCES HARMONIC -
CONTENT OF CONVERTER OUTPUT

o INCREASING NUMBER OF TRACTION MOTOR AND CONVERTER
PHASES REDUCES HARMONIC CONTENT IN TRACTION MOTOR

A-14577



(14) Pulse-Width Modulation: A pulse-width modulated inverter channels the
dc link current into the traction motor to produce a traction-motor waveform
composed of a series of variable-width pulses. The number of pulses and their
position and width can be varied to eliminate certain harmonics. This process
inevitably produces higher order harmonics, but these are less likely ‘to pro-
duce torque pulsation resonance or excessive losses. This process requires
forced commutation of the converter thyristors, and a top limit to the switch-
ing frequency occurs because of the switching losses of the thyristors.

® CURRENT PULSE MODULATION REDUCES SELECTED HARMONICS
BUT INTRODUCES HIGH ORDER HARMONICS

TRACTION MOTOR

120° WIDE CURRENT PULSE WAVEFORM CURRENT PULSE-MODULATED WAVEFORM

A-14555 -
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(15) Waveform Improvement with Current Pulse Modulation: Pulse-width modulated

waveforms can contain reduced harmonic content over a band of harmonics, but an
increase in harmonics outside this band is likely to occur. The effect of this
waveform on output torque variation is shown below. If carefully controlled,

the modulated waveform can considerably reduce resonance torque pulsation dur-

ing starting.

120° WIDE CURRENT PULSE CURRENT PULSE MODULATION

<«— WAVEFORM —

T ey gy

<+— SPECTRUM —»

1‘ﬂ_l|u14_1 S e N R
1735 791113151719 1357 91113151719

<— TORQUE —

NN

o =—r .

o ~N— a

A-14556
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(16) DC Link Current Comntrol: Modulation of the de link current in a converter
can be used to shape the output waveform of a converter. Most systems rely on
two bridges supplying the motor in parallel, with the current shared between

the two in such a way as to produce a shaped output waveform with minimum har-
monic content. The input current to each bridge can be varied by using a phase-
delay rectifier or chopper at the input to the converter. A variant of this
technique is possible using a displacement between the two bridges to produce

a six-phase supply. Coupled inductances in the dc link are often used to ensure
a constant net dc current into the converter, thus reducing torque pulsations.

® CHOPPERS SHAPE INPUT CURRENTS iz AND i,

® DOUBLE-BRIDGE CHANNELS SHAPED CURRENTS iy, iy, iyy INTO MOTOR WINDINGS
CH
1

CH,

| —
<« . - _ Y !

-ij:j><ii:
le

o
P . r—— AAA, 3 et
) A *—b
*+—ip
CH3 .

CHg4 to

C

N N N
NN N,
TH, FHS TH4y TH1

| | | 1L 1 1
THg ITHq TH2 TH
I

TH, an TH3 _ TH; THg

i I | R |

THz  [THg| THg __ TH2 THg
1T 1 11

T I, _ A14854
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(17) Effect of Increasing the Number of Phases: Increasing the number of
phases in an ac motor will reduce both the motor losses and output torque pulsa-
tions when the motor is supplied with a nonsinusoidal waveform. This enables
the motor to run from a simpler converter supply. A machine that illustrates
this principle is the conventional d¢ commutator motor. In this motor, the
current in each armature coil is a square wave and yet the torque pulsation is
low and the effeciency high.

100 ’_4.(;——-———————-(

60

40

TORQUE (PERCENT) —
\

20

0 3 6 9 12 15 18
NUMBER OF PHASES —»

® ASQUARE-WAVE INVERTERWAVEFORMNEED NOTINCREASE LOSSES
IF NUMBER OF PHASES IS INCREASED

® TORQUE WITH SINUSOIDAL SUPPLY IS 100%

A-14567
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(18) Harmonic Waves in Inverter-Fed Motors: Shown below are the sets of
harmonic spectra associated with a polyphase winding containing Q phase belts
per pole pair. These spectra can be used to calculate the performance of a
traction motor. Each time-harmonic of the supply waveform produces one travel-
ling wave at fundamental synchronous speed and a string of harmonic waves at
other speeds that produce high losses and small or negative torque. These
harmonics are spaced by order Q from each other and, therefore, an increase

in the number of phase belts, Q, will produce undesirable harmonic waves with
high pole numbers and low magnitude.

SPEED —~Ng/(1-Q) @ Ng/(1 +Q@) | WAVES PRODUCED BY

—Q—j=a-] »
POLEPAR—(To g T i a FUNDAMENTAL OF INVERTER
seeep —sng(s0)  M95Ms/5+a) ywaves propUCED BY FIFTH
POLE-PAIR ~—Q—}-a- ( HARMONIC OF INVERTER
AR 5 (5+9) | wavEFoRm |

— . 7Ng/(7+0)

- SPEED—7Ng/ (7 01’__0@,?._3’_(1* " WAVES PRODUCED BY SEVENTH
" POLE-PAIR —= (7-Q) 7 (7+a [ HARMONIC OF INVERTER

WAVEFORM

® WAVES WITH SPEED = 'PRODUCE TORQUE EFFICIENTLY

¢ OTHER WAVES PRODUCE HIGH LOSSES AND LOW OR NEGATIVE
TORQUE

® LARGE NUMBER OF PHASES (@) ATTENUATES UNWANTED
HARMONICS

A-14573
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(19) Effect of Phase Number on Torque Pulsation: Increasing the number of
phases not only decreases the magnitude of torque pulsation but also increases
the frequency of their fundamental component. This can be important if reso-
nance of the drive train is to be avoided. The generated torque waveforms for
a three-phase and a six-phase induction motor (see below) show that the fre-
quency of pulsation has doubled and the magnitude has been approximately halved.

® TORGUE PULSATIONS ARE PRODUCED BY WAVES OF SAME
PCOLE NUMBER BUT DIiFFERENT SPEED

® FUNDAMENTAL PULSATION FREQUENCY = SUPPLY
FREQUENCY X NUMBER OF PHASES

é T : I

Wi

S 0.5 |- S 0.5}

g T g T

O TN o TN

- -
0 , > 0 >

TIME TIME

THREE-PHASE SYSTEM SIX-PHASE SYSTEM

A£-14585
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(20) Effect of Phase Number on Motor Magnet Circuit: At the same time it
reduces the losses and torque pulsation, an increase in phase number produces

a better utilization of the magnetic circuit. With an increase in phase number,
the airgap flux density approximates to a travelling square wave; unlike the
conventional three-phase sinusoidally supplied machine, which produces an
approximation of a sinusoidal travelling wave. The square-wave flux density
wave is shown to produce a lower peak density for a given flux per pole.

7L
6
5
a2 3 PHASE (SQUARE)
3

Z 2

? I 3 PHASE (SINUSOIDAL) g

w - »n 0

L .6 o .6

> .5 ; 5 :

'u:, 4 E 6 PHASE (SQUARE)

2 .3 2 3

a .2 w 2

X .1 2

3 -0 S . |

2 .0
i 0 —» T2 Lo, \T2
DISTANCE AROUND GAP 2 ‘

3 9 PHASE (SQUARE)
A b
o

0 —» )
DISTANCE AROUND GAP

9 LARGE PHASE NUMBER PRODUCES TRAVELLING SQUARE-WAVE OF
FLUX DENSITY IN AIR GAP

® SQUARE-WAVE FLUX DENSITY USES MAGNETIC CIRCUIT MORE
" EFFICIENTLY THAN SINSOIDAL FLUX DENSITY

A-14569
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(21) Line-Commutated Inverter with Synchronous Traction Motor: Each of the
candidate drive systems will be considered separately, with particular atten-—
tion to the modifications required to comply with traction: requirements.

The line-commutated inverter supplying a synchronous motor is the system
nearest to that used in the TLRV linear motor drive. The synchronous motor is
capable of commutating the inverter at running speeds, but, at starting, the
input converter is used to commutate the output converter. To achieve commuta-
tion of the output converter at start, the dc link curremnt is quenched momen-
tarily, thus reducing the average output torque and increasing torque pulsa-
tions. The use of pulse modulation to reduce torque pulsation at low speed is
not practical with this current because commutation can be accomplished only by
dc current link quenching. An alternative approach would be to increase the
number of phases above three, but this would not improve the torque reduction

effect produced by dc current link quenching.

OUTPUT CONVERTER

(INVERTER)
B | - _: SYNCHRONOUS
I TRACTION
* F A R 4 : MOTOR
° COUPLED I
AC SUPPLY <« INDUCTORS —sl -
o I o
' !
r £ I ¥ ¥ ¥ X
- - !
— EXCITATION
i
—Ac
POSITION
SENSOR

9 LOW COST INVERTER, COMMUTATION VOLTAGE PROVIDED BY AC
TRACTION MOTOCR '

® REQUIRES STARTING MODE WITH COMMUTATION PROVIDED BY AC
SUPPLY

® CURRENT INTO OUTPUT INVERTER IS QUENCHED DURING
COMMUTATION AT STARTING, REDUCING AVERAGE TCRQUE AND
PRODUCING TORQUE PULSATIONS
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(22) Line—-Commutated Inverter with Synchronous Traction Motor (Double-Bridge
Circuit): A double—~bridge circuit using a coupled inductor in the dc link
enables fast transfer of current from one bridge to amother. The coupled
inductors ensure that the sum of the current in the two bridges remains a con-
stant and therefore avoids both a reduction of torque and extra torque pulsa-
~ tions+ This circuit is versatile and can be used in conjunction with de¢ link
modulation to shape the motor supply currents, as described previously. A
possible variant of this technique is to combine the double bridge with a six~

phase action over some or all of the speed range.

® BASIC CIRCUIT REQUIRES TORQUE PULSATION CONTROL

® CURRENT PULSE MODULATION IS NOT POSSIBLE WITH LINE-
COMMUTATED OUTPUT INVERTER

'® DOUBLE-BRIDGE CIRCUIT TRANSFERS CURRENT DURING
COMMUTATION

AAA

y ;L MOTOR

~N4g

——NAGALAL

IN STARTING MODE CURRENT
1S TRANSFERRED MOMENTARILY
FROM A TO B DURING COMMUTATION

® DOUBLE-BRIDGE CAN BE MODIFIED TO PROCDUCE
A SIX-PHASE OPERATION

A-14551
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(23) Improvement of Wayside Supply Power Factor:

verter suffers from a low input power factor at low-output dc voltage.
can be improved by using a self-commutated converter, as shown.

A line-commutated input con-

This
An improvement

in the input harmonic content can be achieved by a further modification to the

input converter:
arm to the input converter.

Id
® LINE-COMMUTATED
INPUT BRIDGE IL
V1 (5 g
Id Ld
@ FORCED-COMMUTATED
INPUT BRIDGE
L
V1 é !
id

® TWO-STEP

INPUT BRIDGE I

glouns | =
T

-

1-26

using a tapped supply transformer and a further self-commutated
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(24) Line~Commutated Inverter with Multivalued DC Link Inductor: This circuit
is a modification of the first candidate system with two thyristors connected
across the dc link inductances. In the first candidate system, the current
through the dec link is quenched by the input PDR converter. The time constant
associated with this process tends to be large because of the transfer of energy
from the dc link inductance to the ac supply. The thyristors across the dc
link inductance in the present circuit are fired during the commutation period,
and current through the inductance is then able to freewheel through the thy-
ristor. The time constant is now proportional to the effective commutating
inductance of the traction motor only. Torque pulsations will still be present
owing to the three-phase current-forced waveform, for current pulse modulation
is not possible in the line-commutated output converter.

@ ENERGY IN INDUCTOR IS RETAINED DURING COMMUTATION BY USE
OF AUXILIARY THYRISTORS

INPUT CONVERTER (PDR) OUTPUT CONVERTER

e (INVERTER)
:- | ey S N " SYNCHRONGOUS
I d o : TRACTION
£ F | ¥ ¥ ¥ { MOTOR
oy ! | |
AC SUPPLY " ; __,Jl ; '|_\_ - (
|
Laf r 3 ~i¢ I ¥ ¥ ¥, T
...... [
L | | //
L] EXCITATION
—Aac ,
SYNC/ > LOGIC
POSITION
SENSOR
LEGEND:

l: = COUPLED INDUCTORS

® LOWER VALUE OF DC LINK REACTOR IS REQUIRED DURING START
MODE

A-14562
Al
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(25) Line-Commutated Hidden-Link Inverter: The line—commutated hidden-link
inverter combines the input and output converters into one double bridge.

Above a minimum speed, the synchronous traction motor is able to commutate the
output half of the bridge, and the ac supply voltage commutates the input half
of the bridge. In this condition, the behavior of the circuit is very similar
to the current-~forced line-commutated converter. At low speeds, the synchronous
machine is unable to commutate the converter and the thyristors are gated to
provide a cycloconverter action, using the input voltage to commutate all
thyristors in the converter. Current shaping also can be introduced by using

a gate phase~delay action on the input half of the converter.

SYNCHRONOUS
TRACTION
MOTOR
N
r— - - - T - T 1 T |
. t1] 2 3L al 5 6 | POSITION |
£ % ¥ X ¥ | SENSOR |EXCITATION
l 1 I
AC SUPPLY
|7 8 9o COUPLED 1oL 11,12
| ¥ ¥ X |INDuCTORS ” S T * :
I [N —_— e
AC
SYNC > LOGIC <

® INPUT AND OUTPUT CONVERTERS COMMUTATED BY WAYSIDE
SUPPLY AND TRACTION MOTOR, RESPECTIVELY, EXCEPT AT
STARTING

@ AT STARTING HIDDEN-LINK INVERTER OPERATES SIMILARLY
TO A CYCLOCCNVERTER

® CURRENT SHAPING CAN BE PRODUCED BY PHASE DELAY IN
INPUT CONVERTER
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(26) Capacitor—-Assisted Hidden-Link Inverter: Capacitor-assisted commutation

can be used in a hidden-link circuit to provide a self-commutated converter
capable of supplying either an induction or a synchronous traction motor. The
self-commutated hidden—-link converter is also capable of pulse modulation,
which can be used to reduce torque pulsation in the traction motor.
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® CAPACITOR COMMUTATION OF INPUT AND OUTPUT SECTIONS
® COMPATIBLE WITH AC INDUCTICN TRACTION MOTOR

A-14593
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(27) Current—-Source Inverter: The self-commutated current—-source converter

is capable of supplying either a synchronous or induction traction motor; it
also enables pulse modulation to be achieved. The cost of the converter is,
however, considerably higher than that of the line-commutated. A high switch-
ing frequency of pulse modulation can produce excessive converter losses, and
it is usual to vary the number of pulses in the modulated waveform over the
speed range. Because the major problems associated with torque pulsation occur
at low speeds, this is not a severe penalty.

INPUT CONVERTER (PDR) OUTPUT CONVERTER
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- ) ' - ! A MOTOR
| | |l ¥ 2|
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I : : Yy ¥ l
| — f ] |
—_— — L ]
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@® ABILITY TO SUPPLY INDUCTION TRACTION MOTOR

® TORQUE PULSATIONS CAN BE REDUCED BY CURRENT PULSE
MODULATION

® NUMBER OF PHASES CAN BE INCREASED TO REDUCE TORQUE
PULSATIONS AND INCREASE EFFICIENCY
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(28) Six-Phase Current—~Source Inverter: The current-source converter can be
used to provide any number of output phases. A convenient system consists of
two 3-phase converters supplying a six-phase traction motor, with one of the
converters phase—-displaced by 30 deg with respect to the other. The increase
in phase number not only decreases the torque pulsations produced by the motor,
but also increases the efficiency. Much of the reduction in loss occurs in the
rotor owing to the reductiom of high velocity harmonic waves in the airgap of
the motor.
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® TWO HALF-RATED THREE-PHASE INVERTERS DISPLACED
BY 30° ' : '
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ROTOR COPPER LOSS (% OF TOTAL LOSS)
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® ROTOR COPPER LOSSES ARE REDUCED
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(29) Modified Current—-Source Inverter: A modification to the previous circuit
can be used to increase both the stability and the frequency range of the con-
verter. Thyristors replace the diodes in the previous circuit, and this sub-
stitution prevents the commutating capacitors from discharging at the incorrect
time during certain conditions of operation. The thyristors are gated only
during commutation of the corresponding thyristor, and a greater freedom of
capacitor choice enables a reduction in voltage stress across the thyristors to

be achieved.
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® LARGER FREQUENCY RANGE CAN BE OBTAINED
@ REDUCES VOLTAGE STRESSES ACROSS THYRISTORS
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(30)

Current—Source Inverter with Capacitor in Neutral:

Capacitor-assisted

commutation can be achieved with a single capacitor in the neutral of the ac

traction motor.
low parts count.

This arrangement produces a simple commutation circuit with a
The circuit, however, suffers from high torque pulsation at

low frequency, high voltage stress across the thyristors, and a low maximum

operating frequency.
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® SIMPLE COMMUTATION WITH LOW PARTS COUNT

® COMMUTATION PRODUCES HIGH TORQUE PULSATION
® LIMITS UPPER FREQUENCY
‘® HIGH VOLTAGE STRESS ACROSS THYRISTORS
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(31) Control Circuit Requirements: The control circuit must perform several
functions to ensure correct operdation of the locomotive. The timing of the

gate signals to the power conditioner must first ensure that the traction motor
is not overloaded electrically, magnetically, or thermally. It must also min-
imize torque pulsations and optimize the power factor and efficiency of the
system over the speed range. An efficient control of axle slip is also required

to maximize drawbar pull.
® CONTROL EACH AXLE TORQUE TO SHARE LOAD AND LIMIT SLIP

¢ CONTROL FLUX AND CURRENT LEVELS IN TRACTION MOTCRS
® CONTROL TORQUE PULSATIONS

¢ USE CURRENT PULSE MODULATION

¢ SELECT NUMBER OF PULSE PER CYCLE

¢ CONTROL FIRING ANGLE FOR POWER FACTOR OPTIMIZATICON
AND COMMUTATICON FAILURE PREVENTION

¢ CONTROL START-TO-RUN MODE TRANSFER Ateson

(32) Thyristor Module: The TLRV power conditioner was constructed using thy-
ristor modules. FEach module contains two water-cooled thyristors, a protection
circuit, and a gate firing circuit. The modules can be reconnected to produce
the required converter, using a microprocessor circuit to provide correct gate
timing. Because water cooling can produce maintenance problems associated with
the risk of contamination, the possibility of o0il cooling has been investigated.

F-35613
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(33) Thyristor Module Modifications: O0il has less effective heat transfer
characteristics than water, and a straight change of coolant from water to
0il for the module produced an estimated reduction in peak current from 1170
to 810 A. This rating reduction produced by a change of coolant can be com-
pensated for by changing the thyristors in the module to more modern equiv-
alents. For example, the use of a more modern thyristor (C712) would enable
the peak current with oil cooling to be increased to 1100 A, which is almost
equivalent to the original rating with water cooling.

® CHANGE FROM WATER TO OIL COOLANT REDUCES HEAT
TRANSFER EFFICIENCY

COOLANT —= | WATER olL
FLOW RATE (GPM) 1 1

PEAK CURRENT (A) 1,170 810
(€602 THYRISTOR)

©® HIGHER THYRISTOR CURRENT RATING IMPROVES CONVERTER
OUTPUT

COOLANT WATER | OIL
FLOW RATE (GPM) 1 1
PEAK CURRENT (A) | 1,700 (1,100
(€712 THYRISTOR)

A-14580

(34) Integrated Liquid Freon Cooling Containers: Recent investigations into
two-phase Freon cooling have shown the considerable advantages in this method.
In particular, the solid-state power components are completely isolated from
contamination, and this isolation should lead to major savings in maintenance.
Also, a more compact converter results from the improved heat transfer and
insulation.

F-35614
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(35) Liquid Freon Cooling Test: A potential Freon cooling method uses an

integrated construction. In an integrated construction, the solid-state com—
ponents are immersed in Freon contained inside the condenser. Evaporation and
condensation of the Freon typically occurs in a common container. AiResearch
investigated the feasibility of separating the evaporator and condenser units.
Such a system would enable. a more flexible design of the power conditioner to

be achieved.

F.35615
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Ce Recommendations for Future Research and Development.

(1) Converter and Traction Motor Construction: This study has compared the
alternative inverter/motor combinations that can be developed for traction R&D
from the TLRV hardware. A limited study such as this cannot predict realistic-
ally such important design features as interaction of motor and track, detailed
constructional layout, nonlinear effects, and cross-coupling control and pickup
problems. It is therefore desirable that a full-scale two—axle (1.5 MW/axle)
drive be designed, constructed, and tested. Such a drive should be capable of
being reconnected to produce all the preferred candidate systems discussed
herein. This modular universal inverter drive system, using a microprocessor
gate firing control, should be constructed after an initial design phase. This
system, with reprogramming of the microprocessor and minimum reconnection, will
be capable of operating in any of the bridge formations described in Sections 2
and 3, including three-phase and six-phase operation. Both induction-type and
synchronous~type traction motors should be investigated. Either extra terminal
connections or simple internal reconnection will enable these machines to be
converted easily from three phase to six phase for both types of motors. The
converter unit should be constructed in skid form to enable both dynamometer
and field tests to be performed.

The thyristor module arrangement requires careful design consideration if
it is to function in all the possible operating modes. The most important of
these considerations are:

(a) Inverter grade thyristors will be required for the self-commutated
bridge operation and they will therefore be overdesigned for the
line-commutated versions.

(b) Although it is possible to transfer from six-phase to three-phase .
operation without motor coil reconnection, it is better from a
bridge voltage stress point of view to reconnect the motor as
shown in Figure 1-6. The reconnection of the 1 and 2 coil groups
to a series connection in the motor must be accompanied by a series/
parallel coil reconnection to keep the bridge voltage levels approxi-
mately the same for both three- and six-phase connections. Figure
1-7 shows the basic converter connection for the three- and six-
phase systems. An alternative to this method that avoids the series
parallel reconnection in the motor is to connect the bridges in
series for the six-phase condition as shown in Figure 1-8. This
arrangement results in a higher voltage stress in both motor and
converter. ' ' :

(c) The self-commutated bridges require either extra diodes or thyristors
. to avoid capacitor discharge between commutation. These can be
either permanently connected during operation of all bridge config-
urations or bypassed for the line—-commutated converters. Capacitors
will have to be disconnected in line—commutated bridges.
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a. SIX-PHASE CONNECTION " b. THREE-PHASE CONNECTION

A-23069

FIGURE 1-6. SERIES/PARALLEL CONNECTION
OF MOTOR COIL GROUPS,

(d) The only bridges requiring major reconnection are those in the
hidden-link group. These converters require replacement of the
single-phase line side bridge by a three-phase thyristor bridge
containing six thyristors. Alternatively, an input bridge with
power factor correction such as the two-step bridge of Figure 2-3
(in Section 2, following) could be used for all other bridges and
reconnected for the hidden-link circuits if thyristors of appropriate
size are used.

The circuit described above would enable the suggested bridge circuits to
be tested with minimum duplication of equipment.

(2) Dynamometer Tests: Two of the universal installations described above
should be constructed to form the basis for a two-axle field test. This would
enable a complete appraisal of the various drives and provide a better apprecia-
tion of the complex interaction between traction motors and track. It is pro-
posed that the test be performed in two phases.
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FIGURE 1-7.

THREE- AND SIX-PHASE SYSTEMS.
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(a) Laboratory Test.

a. SIX-PHASE

b. THREE-PHASE

L—NW\__I A23083

FIGURE 1-8. ALTERNATE SIX-PHASE SERIES BRIDGE CONNECTION.

The initial testing and circuit optimization should be

accomplished using a dynamometer and single-axle drive. This would enable a
full-load comparison to be made between the candidate systems with detailed
measurements of:

Efficiency

Power factor

Torque pulsation

Control stability
Torque—-speed characteristic
Thermal characteristic
Transient characteristic
EMI levels

Surge protection

Voltage regulation

Regeneration capability
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The dynamometer control should be microprocessor controlled to simulate condi-
tions such as wheelslip and rail distortion. To fully measure the complex
interaction between traction motor and rail, however, it will be necessary to
complete the system tests on a dynamic rail simulator.

(b) Rail Simulator Test and Field Test. The FRA Dynamic Rail Simulator at
the Transportation Test Center in Pueblo, Colorado, is capable of measuring
the performance of a complete two—axle truck more realistically than could

be -achieved on a laboratory dynamometer set. For this test, one truck with
associated two—axle converter and controls would be constructed, using the
motors and equipment developed and improved during the laboratory dynamometer
test.

Finally, the complete performance and dynamic control of the optimized
circuits can be measured and compared to select the optimum traction drive
for the American railroad conditions. The results of these simulator tests
should ensure the right choice of a system for the final series of field tests.

These above recommendations are summarized in Figure 1-9.

APPLICATION PHASE 1 PHASE 2 PHASE 3
STUDY (18 MO} (12 MO) (12 MO)
PROVIDE UNIVERSAL FIELD TEST
INSTALLATION PN
~ - N
DEVELOP COMMON CONTROLS DIESEL
7 o ELECTRIC
\ \ LOCOMOTIVE
Na ,
\\\N‘“ \\\\N
| T™] CoNTROL | G MPROC. | | L TR p :
|1 REQUIREMENTS CONTROL >
4 : )
////)" ////ﬂ .
/ ALL-
: ELECTRIC
LOCOMOTIVE
CANDIDATE CURRENT-FED INVERTERS (6) CURRENT-FED INVERTERS Ve oc
’ /
/
INPUT CONVERTER | 1_/
EXISTING : ONBOARD
~_ HARDWARE CONTRACTOR DOT FACILITY LOCOMOTIVE

A-14553

FIGURE 1-9. PROGRAM PERSPECTIVES.
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2. CANDIDATE STATIC POWER CONDITIONING SYSTEMS.

ae. Preliminary. The recent introduction into mainline service in Europe

of locomotives using ac traction motors has provided added stimulus to the
nunerous investigations now being undertaken in this field. The goal of this
work is to exploit the advantages of ac traction motors, namely, higher power
density, lower maintenance costs, and higher torgque.

Brown Boveri Corporation in Germany has been active in this field since the
introduction of the Henschel—-BBC DE2500 diesel-electric Co-Co locomotive in
1971. Their efforts have culminated in the manufacture of all-electric EI20
5.6-MW " general purpose locomotives for the German Railways (DB). The E120 system
uses inverter—fed induction motors and a voltage-forced PWM inverter. Current-
forced inverters are now under test.

For rapid transit systems mainly Siemens of Germany has developed induction
motor drives. Their system uses a combined chopper and self-commutated inverter
with regenerative braking. The extra capital outlay of these units is said to
be amortized in 10 yr.

The publishedl comparison with classic resistance and chopper control

of dc commutator motors is given in Table 2-1.

TABLE 2-1.- COMPARISON OF COST/BENEFIT ANALYSIS OF DIFFERENT TYPES
OF ELECTRICAL TRACTION EQUIPMENT FOR DC RAPID TRANSIT

Classic control

(by contacts and Three-phase

resistances) Chopper control | traction motor
Empty. weight of
complete vehicle, percent 100 101.5+4 103+
Energy requirement, percent 100 93 N70

N70

Price/complete 100 N107.5 112+
vehicle, percent : :
Servicing expense, perceht 100 85 80

N = Regenerative braking

¥ = Tendency towards further reduction

Another firm offering an induction-motor-driven rapid transit system is
0y Stromberg of Finland. Rotors of 125 kW are fitted to all axles, and each
pair of motors is driven by a separate pulse-width modulated (PWM) inverter
operating from an input of 750 V dc.

2-1
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Experimental work by S.N.C.F. in France is well along, with trials of
both induction—motor and synchronous-motor systems imminent. A 5-MW four-axle
locomotive with three-phase induction traction motors and separate self-commutated
inverters for each axle will enable either separate control of each axle or
paralleling of motors. An interesting feature of this locomotive is its two-—
phase liquid cooling for the power semiconductors. S.N.C.F. is also building
a research locomotive using synchronous traction motors. The inverter is
machine-commutated at speeds above 5 percent of the maximum and uses a special
starting commutation technique below this speed. This experimental locomotive,
known as the BB 15000, is due to be tested at the end of 1981.

The British Rail Research Center, in conjunction with G.E.C., is engaged
in dynamometer appraisal of induction traction motor drive systems, including
a novel axle motor designed to fit inside the axle of the British Rail Advanced
Passenger Train.

Although at present the majority of locomotive drives still retain dc
commutator traction motors to take advantage of their lower initial cost, the
continued rate of reduction in the cost of power semiconductors, combined with
a demand for higher performance, is resulting in the introduction of several
ac traction motor drives and considerable research activity in statie power
conditioning by ma jor European manufacturers.

b. Candidate Static Power Conditioning Systems. The candidate static power
conditioning systems outlined in this section cover the majority of the prac-
tical solid-state power conversion alternatives that can be derived from the
TLRV hardware and technology. The TLRV propulsion system, shown in block
diagram form in Figure 2-1, is the baseline configuration.®* The 60-Hz, three-
phase power is fed to a dc link through a phase—delay rectifier (PDR) to control
the input power to the ac traction motor. Because of the smoothing action

of the two coupled inductors, the dec link current appears as a ripple-free
current source to the output converter, which, in turn, channels this current
to the three phases of the ac induction motor in sequence. The synchronous
condenser, connected in parallel with the motor, provides reactive volt-amperes,
thus enabling the output converter to operate as a line—commutated inverter
(LCI) whereby the commutating voltage is provided by the motor/condenser
combination.

The following candidate power conditioning systems can be derived from this
baseline configuration:

(1) LCI to supply synchronous traction motors

(2) LCI to supply synchronous traction motors, but with a multivalued
smoothing inductor in the dc link for improved starting

*To make the baseline configuration relevant to railroad applications, substi-
tute the words "ac traction motor" for the words ''linear induction motor (LIM)."
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FIGURE 2-1. BASELINE CONFIGURATION.

Hidden dc link converter to operate with synchronous traction motors
or asynchronous traction motors

Capacitor—assisted current-source inverter (CSI) with series block-
ing diodes to supply synchronous or asynchronous traction motors

Capacitor—assisted CSI with series blocking thyristors rather than
blocking diodes to supply synchronous or asynchronous traction motors

Capacitor—assisted CSI to supply synchronous or asynchronous traction
motors, as above, but with the commutating capacitors concentrated
in the neutral circuit

These six candidate systems are compared in terms of performance and
cost. In comparing performance, the following factors are taken into

account:

Capability to produce a high starting torque

Torque pulsations produced by motor and their effects on the
mechanical transmission train

Ability of drive system to accommodate different wheel diameters
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e Ability of drive system to control wheelslip

® Ability of drive system to regenerate during braking
® Efficiency of drive
. Power factor of drive

In the following paragraphs the advantages and disadvantages of each of
these power conditioning unit (PCU) configurations will be discussed separately.

Ce LCI to Supply Synchronous Traction Motors. The major advantage of the LCI
(shown in a simplified schematic in Figure 2-2) is that it is the least expen-
sive converter in terms of built-in hardware. The voltage to commutate the cur-—
rent in the thyristors is provided by the synchronous traction motor itself.
This implies that the waveform of the stator current must lead that of the ter-
minal voltage. The synchronous motor must, therefore, operate at leading power
factor or must be connected to a device that is capable of supplying the lead-
ing component of the current. In the TLRV propulsion system an over—excited
synchronous machine, the so-called rotating synchromous condenser, was con-—
nected in parallel with the linear induction motor for the purpose of providing
the commutating reactive power. A synchronous-type traction motor, however,
can itself operate as an over—excited machine at a leading power factor and is,
therefore, compatible with an LCI.

OUTPUT CONVERTER

(INVERTER) _
— r- - - _11 SYNCHRONOUS
| S I TRACTION
£ <+ I ¥ ¥ ¥ II MOTOR
COUPLED l |
AC SUPPLY . INDUCTORS-—%
. 1
' |
¥ £ | ¥ ¥ 3 |
| p— | i ‘
L EXCITATION
AC
sync > LOGIC
POSITION
SENSOR

® LOW COST INVERTER, COMMUTATION VOLTAGE PROVIDED BY AC
TRACTION MOTOR

® REQUIRES STARTING MODE WITH COMMUTATION PROVIDED BY AC
SUPPLY

® CURRENT INTO OUTPUT INVERTER IS QUENCHED DURING
COMMUTATION AT STARTING, REDUCING AVERAGE TORQUE AND
;PRODUCING TORQUE PULSATIONS

A-14564

FIGURE 2-2. LINE-COMMUTATED INVERTER (LCI) TO SUPPLY SYNCHRONOUS
TRACTION MOTORS.

2-4



The basic operation of an LCI in conjunction with a synchronous traction
motor is described in Appendix B. Large industrial drives have employed this
technique for several years. The popularity of such drives is due to their
high efficiency over a wide speed range and their four-quandrant operating
ability (i.e., motoring or regenerating in either direction). The LCI units
are, typically, free of the many power constraints of the force-commutated—-type
inverters and, therefore, are less complex and less expensive.

Control of the inverter output can be effected by either a front-—end PDR
or chopper. Either of these units can control the dc link current. Figure 2-2
shows a PDR front-end converter commutated by the ac supply that can be used
to transfer power into or out of the dc link by controlling the firing delay
angle,

One problem with the front-end PDR is the low power factor in the input
circuit of the converter at low dc link voltage. This can be improved by
using the more expensive forced-commutated input converter shown in Figure
2-3(center). In the forced-commutated input bridge the bottom thyristors control
switch—on during rectifier mode and the upper thyristors control the switch-
off. During inversion the control is reversed. The waveforms of current and
voltage for this converter are as given in Figure 2-3(center). Further improve-
ment can be achieved by using a tapped input transformer as shown in the two-
step bridge of Figure 2-3(lower). The first step is obtained by conducting Id
through half the secondary and a second step is obtained by conducting Id
through all the secondary. The logic of the sequence of gate firing is similar
to that of the circuit in Figure 2-3(center).

To summarize, in normal motoring operation the front-end PDR supplies con-
trolled current to the dc link that is then converted by the LCI into a
quasi-square—wave traction motor current with 120-deg-wide conduction pulses.
Three special design problems are associated with the LCI in traction applica-
tions.

(1) Starting: When the traction motor is running at a sufficiently high speed,
the stator—induced emf is high enough to commutate the thyristor current. Under
these conditions the LCI behaves as described in Appendix B. At low speeds,
however, the emf is insufficient to provide line commutation and the thyristor
current must be commutated by other means.

The method used in the TLRV propulsion system was to quench the current in
the dc¢ link by appropriately switching the front-end PDR into inversion mode.
At zero dc link current, the current conduction through the LCI stops, thereby
enabling the next phase to be selected; and the PDR can then be returned to
rectifying mode, which will again increase the dec link current. This method
produced a low starting torque in the TLRV propulsion system and, because the
dc link current was pulsed during this starting mode, the torque contained

a large pulsating component.
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FIGURE 2-3. IMPROVEMENT OF WAYSIDE SUPPLY POWER FACTOR.

Increasing the conduction time to 180 deg would increase starting torque,
and several attempts have been made to improve starting performance along
these lines.2s3» Since the potential commutation failures can be prevented by cur-
rent quenching, an improved starting torque is accompanied by a higher motor
power factor. However, the condition for maximum startlng torque also produces
the highest torque pulsatlon.5

Yet another novel method for achieving commutation at low speeds exploits
the emf induced in the stator of the synchronous traction motor by an ac com-
ponent of current flowing in the rotor field circuit.® With this method,
torque pulsation at starting is less than that in the dec link quenching mode,
but the starting torque remains reduced.



A different approach to the above starting methods is to use a double
bridge. The input current to the motor is shared between bridges except during
commutation, when current is transferred to one bridge via a coupled inductor,
thus quenching the current in the other. An example of this circuit using a dc
input that uses choppers and a duplex inverter as shown in Figure 2-4. At low
frequencies this circuit uses the input chopper to commutate the inverter
instead of an expensive forced-commutated inverter. Commutation takes place
in the following steps:

(a) Current from the dotted half of the system (see Figure 2-4) is
transferred to the solid half-system, so that the solid system now
carries all the current and the dotted system carries zero current,
This current transfer is accomplished by commutating off the main
thyristor in one chopper while leaving the main thyristor in the
other chopper conducting. This applies the dc input voltage as a
source of commutation, causing the current transfer. The transfer
is resisted only by the leakage inductance of the dc inductors;
hence the need exists for tight coupling.

(b) Once the current in the dotted half-system has reached zero and the
inverter thyristors have recovered their blocking state, a new pair
of thyristors is selected and -gated on.

(c) Now the dotted (zero current) chopper is phased up and the solid
(twice~current) chopper is phased back a corresponding amount, so
that the total current remains unchanged. The voltage difference
between the two choppers plus any generated emf in the machine
together drive the commutation of the current in the machine; com—
mutation is resisted mostly by the machine leakage inductance.
Commutation proceeds over many chopper cycles with the current
increasing in the dotted system and decreasing in the solid system
until the situation at the beginning of commutation is reversed and
the dotted system is at twice current and the current in the solid
system is zero.

(d) When the thyristors in the solid system inverter (now at zero cur-

rent) have recovered their blocking state, a new thyristor pair is
selected and gated on.

(e) The solid system is now in parallel with the dotted system and its
current is raised rapidly to half-current value (the rate of transfer
is limited only by the leakage inductance) while the total dc current
is held steady. The commutation is now complete, and normal parallel
operation is resumed, with each system carrying half the load until
the next commutation is required.
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FIGURE 2-4. USE OF TWO CHOPPERS AND DUPLEX INVERTER.

At higher frequencies commutation is achieved with the induced voltage
in the synchronous traction motor, and the two choppers and inverters operate
in parallel. This circuit is versatile and can be modified to an ac input
using a PDR. It can also be modified to provide a six—-phase output with each
bridge phase displaced by 30 deg as described in Section 5(b). Waveshaping
can also be performed using this basic concept, or alternatively, using dc
link current control also described in Section 5(b).

(2) Commutation Failure: 1In the case of machine commutation, care must

be taken to ensure that the firing angle plus overlap angle does not exceed
180 deg; otherwise one leg of the LCI provides a short circuit path across

the motor terminals resulting in large circulating currents. The overlap is
due to the time required for the current in the motor stator reactance to be
reduced to zero by the difference in generated emf in the two phases undergoing
commutation. It is therefore important to keep the commutating reactance as
low as possible to minimize the overlap angle, 4. Unfortunately, the maximum
torque condition for the traction motor occurs near unity power factor, when




the flux-density and current-density waves are approximately in phase. This
condition corresponds to operating the thyristors of the LCI as near to their
180-deg firing angle limit as the commutation constraints permit. Figure 2-5
shows a typical overlap condition during inversion, near to a commutation
failure. The overlap angle varies with the value of the stator current at
the instant of commutation. A graph showing the limit of commutation for
various firing angles is presented in Figure 2-6.
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FIGURE 2-5. OVERLAP ANGLE OF INVERTER.

Inverter commutation failure'occurs when the regulation characteristic
exceeds the limit of commutation, resulting in shoot—through, i.e., a sudden
shorting of the inverter back emf. Therefore the inverter firing angle must
never be allowed to advance beyond the established inversion limit, set to
ensure safe operation under weak field, overload, or abnormal conditions.
However, with modern control techniques3 the operating firing angle can be
calculated so that the machine can operate at near optimum conditions at all
times.

(3) Torque Pulsations: In traction applications, perhaps the most serious
objection against the LCI is the torque pulsation that it produces through
the nonsinusoidal stator current waveform it creates in the traction motor.
As described in Section 5(b), with an LCI the traction motor torque pulsation
typically occurs at six times the motor supply frequency, which, at low speed
operation, can coincide with the transmission resonance frequency, thereby
reducing adhesion and increasing wear. Methods to reduce torque pulsation in
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current—fed inverters, e.g., dc link current modulation, are described in
Section 5(b). Another possible solution to reducing torque pulsations is to
increase the number of phases. In Section 5(B) it is shown that a three-phase
machine produces torque pulsations at a frequency that is a multiple of six,
the number of phasebands per pole pair. Because the magnitude of the harmon-
ics producing these pulsations decreases with their harmonic order, a large
number of phases produces higher frequency pulsations that are lower in ampli-
tude. A convenient method of increasing the pulse number of the inverter,
equivalent to a multiphase operation, is to use several three—phase inverters
with a phase displacement between each. Figure 2-7 shows a circuit with two
three-phase inverters supplying a six~phase motor. This arrangement has the
added advantage that thyristors that otherwise might have been operated in
parallel to produce the required power output can now be used in parallel
bridges without requiring special current-sharing techniques. This technique
can produce a higher efficiency than that which occurs with the more common
double-bridge 12-pulse inverters.

d. LCI To Supply Synchronous Traction Motors with a Multivalued Smoothing
Inductor in the DC Link To Improve Starting. As explained above, the
process of dc link current quenching reduces the starting torque and introduces
extra torque pulsations. This is attributable to the commutation time required
to remove the magnetic energy stored in the large smoothing inductor. Decreasing
the size of this inductor would decrease the commutation time but would increase
torque pulsation. A solution to this problem is to use a thyristor to shunt
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FIGURE 2-7. TWO INVERTERS SUPPLYING A SIX-PHASE MOTOR.

the inductor,7 as shown in Figure 2-8. During the commutation process the
thyristor is fired and the dc link current freewheels through the inductor and
thyristor, while the stored magnetic energy is retained in the smoothing induc-
tor. The time required to reduce the stator current in the synchronous traction
motor is then limited only by the commutating reactance of the motor and the
source reactance of the front—end PDR.

The torque pulsation problems associated with this inverter are identical
to those discussed in the previous section, so that using multibridge
inverters and multiphase motors will reduce the torque pulsation. A multi-
bridge inverter approach will also increase the average starting torque since
only a part of the de¢ link current is quenched. For example, in the six—-phase
system, shown in Figure 2-7, thyristor commutation alternates between the left-
and right-hand converter bridges, enabling one-half of the machine to continue
operation during the commutation process.

e. Hidden-Link Converter To Operate with Synchronous Traction Motors. The
so—called hidden-link converter includes a wide range of inverter types under
the general title of direct-converter (see Figure 2-9(a)). Several variants
of this circuit have been developed from the general theory of the hidden~link
converter described in Appendix C. The operation of the hidden-link converter
varies with the ratio of input to output frequency. An interesting feature

of this converter is that the commutation from one cycle to the next can be
effected by either the input supply voltage or by the voltage induced in the
output motor.
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FIGURE 2-8. STARTING A LINE-COMMUTATED INVERTER
WITH FREEWHEELING THYRISTOR.

At low frequencies, when the induced voltage in the synchronous traction
motor is insufficient to commutate the current in the conducting thyristors,
the input supply voltage can be used for this purpose, although there may be
a time delay before this voltage is of correct phase to achieve the commutation.
As an example (refer to Figure 2~9(b)), if the requested time to commutate is
t = t] (decided by the rotor shaft position and logic control unit) and if
the motor emf is small, thyristor T; will be forced to continue conducting
until the input voltage reverses at t = tye. Only then can the current be
channeled to the next phase. This delay introduces an error in the commutation
angle, which, however, remains insignificant as long as the output frequency
is small compared with the input supply frequency. As the emf generated in the
traction motor attains a level sufficient to commutate the current, a smooth
transition from input-supply—side to motor—-side commutation takes place.

During starting it is possible to sequence the firing of the thyristors
so that they produce a sinusoidal or trapezoidal waveform; the techniques are
similar to those used in cycloconverters. Each phase can be considered as
supplied from a separate full-wave PDR; and by sequential advancing and retard-
ing of the phase angles of each phase, a controlled waveform can be obtained
for each phase. The coupled inductors produce smoothing of the motor current,
but for minimum ripple® content the output frequency should be kept low. This
type of waveform control is obviously not possible with output frequency greater
than input frequency, and the output current waveform becomes the normal 120-
deg-wide pulses associated with current-fed line-commutated machines. Harmonic
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FIGURE 2-9. HIDDEN-LINK CONVERTERS.

effects such as torque pulsation and increased copper loss can be reduced in
this condition by increasing the number of phases as described earlier.

Several variants of the hidden—link converter have recently been pro-
posed.8’ 10 The circuit shown in Figure 2-10 uses a forced-commutation scheme
for modulation of the current waveform to reduce torque pulsation below 15 Hz
(to minimize torque pulsation below 90 HZ).

A single coupled inductor is used. Capacitors Cj to Cg and diodes D] to
Dg are required for forced commutation on the machine side; and Capacitor Cv,
together with diodes Dy and Dg, produces forced commutation at the input side
of the converter. The latter commutation circuit can also provide a good input
power factor.
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A further variant? is shown later in Figure 2-10(b). Two forced—-commutation
devices pem and ncm are shown. The black thyristors act as freewheeling paths.
At low frequency, trapezoidal current shapes are generated by using a chopper
action of the bridge; at high frequency, a 120-deg—wide pulse is produced.

f. Capacitor-assisted CSI with Series Blocking Diodes to Supply Asynchronous

Traction Motors. ~ If an induction—-type traction motor is to be used in
conjunction with a thyristor inverter, then either static capacitors must be
connected across its input terminals to obtain a leading input power factor or
a force—commutated inverter is required. Although these inverters are more
expensive than the line—~commutated kinds described earlier, they have the
advantage of being compatible with pulsewidth modulation techniques to mini-
mize the harmonic content in their output current waveforms. Figure 2-11 shows
the most common parallel-capacitor-commutated circuit, which uses a six-pulse
waveform. This circuit operates with the so-called autosequential phase com— .
mutation and, therefore, does not need separate commutation thyristors. Appendix
D describes the commutation process.

The output waveform of this CSI is a 120-deg—wide pulse, as shown in Figure
2-12(a). Such rectangular current is known to produce torque pulsations in
the motor at six times supply frequency. In traction applications the inverter-
induced resonance of the mechanical drive train can typically occur at low
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FIGURE 2-11. COMMON PARALLEL-CAPACITOR-COMMUTATED CIRCUIT.
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frequencies, between 5 and 100 Hz.® For this reason, unless a mechanical
damping system is used, a CSI with simple sequential switching (shown in
Figure 2-11) requires some form of pulse modulation for traction use.

A suitable pulse modulation technique8 that can reduce potential reso-
nance problems is described below. In a CSI, current can be transferred
from one phase to another as long as it is ensured that, at any instant, one
phase of the upper thyristor group and one phase of the lower thyristor group
is carrying current. Switching within one thyristor group does not affect the
commutation in the other. A typical pulsed-current waveform is presented in
Figure 2-12(b); it shows how the current can be switched from ome phase to
another to achieve a PWM effect yielding a current waveform with a reduced har-
monic content. The number of pulses and the width of each pulse are variables;
Figure 2-12(b), for example, shows a nine-pulse waveform. The harmonic content
obtainable with different pulse numbers is given in Table 2-2.

TABLE 2-2. - REDUCTICON OF THE CURRENT HARMONICS UP TC THE ORLER 25

Number Harmonic order

;ilses 1 5 7 11 13 17 18 23 25
9 0.923 | O 0 0 0.05 0.007 | 0.136 | 0.259 | 0.188
7 0.925| 0 0 0 0.097 | 0.27 0.231 0.029 0.001
5 0.934 | © 0 0.186 0.248 | 0.152 } 0.033 | 0.121 0.099
1 1 0.2 ‘0.143 0.091 0.077 } 0.059 | 0.053 0.044 1 0.04

The pulsewidths are chosen to maximize the reduction of the lower order
harmonics, e.g., the 5th, 7th, and llth harmonics. Inevitably, this process
increases the higher-order harmonic content. The technique also reduces the
fundamental compomnent of the current and, therefore, leads to an increased
stator copper loss with respect to that produced by an equivalent sinusoidal
current—density wave acting on the airgap. For example, in case of a five-pulse
waveform, which eliminates the 5th and 7th harmonics, the fundamental component
of the current is only 93 percent of that of the single pulse. For a 100-percent-
effective gap current density the stator current has to be increased by 7 per-
cent, which, in turn, would increase the stator copper loss by 15 percent.

An alternative strategy to the PWM method is to increase the number of
phases, as discussed in Section 5(b). Figure 2-13 shows an example of how the
higher~frequency components can be eliminated by this technique in a six—phase
motor.
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FIGURE 2-13. TORQUE HARMONICS FOR THREE- AND SIX-PHASE MOTORS.

g Capacitor—assisted CSI with Series Blocking Thyristors, To Supply
Asynchronous Traction Motors. As discussed in para. 2f, the traditional
configuration of an autosequentially commutated CSI comprises a three-phase
thyristor bridge with interphase capacitors the discharge of which is blocked
by series diodes. In the usual operating mode, these diodes are reverse—biased
after the current through them has been commutated. Under certain operating
conditions, some of the series diodes may become forward-biased during a part
of the cycle, thereby making the inverter/induction motor drive unstable. To
prevent this from happening, the series diodes can be replaced by thyristors.
The thyristors are prevented from going into a conducting state unless a trigger
pulse is applied to their gate terminal, The resulting circuit, shown in Figure
2-14, is referred to as a modified CSI.

(1) Operational Modes: A CSI that contains 12 semiconductor devices (6 power
thyristors and 6 series blocking diodes) can have as many as 212 - 4096 possible
circuit configurations. By taking into consideration all of the symmetry con-
ditions, the possible number of circuit configurations can be reduced to 49
different combinations of conducting and nonconducting diodes that can cause

the inverter to function in one of several operating modes .12
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FIGURE 2-14., MODIFIED CURRENT-SOURCE INVERTER (CSI).

Typically, the operational modes of a CSI are characterized by the number
of simultaneous commutations taking place in the inverter. Accordingly, these
can be referred to as:

(a) Single commutation,; which has already been discussed in para. 2f

(b) Double commutation, which occurs when, during the last interval of a
diode commutation in one of the commutation groups, the next thyristor
of the source commutation group is fired and an overlapping of diode
commutation and linear recharging of the capacitor takes place

(c) Multiple commutations, which occur when there are diode commutations
in both commutation groups simultaneously

Unfortunately, during double or multiple commutations, part of the inverter
input current is shunted through a leg of the inverter without passing through
the traction motor winding. This multiple path detracts from the tbrque produc—
ing capability of the traction drive and also causes undesirable oscillations
in the terminal voltage and the motor speed. For this reason, the inverter must
be designed to function in its preferred operating mode; i.e., only with single
commutation.

(2) Frequency Range: The most important factor in determining the operational
mode of a CSI is the ratio of the applied frequency to the self-resonant eigen-
frequency of the commutation circuit. The frequency limit at which the single
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commutation of the inverter turns into double commutation is a function of

the load and the operating frequency only. For typical drive parameters, the
maximum frequency at which the inverter will still operate in single commutation
is in the range of 150 to 200 Hz.

(3) Replacing Blocking Diodes with Thyristors: Because for most traction
applications a maximum operating frequency of 200 Hz should be acceptable, it
would appear that there is no need to replace the series blocking diodes with
thyristors. However, there is another benefit to using thyristors in place of
the diodes. -

In a CSI the voltage stress applied to the solid-state devices is generally
inversely proportional to the value of the interphase capacitors used. If
blocking diodes are used, the minimum capacitor size is governed by the con-
straint discussed above that restricts the inverter operation to the single
commutation required. By replacing the diodes with thyristors, this constraint
can be removed, and the peak voltage across the device can be lowered by
increasing the value of the interphase capacitors.

A potential tradeoff between the additional cost and complexity introduced
by the blocking thyristors and the benefits obtained by the reduced voltage
stresses needs further investigation.

h. Capacitor—assisted CSI To Supply Asynchronous Traction Motors with the
Commutating Capacitors Concentrated in the Neutral Circuit. The circuit

for this type of inverter is shown in Figure 2-15. The figure shows how the

circuit can be derived from the CSI presented in Figure 2~11 by replacing the

six parallel commutating capacitors with one capacitor placed in the neutral

of the motor and by replacing the six series blocking diodes with two thyristors.

The commutation process of this inverter is described in Appendix E,
together with the current and voltage waveforms during the commutation period.
Between commutations the inverter behaves as a conventional autosequentially
commutated CSI. During the commutation period, however, it differs from the
latter inverter in that the current is transferred from one phase to the
capacitor and then to the new phase, leaving a period when zero phase-sequence
current flows in one phase only; the currents, then, flow for less than
a 120-deg duration in one phase.

The obvious Saﬁings in production costs are attributable to the simplicity
of the inverter. The commutating time is almost 50 percent longer than with an
equivalent autosequential inverter and the peak forward and reverse voltage
across the main thyristors is approximately 50 percent above that of the auto-
sequential inverter. Table 2-3 provides published datal3 for an inverter
supplying an induction motor load.

The increased commutating time will obviously reduce the maximum frequency
at which the inverter can operate, and will froduce a torque pulsation. Re-
portedly the upper frequency limit of 50 Hz, 4 and the known torque pulsa-
tions restrict the lower frequency to 2 Hz. The problem is similar to that
produced by using front—-end converter commutation in a line-commutated inverter
at low frequencies. The voltage stresses on the thyristors in the inverter
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FIGURE 2-15. CAPACITOR—~-ASSISTED CURRENT-SOURCE INVERTER (CSI).

TABLE 2-3. — DATA ON INVERTER SUPPLYING INDUCTION MOTOR LOAD

Parameter Line C Neutral C
Total commutating time, (deg) 41.31 58,01
Main thyristor:
Peak forward voltage, (pu) 1.98 3.04
Peak reverse voltage, (pu) 1.98 3.22

Auxiliary thyristor:

Peak forward voltage, (pu) ' - 2.84
Peak reverse voltage, (pu) 1.45
Peak diode voltage 2.98 -
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are higher than those in the autosequential inverter, but it is likely that
rectifier grade components can be used without employing large snubber circuits
or suffering high switching and commutating losses.

In traction applications the advantages of the neutral commutated inverter
-—the low parts count, small snubber components, and rectifier grade devices—-—
must be traded off against the reduced starting torque and frequency range and
increased torque pulsation. A possible method of reducing torque is to use a
multiple-inverter arrangement, so that the parallel inverter is able to main-
tain output torque during commutation.
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3. CANDIDATE AC TRACTION MOTORS.

a. Introduction. Ac traction motors that can be used in conjunction with
solid-state supplies are:

(1) Polyphase induction motors
(2) Polyphase synchronous motors
(3) Polyphase reluctance motors

b. Polyphase Induction Motors. The polyphase squirrel-cage induction machine
is probably the most attractive motor for traction purposes. It has a rugged,
inexpensive construction and requires minimum maintenance., It is suitable for
running at high speed, since the brushless squirrel-cage construction is able
to withstand high centrifugal forces. This increase in speed provides a higher
power/volume ratio than can be obtained with a conventional dc commutator—type
traction motor, except where the unit is subject to limitations introduced by

a higher-ratio gearbox required at the axle. Induction motors are also capable
of operating at good efficiency and power factor over a wide speed range and
have an ability to withstand momentary electrical or magnetic overload without
damage. An undesirable feature of an induction motor, however, which has to

be considered during its selection for traction motor duty, is its inability

to operate at leading power factor, which implies that an induction motor cannot
be supplied from an LCI without having a capacitive load connected across its
terminals to provide a leading component of current. This is unfortunate,
because it means that the least expensive traction motor (the squirrel-cage
induction type) and the least expensive inverter (the LCI) are basically not
compatible.,

Several design problems affect the performance of an inverter—fed induc-
tion motor. In addition to problems created by harmonics and torque pulsations,
discusséd in Sections 4 and 5, the following design aspects are of considerable -
interest in traction applications.l:z Skin effect is particularly critical to
the performance of ac traction motors when high frequency harmonics are present.
The choice of pole number is obviously also important. An increase in pole num-
ber has the beneficial effect of reducing the flux per pole, and thus decreases
the requirements for large back—-iron depth and coil overhang. An increase in
pole number, however, increases the iron losses and the magnetizing current,
and, by reducing the number of slots per pole per phase, also increases the
harmonic content. A high frequency will also result in increased inverter
losses.

The leakage inductance has an important effect on the induction motor per-
formance. If a voltage-fed inverter is used, the leakage inductance has to be
high to reduce harmonic currents. On the other hand, current source inverters
require induction motors with a low leakage inductance to reduce the switching
spikes in the voltage waveforms. The insulation requirements of traction
motors fed from current source inverters can be more severe than those asso—
ciated with voltage-fed inverters because of the inductive voltage spikes pro-—
duced at current switching. In addition, the relationship between the pull-out
torque and the leakage inductance must be considered during the design process.
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The torque-speed curve of a high—efficiency induction motor has a high
negative slope near synchronous speed to ensure that the traction motor oper-
ates at a low—-slip wvalue. This characteristic enables the wheelslip to be
quickly corrected, but does not accommodate different wheel diameters in a
multi-axle drive with separate motors on each axle. It is therefore likely
that unless severe restrictions are imposed on the wheel diameter variationm,
each axle must be supplied from a separate inverter.

A novel form of induction motor capable of running at leading power factor
with possible applications for traction duty has recently been proposed.-»
The rotor has a conventional squirrel-cage winding whereas the stator winding
consists of two separate three-phase sections: the 'primary' or main section
and the 'asynchronous condensor' (ASC) section, as shown in Figure 3-1. The ASC
winding can be connected either in parallel or series with the main winding
to correct the power factor. When the windings are in parallel, the arrangement
is analogous to an induction motor with a synchronous condenser connected in
parallel. The input current in this arrangement is the sum of the lagging
induction motor current and the leading current drawn by the condenser. If the
latter component is sufficiently large, the resultant input current can be made
to lead the applied voltage. Such a system will enable the motor to operate
from a line—commutated inverter (as in the TLRV-system) but does not, as such,
improve the output power of the induction motor by enabling the flux density
and current density waves to be in phase, as is the case in a conventional
synchronous motor.

The interaction between the primary and the ASC windings, both of which are
coupled to the rotor cage, is complex and can be explained in terms of space
transients produced by the movement of rotor bars as they pass from under
the main winding section into the ASC section*4 This behavior is analogous
to the exit edge effects produced in linear induction motors, whereby the
rotor currents carry flux from the main section into the ASC section.

A cursory inspection of this machine indicates that it might lead to a
larger frame size than a corresponding induction motor, because some fraction
of the winding space is occupied by the ASC that produces the synchronous
condenser action, and the torque produced in the space left for the induction
motor winding is reduced by the space harmonics due to the non-uniform magnetic
field distribution around the periphery.

To assess the viability of this approach, the performance of a 4-pole, 150-
hp motor® will be discussed here briefly. The primary winding is star connected,
with two parallel paths per phase, and is located in 60 slots. The rotor is
of squirrel-cage construction with 94 slots giving an increase in apparent
starting resistance of 105 percent as a result of the deep bar effect. The
connection used for the motor is given in Figure 3-2. The ASC phases D, E,
and F are connected in parallel with the main windings A, B, C. When the motor
is supplied from 50 Hz, it runs at 725 rpm (3.3—-percent slip) at a 150-hp load.
The primary winding operates at a 0.91 lagging power factor and the ASC winding
operates at a 0.07 leading power factor. Because these windings are connected
in parallel, they are designed for the same voltage, and their relative VA
rating for the main versus ASC windings is 1:0.42, respectively. At equal
electromagnetic loading for each winding and using the VA ratio above, the
ASC winding would require 30 percent of the total volume. Since the volume
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allocated for the ASC is less than 30 percent of the slot volume, the electro-
magnetic loading of the ASC must be increased. This is confirmed in Figure 3-3,
which shows that at 150-hp nominal output power, in some slots of the ASC wind-
ing the Eeak density is 90 kA/m compared with 55 kA/m in the main winding
section. One explanation of this high current density is.that the particular
150~hp motor design was made in a standard frame with stator slot dimensions

that had been predetermined, and therefore it cannot be considered optimum. As

a comparison, Table 3~1 shows the performance of a conventional 150-hp, 50-Hz
induction motor design installed in the same magnetic core. As might be expected,
for a given output the unity power factor motor operates with increased losses.
The stator copper loss has increased from 2.41 to 6.21 KW, and although the rotor
copper losses. are not given, the increase in operating slip from 0.02 to 0.033
implies an increase in rotor copper loss. This particular design would, there-
fore, require either a derating in power or an increase in frame size. Despite
its presumably reduced performance, this motor should remain a candidate bhecause
of its ability to operate in conjunction with a line-commutated inverter.

TABLE 3-1. PERFORMANCE OF CONVENTIONAL 150-HP, 50-HZ INDUCTION MOTOR

Original ' Unit-power
winding factor winding
Qutput power, kW 112 112
-Slip 0.02 0.033
 Efficiency 92 85.8

Input power factor
Motor power factor

ASC power factor

0.91 lagging

0.998 lagging
0.87 lagging

0.07 leading

Main winding stator copper loss, kW - 4,05
ASC winding copper loss, KW . - 2.16
Total stator copper léss, kW 2.41 6.21
Rotor copper loss, kW - 3.68
Iron loss, kW 1.2 2.1
Stray load loss, kW 3.60 -
Stray load losé and friction, kW - 3.37
Total loss (from efficiency), kW 9.7 18.5

3-4




STATOR LOADING, kA/m

50 | | L | — | |
1 10 20 30 4o 50 60 70

SLOT NUMBER

A-22677

Figure 3-3. STATOR CURRENT LOADING AT UNITY POWER FACTOR.

Ce Polyphase Syhchronous Motors. Though as yet untried, the polyphase syn-
chronous motor is probably the most versatile motor for traction purposes.

Because its excitation is supplied by a separate source, the power factor at

which the motor operates can be controlled. The rotor speed is synchronized

to the stator synchronous speed, and the speed at which it runs is decided by

the inverter supply frequency. To avoid loss of synchronism, and to ensure
stability, it is usual to control the inverter frequency by a phase-lock system
that obtains feedback of the rotor position either directly or through motor
terminal measurements. This system is sometimes referred to as a self-synchronous,
or brushless dc, system.

The synchronous motor can be made physically robust and can have a similar
power density advantage over the dc traction motor as can be obtained with an
induction motor. Perhaps one of the most useful features of the synchronous
traction motor is its ability to operate at a leading power factor by over-
exciting the rotor, thereby enabling it to be supplied from a line-commutated
inverter. Because traction duties typically require the motor to operate at low
speed while producing a high starting torque, a modified line—commutated inver-—
ter scheme is required to enable the synchronous-type traction motor. to gain
sufficient speed before the motor voltage itself can commutate the inverter.
Section 2 has described various inverter schemes capable of achieving this.



The least desirable feature of the synchronous type traction motor is the
necessity of providing excitation through the rotor. This involves either a
brush/slip-ring combination or some form of brushless excitation. For arduous
traction duty the brush/slip-ring combination is obviously undesirable, particu-
larly from maintenance and reliability points of view, and brushless methods,
which involve rotating semiconductors, raise similar objections, although to
a lesser extent. The requirement that brushless excitation schemes for
synchronous traction motors be capable of producing large ampere turns at
standstill also eliminates the conventional rotating rectifier—exciter approach,
which typically consists of the dc excitation on the stator of the exciter and
a combined polyphase~winding and rectifier assembly on the rotor.

The two excitation systems capable of operating at standstill are (1) the
rotating transformer exciter and (2) the travelling wave exciter.

(1) The Rotating Transformer Exciter. A practical method of conmstructing a
rotating transformer 1s to use the common 'pot core' construction shown in
Figure 3-4. The main flux, represented by the dotted line, couples the primary
and secondary coils in a manner similar to that which occurs in a conventional
static transformer. Rotation of the secondary with respect to the primary does
not alter the coupling between the two coils and, therefore, the transformer
action is unaltered by the rotation.

Variations of this design that are more amenable to a simpler steel
lamination construction have been proposed.5 A typical arrangement of this
type is shown in Figure 3-5. The stator comprises two transformer—-type cores
coupled to a cylindrical rotor. This exciter is single—phase and requires
more smoothing of the rectifier output than is necessary in the case of a
polyphase system.

(2) Travelling Wave Exciter. The travelling wave excitation can be developed
from the conventional brushless excitation system by replacing its dc winding

in the stator by a polyphase-winding. At standstill the induced emf in the poly-
phase armature winding in the rotor is at supply frequency and the size of the
exciter varies with frequency. To control the excitation current into the field
of the synchronous traction motor, the power supply to the exciter must be able
to provide variable voltage.

Two possibilities exist regarding the direction of rotation of the wave
produced by the exciter stator. If the wave direction is backwards with
respect to the rotor velocity, then with the traction motor at standstill, all
the power required by the synchronous motor field must be produced by the power
supply to the stator of the exciter. As the traction motor accelerates the
power supplied by the exciter stator supply, Py, is:
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where

lav}
li

power into synchronous motor field

2
1

a synchronous speed of exciter stator field

=
It

r rotor speed

The power required therefore reduces as the rotor accelerates, and the remainder
of the power is then supplied mechanically by the synchronous motor.

If the travelling wave in the exciter stator is moving in the same direc-
tion as the rotor, the nature of the operation changes considerably. While at
standstill the situation is identical to that of the backward travelling excita—
tion wave, with all the power being provided through the exciter stator supply;
but as the motor accelerates, the power required from the exciter stator supply,
P;, increases because it now supplies the required electrical power to the
rotating rectifier plus a mechanical output power. Some of the motor output
torque is therefore being supplied by the exciter. The power supplied by the
exciter stator supply, P;, is given by:

Pl =P, - S (3=-2)

The synchronous speed must obviously be greater than the maximum rotor
speed to keep Py at a minimum; and to keep the dimensions similar to those of
a conventional dc exciter system, this synchronous speed should be twice that
of the maximum rotor speed. '

To minimize the rating of the stator supply inverter, a backward travel-
ling wave is, therefore, the best choice. The size of this exciter depends
on the frequency of the supply: if the frequency is increased, the size of the
exciter reduces since the relative velocity of the stator wave is increased
and the generated voltage per turn increases. At the same time, however, the
iron losses in the core increase and the switching losses in the supply and
the rectifier bridge will also increase. A tradeoff between core cost, supply
cost, and exciter dimensions is needed.

d. Polyphase Reluctance Motors. There has been recent interest in the use of
reluctance motors for traction purposes.6’7. Although the reluctance motor is
of robust construction, it has not been used in traction applications because
of its historically low power factor and low output per volume. Recent improve-
ments in the design of reluctance motors, however, have yielded performances
that are comparable to that of the three-phase squirrel-cage induction motor.
The reluctance motor proposed for traction purposes has double saliency (i.e.,
it has salient poles on both its rotor and stator) and, therefore, closely
resembles a stepper motor, with the switching angle controlled by the rotor
position. The number of poles on the stator and rotor are not equal and the
ratio is typically chosen to enable starting in either direction from any
rotor position. To obtain adequate starting torque, different numbers of
phases are possible as in a stepper motor connection.




This type of motor requires a force-commutated inverter and can also use a
'shading' bifilar winding to return energy back to the supply when one pole is
switched off, as shown in Figure 3-6 for a three-—phase circuit. The components
T4s Cp, and Ty are used to commutate the main thyristors T;, Tp, T3. If, for
example, thyristor T; is conducting, the firing of thyristor T, will connect
capacitor C; across thyristor T] to reverse-bias it while forward-biasing diode
D;. The current then decays through diode Dj, returning energy to the supply
if the windings are closely coupled. Figure 3-7 shows the subscale test results
of such a reluctance motor with efficiencies as indicated. The efficiencies
include all converter losses and remain high over a 3:1 speed range above
base speed. The efficiency of an equivalent-rated induction motor installed
within the same frame is 86 percent at rated output. The motor therefore has
the advantage of robustness and low cost, combined with good efficiency and high
output /volume ratio. At rated output, the specific output of this reluctance
motor is 1.3 to l.4 times higher than that of an equivalent induction motor.

‘The concept of this type of reluctance traction motor is still relatively
novel. Tests were conducted only on subscale models; scaling these motors to
large traction motor ratings still needs further investigation. In addition,
information on their torque pulsation at low speeds is not yet .available, but
can be expected to be similar to that associated with current-fed synchronous
motors. :
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FIGURE 3-6. SUPPLY CIRCUIT FOR RELUCTANCE MOTOR.
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4. INFLUENCE OF HARMONICS ON MOTOR PERFORMANCE.

a. General. The efficiency of converterfed ac traction motors is greatly
affected by both the harmonic content of the current waveform and the electro-—
magnetic design of the traction motor. The efficiency of these converter-—fed
motors is known to improve as the number of phases increases. For example,
three—phase machines supplied with a squarewave voltage typically require
derating because of the extra stator and rotor copper losses. However, if the
same rectangular waveform is applied to each phase of a six—phase ac traction
motor, the incremental losses due to the harmonics decrease substantially and
the derating is less pronounced. The impact of these design parameters on the
converter—fed ac traction motor efficiency is discussed in this sectiom.

In electric machines there is a complex relationship between space-
and time-harmonics, and their interaction defines the motor performance. For
this reason a brief discussion on electric machine harmonics is given below.

Appendix F shows that in a converter—fed ac traction motor the typically
nonsinusoidal currents flowing in a polyphase winding produce the same effects
as a set of harmonic current density travelling waves. If the stator current
time waveform is resolved into a set of Fourier components, the effect of the
h-th time-harmonic is equivalent to that of a set of current density waves:l

Jh =§ Jh,n Cos (hwt - no +<th’n); for n = ph + pQr (4=1)

where

-
]

a running integer
p = fundamental pole-pair number
n = pole-pair number of space harmonic
Q = number of phase-bands per pole-pair pitch in stator winding
h = time harmonic order of current waveform
@ = angle relative to stator axis
w = supply angular frequency
¢n,n = phase angle of h,n harmonic
This series indicates that in an unsaturated machine each time—harmonic
frequency of the supply waveform can be considered separately. The effect of
each time—harmonic component is to produce a series of space—harmonic waves
that travel around the airgap at different speeds and in different directions.
For example, in a three—phase machine even the fundamental component of the
supply waveform produces the well-known 5th and 7th space harmonics. (The 5th
harmonic travels backwards at a fifth of the fundamental velocity and the 7th

harmonic travels forwards at a seventh of the fundamental velocity.) These
waves can be obtained from the above equation by substituting h =1 and r = 1.



For a two-pole machine, where p =1 and Q =6, n =1+ 6 = -5 or +7, which
implies a backward-travelling 5th and forward-travelling 7th harmonic wave.

The equation further shows that if the above machine is supplied with
a current waveform that contains a fifth and seventh time-harmonic, an addi-
tional series of space harmonics is produced. The fifth time—harmonic of the
current ( h =5, p =1, r =1, Q = 6) then produces n =5 +6 = -1 or +11, and
the seventh time-harmonic produces n =7 +6 = 1 or 13. This means that the
fifth time-harmonic produces a travelling wave with a fundamental pole number,
(n = 1), that operates at five times the supply frequency and travels backwards
at five times the fundamental velocity. Similarly, the seventh time—harmonic
produces a wave of fundamental pole number that travels forwards, but at seven
times fundamental velocity.

The action of these space harmonics can be detrimental to the motor per-
formance, but not necessarily so, and a proper understanding of these time and
space harmonics is necessary for the designer to optimize the design.

If the traction motor is a synchronous machine, then any wave travelling at
rotor velocity will produce either a synchronous motor torque or a reluctance
torque. The sign of these torque components can be either positive or negative,
depending on the load angle. Waves travelling at other than rotor velocity pro-
duce extra losses attributable to induced currents in the field winding and
iron losses in the core material.

If the traction motor is an induction motor, then all the harmonic waves
that travel at fundamental synchronous speed will operate at the same slip, s,
and will produce useful torque in the same way the fundamental wave created
by a sinusoidal supply does. In addition, these waves will operate at a high
rotor efficiency, l-s, though iron losses will make some difference to this theo-
retical efficiency value if higher-order harmonics are involved. Waves at other
velocities will operate at high slip and will, therefore, produce extra rotor
copper losses with very little associated useful torque.

b. Harmonic Spectrum. The space harmonic spectra present in a p pole-pair
polyphase machine are shown diagrammatically in Figure 4-1(a). Each time—harmonic
of the supply waveform produces a separate spectrum (shown in Figure 4-1(a) as
rows a, b, c). For each set of harmonics an induction motor equivalent circuit
can be developed as shown in Figure 4-1(b). In the figure the term "upper sideband”
refers to space harmonics obtained with the positive sign in the expression
n = ph + pQr, and "lower sideband" refers to space harmonics obtained by applying
the negative sign. The equivalent circuit is, therefore, a series-connected
chain composed of a fundamental plus an infinite series of branches of upper
and lower sideband harmonics. The efficiency of the motor can be calculated by
using this circuit for each time-harmonic to calculate the stator and rotor
currents. The overall copper loss of the traction motor can be calculated by
summing all the copper losses for each branch in the equivalent circuit, and
the torque produced by each branch can be found by using the equation:

Tn,h = P%p,n,h fmsh 1 (4-2)
S5n,h Ns,n,h
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where Ir,n,h = rotor current due to h-th time-harmonic and n pole-pair
space~harmonic

Ih,h = rotor resistance for the space-harmonic
s,n,h = synchronous speed (rad/sec) for the space harmonic
Sn,h = slip for the space-harmonic

Once the rotor and stator currents are known, the flux density waves can
be calculated for each space-harmonic, and the complete flux density in the
air gap of the traction motor can then be reconstructed by summing these com-
ponent waves. This enables tooth flux densities and back-iron flux densities
in the machine to be .calculated.

c. Number of Phases. The variation of losses with the number of phase-
bands is an important design consideration for traction motors. Figure 4-1(c)
shows the improvement in the torque-producing capability of a traction motor,
supplied with a squarewave voltage, as the number of phasebands, Q, increases.
For each design point shown in Figure 4-1(c), the magnetic and electrical
circuits are fully loaded to their practical limit. The torque in Figure 4-1(c)
is expressed as a percentage of that obtained with a sinusoidal applied voltage
and the point shown as ''delta connection'" corresponds to a supply with a 120-
deg—wide rectangular waveform containing no triplen harmonics.

The main reason for the increased output that can be obtained with an
increasing phase number derives from the reduction in copper loss produced by
the space harmonics. Table 4-1 gives details of the losses produced by each
harmonic.

Next it will be shown how the higher phase number attenuates the magnitude
of the higher-order space harmonics that normally produce the extra copper
losses. From Figure 4-1(a) it can be seen that for each time-—harmonic the
velocity of the lowest order space—harmonic wave (obtained by substituting
r =0 in the equation n = ph + rpQ) equals the synchronous speed of the funda-
nental wave. For example, the fundamental time—harmonic produces a fundamental
space-wave travelling at w/p. The 3rd time-harmonic also produces a space-
harmonic wave travelling at w/p, but at 3p pole-pairs and at frequency 3w.
Similarly, the 5th time-harmonic produces a 5th space harmonic travelling at
w/ps All of these waves produce torque at good rotor efficiency. The sidebands,
however, are working at high slip and, therefore, produce high copper losses.

In particular, the lower sidebands are likely to produce waves of large magni-
tude traveling at high velocity. For example, in a three-phase system, Q =

6, the 5th time-harmonic produces a backward-going fundamental pole-pair wave

at five times the synchronous speed of the fundamental. In Table 4-1 the three-
phase square wave and the 120-deg rectangular wave power supplies show this
effect. The major extra copper losses are contributed by the backward-going
four-pole component (n = -2, due to the 5th time-harmonic in the input waveform)
and the forward-going four-pole component (n = + 2, due to the 7th time-harmonic).
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TABLE 4-1.

— LOSSES PRODUCED BY HARMONICS

Time
harmonic

Percentage stator 12R*

Percentage rotor 12R*

3

5

7

9

11

| Total

5

7

9

11

Total

Torque,
percent

Space
harmonic

14

Three-
phase
sine

48

48

48

52

100

Space
harmonic

14

|

18

2

10 22

2 14 26

6 6 18

210 22

Three-
phase
square

Three-
phase
delta

17

26

12

36

35

16

25

16

19

27

54

70

Space
harmonic

26

18

30|14

10 34

10 14 38

6 18 42

2 22 46

Six—phase

Six~phase
chorded

30

34

29

124

40

45

1226

37

59

Space
harmonic

34

38

42028

10 46

22 14 50

18 18 54

14 22 58

100

Nine-
phase

31

45

46

0

0 0

55

*A1l copper crosses are expressed as a percentage of full-load sine wave total copper loss.




If the number of phases is increased, the first lower sidebands will
increase in pole-pair number, n, and their winding factor will decrease. If the
number of phases is increased from three to six, the 5th and 7th time-harmonics
produce lower sideband space-harmonic waves with 28 and 20 poles, respectively,
which will be small in magnitude compared with those of the corresponding har-—-
monics, n = -2 and +2, in the three-phase motor. Table 4-1 also shows the
improvement in copper losses achieved by increasing the number of phases in
this machine. The corresponding performance for a nine-phase machine (Q = 18)
is also included in Table 4-1, :

A further advantage of increasing the number of phases is that the flux
density distribution approaches that of a travelling square wave as the number
of phases increases. Figure 4-2 shows the airgap flux density distribution
for three—, six—, and nine-—phase machines supplied with a square-wave voltage,
and also shows the case of a three—phase sinusoidal supply. The peak flux den-
sity in the six— and nine-phase machines is less than that in the three-phase
sinusoidal case and, as a result, the slots can be slightly widened.

The corresponding current waveforms are shown in Figure 4-3. It can be
seen that the current wave shapes tend to a square wave plus a magnetizing pulse
(to produce the near—square wave of flux density) as the number of phases
increases.

Many three-phase double—layer windings are under=-pitched or chorded to
reduce the space-harmonics produced. A typical example is a six-slot-per-pole
winding with the coils pitched five slots (5/6 chorded) to reduce the 5th and
7th harmonics. But care must be taken in case of nonsinusoidal voltage=fed
supplies; otherwise, high circulating currents may result, as may be seen by
comparing the results in Table 4-1 for a six—phase machine with and without
chording. If the winding is 5/6 chorded, the 5th and 7th space harmonics are
reduced to 19 and 14 percent of their original values, respectively. The effect
of this chording on the equivalent circuit of Figure 4-1(b) is to reduce the
effective impedance of the fundamental branch for the 5th and 7th time harmonics.
For example, in case of a 5th time-harmonic component of input voltage and con-
sidering only the first two terms of the sidebands, the equivalent circuit con-
sists of the fundamental branch of 20 poles in series with the first sidebands,
with 28 poles and 68 poles, since Q = 12. The 20-pole wave will be reduced by
the effect of 5/6 chording; therefore, the impedance of this branch will- be
reduced. The 5th harmonic current will therefore increase and Table 4-1 shows
that the stator copper loss for this design has increased dramatically from
that of the fully pitched design. The 5th and 7th harmonic currents are mainly
responsible for the increased copper losses, because they have been effectively
short—circuited by the reduction in the chording factor.

Another design feature that will reduce losses in inverter-fed traction
motors is the reduction of the deep-bar effect in the rotor design, because

high—-slip space harmonics produced by the inverter output waveforms will other-
wise produce high rotor copper losses.
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Although the above discussion on choice of phase number applies to
voltage~fed machines, the same improvement in performance can be expected in
current—fed machines. The main difference between the two types of supply is
that in a current—-fed machine the magnitude of current harmonics is defined by
the input current waveform.

If the dc link current is ripple—~free, then the waveform is ideally a
120-deg-wide pulse that can be represented by a Fourier series:

$I, cos (wt + ¢n) (4-3)
where In 4 . 0.866

Table 4-2 shows that in this case the harmonic content of the current wave-
form is less than that of the three-phase voltage-fed machine. Table 4-2 also
shows the relative harmonic content of voltage— and current-fed systems. The
final column shows the sum of the square of the current components, which is
representative of the expected copper losses.

TABLE 4—2.- HARMONIC CONTENT OF CURRENT WAVEFORM

Harmonic order
2
1 5 7 11 I,
I, current—forced 1 0.20 0.143 0.1 1.07
I,, voltage—forced 1 0.52 0.27 0.11 1.35

Unlike the case of the voltage-fed machine, chording of the stator wind-
ing can now be chosen to reduce specific space harmonics without producing high
circulating currents. The result is that for most designs, the voltage appearing
at the motor terminals will be approximately sinusoidal, except for L di/dt spikes
produced at the start and finish of the current flow in each phase. The voltage
waveform can, therefore, be approximated to by the expression:

V=1 g% + E sin (wt + ¢) (4=4)

These voltage spikes can be of considerable size and require either expen-—
sive snubber circuits or overrated thyristors. These spikes often limit the
machine performance.
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5. OPERATING CONDITIONS.

a. Effects of Torque Pulsations on Traction Motor Drives.

(1) Loss of Adhesion: It has been previously pointed out that operation of
high—power locomotives is limited ultimately by the ability of the wheelset to
transmit maximum tractive effort (TE) without wheelslip. In the limiting case,
this value of tractive effort is given approximately by the relationship

TEma_x =u-Q (5—1)
where H = coefficient of rolling frictiom
Q = axle load

The magnitude of the motor torque pulsations (and hence tractive effort
pulsations) affect the ability of the locomotive drive to effectively utilize
the tractive effort. This effect is such that if wheelslip is to be avoided
the limiting value of tractive effort, TEp,y, must be greater than the instan-
taneous peak of the tractive effort/time relationship. It is desirable to
avoid such wheelslip since (a) the coefficient of sliding friction is signifi-
cantly lower than the coefficient of rolling friction and (b) drive-train
component wear (gear teeth, wheel profiles, motor bearings) is caused by large
accelerations of drive-train components. The effects of dynamic variations of
Q will be discussed in a subsequent section.

(2) Adverse Effects on Mechanical Parts: Mechanical wear due to wheelslip and
acceleration has already been mentioned. Another aspect of mechanical wear con-—
cerns the nature of the torque pulsations themselves., The torque pulsations
exist at six times the output frequency of the converter in a three-phase sys-
tem. Since shaft mechanical resonances of traction drive systems may occur
typically in the 5- to 100-Hz frequency range, the low frequency startup may
cause resonant conditions, leading to abnormal wear of gear teeth or shaft
fatigue.

(3) Adverse Effects on Comfort Levels: In all vehicle specifications, allow-
ance nmust be made for human factors whether or not their role is active (driver)
or passive (passengers). Whereas most vibrations experienced by personnel are
caused by track-related disturbances transmitted through the suspensions, trac-
tive effort variations, whether motoring or braking, present an additional con-
tribution to jerk levels that must be considered in the acceleration and ride
comfort specifications. Constant comfort curves have been derived from surveys
of published data relating to the transport industry.l These curves (see Figure
5~1) are presented as weighting functions that reflect human body sensitivity

to accelerations in lateral and vertical planes. These data emphasize human
body sensitivity to frequencies below 10 Hz. This is significant, because motor
torque pulsations during startup could cause accelerations in this range along
the longitudinal axis.
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b. Special Considerations.

(1) Torque Pulsations: Torque pulsation is a special problem of converter-fed
ac traction motor drives that is not normally encountered in the commutator-type
dc traction motor drive. Torque pulsation can become a major problem if its
frequency coincides with one of the resonant frequencies of the mechanical trans-—
mission between the traction motor and the driven wheel. These resonant fre-
quencies typically lie between 5 and 100 Hz, and it is at starting and during
low—speed operations that a resonance is likely to occur. Much of the energy
associated with frequencies at the top end of this resonance band, however, can
be absorbed by the mechanical resilience of the drive.

In a three—phase traction motor drive, the major torque pulsation occurs
at six times supply frequency. Therefore it would be desirable to start an
induction—~type traction motor at a frequency that produces torque pulsations
above the ma jor resonances. Such a frequency, however, would produce excessive
motor copper losses in the traction motor, so that much recent effort has been
directed towards reduction of torque pulsations in traction drives through two
basic approaches:

(a) Reducing harmonic content in the voltage and current waveforms
applied to the traction motor

(b) Increasing the number of phases supplying the traction motor

The fundamental reason for torque pulsations in a converter—fed ac trac-
tion motor is that the current and/or voltage waveforms are nonsinusoidal.
This in itself, however, is not sufficient reason to produce torque pulsations
because commutator-type dec motors, which can be considered as a special multiphase
ac machine, do not exhibit significant torque pulsations even though the current
flowing in each coil of their armature windings is virtually a square wave and
the voltage across each coil has a nonsinusoidal wave shape. Since in dec
machines the number of effective phases is usually large (equal to the number
of commutator segments per pole) a corresponding increase in the number of
phases of converter—fed ac machines above the conventional three-phase arrange-
ment is an effective means of reducing the torque pulsation.z’

An alternative approach is to retain the three—phase supply but reduce the
harmonic content of the supply waveforms.%»3 This last approach is to produce
a system that approximates as nearly as possible to a standard three—phase sinu-
soidal supply feeding a standard three—phase motor, the variable speed being
achieved by varying the frequency of the supply. The latter method is probably
the most obvious and will be considered first.

(2) Reduction of Harmonic Content in Supply Waveform: An ideal three-—phase
winding would produce pure sinusoidal flux-density and current-density travel-
ling waves in the airgap of the traction motor. The two practical effects that
prevent this are: (a) space~harmonic waves produced by the slotted nature of
the windings and (b) time-harmonic waves produced by the time harmonics present
in the current waveforms supplying the winding.
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In an ideal machine both the flux-density and current—density waves travel
at the same velocity and are stationary with respect to each other. The reac-
tion force between them is invariant in time and thus no torque pulsation occurs.
1f, however, another flux- or current—density wave of the same pole number but
travelling at a different velocity is also present, it will produce a 'beating'
torque and hence a pulsating component. (Harmonic waves of differing pole
number cannot produce a torque reaction between themselves.)

It is well known that a three-phase winding produces a series of space
harmonics given by:

J = % ﬁh Cos (wt - n8) for n = p +6 kp (5-2)
where: w = supply angular frequency

p = fundamental pole-pair number

k = a running integer

The spectrum in Figure 5-2(a) shows that the major space harmonics are the
5th and 7th harmonics. Time harmonics present in the supply waveform produce
further space—harmonics: ’

A
Jn,h = Jn,h Cos (hwt - nB) (5-~3)

1}

where h order of time-—harmonic

n = hp +6 kp

The spectrum of travelling waves produced by the hth time harmonic in the
current waveform is shown in Figure 5-2(b). If two time—harmonics, say hl and
h2, produce a space-harmonic of the same pole-pair number, n, then it is shown
in Appendix G that their beat frequency will be (hl - h2) times the fundamental
frequency if their pole numbers are of the same sign (i.e., both waves travel
in the same direction) and their beat frequency will be (hl + h2) times the fun-
damental frequency if their pole numbers are of opposite sign (i.e., the two
waves travel in opposite directiomns).

As an example, referring to the spectrum shown in Figure 5-2(b), the 5th
time harmonic in the current waveform of the motor supply produces a backward
travelling wave of fundamental pole number travelling at five times the funda-
mental synchronous speed. This reacts with the fundamental flux-density wave
to produce a beat frequency of (1l + 5) = 6 times supply frequency. The 7th
time-harmonic in the supply waveform also produces a p pole-pair wave, which
beats with the fundamental to produce (7 — 1) = 6 times supply frequency.

In a motor design, the space harmonics are normally controlled by variation
of coil pitch and winding factor. In the above case, however, the space har-
monics that produce_the main pulsation are fundamental pole—number waves, p;
thus any reduction of their magnitude by coil-pitch control would also reduce
the fundamental winding factor, and hence the relative torque modulation would
remain unaltered. Some improvement, however, can be achieved by reducing the
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magnitude of the other pole-number waves (e.g., the 5p and 7p pole pairs),
though this can produce increased harmonic currents in the stator winding of
voltage—fed traction motors. If, for example, the 5th space-harmonic is
reduced by choosing an appropriate coil pitch, the 5p pole-pair wave produced
by the 5th time harmonic (travelling at fundamental synchronous speed) is
also reduced, which, in turn, would reduce the input impedance of the motor
that corresponds to 5 times the supply frequency. The result would be a high
5th harmonic stator current component if the winding is voltage-fed.:

In general, in a three—phase machine only a limited reduction in torque
pulsation can be achieved in a three-phase machine by the winding design. For
this reason most attempts to reduce torque pulsation in three-phase systems have
been aimed at improving applied waveform shape.

(3) Voltage-fed Systems: Pulse-width modulation (PWM) with various switching
strategies has been used to control harmonic content of voltage waveforms.
Often a relatively simple switching sequence can produce appreciable improve-
ment in performance. A more elaborate control, however, can be achieved with
microprocessors, using a different number of pulses per cycle as frequency
changes. A fixed number of harmonics can be eliminated and, at the same time,
the fundamental amplitude can be controlled by selecting a suitable number of
switchings per cycle and positioning them appropriately. Alternative strate-
gies that aim to minimize the total RMS distortion are also known.

(4) Current—fed Systems: In current-fed systems, such as those shown in Figure
5-3, a modulated current waveform can be obtained by transferring current pulses
from one phase to another while maintaining the net current in the dc link
constant. This method typically eliminates some current harmonics and reduces
torque pulsation. Figure 5-3(a) shows the measured4_torque pulsation of a
current—-fed inverter drive with no current modulation. At 5-Hz supply frequency
and at the corresponding torque pulsation a resonance of the drive train occurs.
The measured resonant torque pulsation peak is approximately equal to the rated
torque. Figure 5-3(b) shows the improvement that can be achieved by choosing a
pulse combination that eliminates the 5th, 7th, and llth harmonics. It can be
seen that the pulse shape has been chosen to decrease the 6-times term but has
increased the 18-times term.

Current pulse modulation is, therefore, an effective means of torque pul-
sation control. There is a limit, however, in the achievable reduction since
the switching itself produces higher—order harmonics with an associated increase
in copper and iron loss. High switching rates also produce excessive inverter
losses, which increase with frequency, and therefore the control system usually
varies the number of pulses per cycle as a function of frequency, as shown in
Figure 5-4.

An important consideration of this otherwise attractive system includes
the cost of forced commutation in addition to the front—end current control
that is required in the form of a phase-delay converter or chopper. Most sys-—
tems having this type of current-fed inverter use some type of forced—commutated
control to achieve a reasonable input power factor when operating from an ac
power supply. Figure 5-5 shows, for a typical input converter circuit, the input
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current waveforms with and without power factor control. Further improvement
in the input current waveform can be achieved with a tapped secondary transfor-
mer system, as shown in Figure 5-6.
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(5) Use of DC Link Control: A further method of torque control in three-phase
systems is to control the dc link—current to achieve an improved motor current
waveform. Two main technologies have emerged: one controls current in a pre-
determined open-loop control manner;5 and the other relies on a closed-loop
control.8 However, both methods result in reduced harmonic content of the motor
waveforme. i

An example of the first type is shown in Figure 5-7(a). A chopper stage
is used to control the currents into a double bridge, as shown in Figure 5-7(b).
The ideal current output waveforms are trapezoidal; but with the finite induc-
tances of the coupled windings, a close sinusoidal approximation can be obtained.
This type of inverter can produce a waveform comparable to a pulse-width modu-
lated system but at approximately 30 percent of the modulation frequency; thus,
it considerably reduces the inverter losses. Although shown with a chopper input
stage, the circuit of Figure 5-7(a) could equally well use a PDR input stage.

Figure 5-8 shows a block diagram of a typical current-fed induction motor
drive that uses closed—-loop control of the dc link current and.inverter frequency
to control torque pulsations. The control of dec link current is achieved by
means of a fast inner-—current loop incorporated into the PDR or other voltage
control preceding the inverter. Although the technique described below applies
to an induction motor, it can be extended to control of torque pulsations in
synchronous motors. To satisfy the system performance requirements, the feed-
back control, represented simply as a box in Figure 5-8, may have to have a
large variety of inputs, depending upon the control scheme, but it typically
employs feedback from the stator current, airgap flux, and rotor speed. Irre-
spective of the feedback variables, the two most practical control system inputs
available for control command are the frequency of the current source inverter
and the phase-delay angle of the rectifier bridge. In most cases, a fast inner
current-loop is incorporated in the rectifier control system so that, in effect,
the dc link current can be considered as the second system command input.
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Because the inverter frequency is basically the cause of the torque pulsation,
use of this input to reduce torque pulsation requires either the pulse-width
modulation scheme mentioned previously or a properly modulated dc link current.
Note that only the pulsating component of torque needs to be fed back to the
summing junction, since the average value is essentially fixed by the main
control block. The feedback control system outlined above requires solid-state
current and voltage transducers that can meet the reliability requirements of
the arduous operating environment. The control function could be advantageously
implemented by the use of microprocessors, which would also increase the flexi-
bility of the control hardware. This method of reducing torque pulsations is
eventually limited by the degree of current modulation achievable at very low
frequencies. To generate constant torque a sinusoidal motor current is required.
However, since the CSI operates with 120-deg-wide current pulses, only two of
the three phases may be modulated at any one time. This results in an increas-
ingly complex modulating algorithm as the frequency is decreased.

DC CURRENT INDUCT I ON
RECTIFIER LINK  INVERTER MOTOR
' TACH
AC —i | Yy /6\ /
SUPPLY — # KT\
VOLTAGE —— —~
9P
f FLUX
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+ - CONTROL «—

£AT— K |

FIGURE 5-8. TYPICAL DC LINK CURRENT CONTROL SYSTEM. aazeee

A further practical consideration involves the implementation of such a
control if a fast dynamic response is required from the traction drive. The
problem is that when substantial changes in torque are called for by the main
propulsion system control, the resulting torque change can be interpreted as a
pulsating torque and thereby cancelled by the torque pulsation control system.
Generally at startup and during low-speed locomotive operation, no rapid appli-
cations of tractive effort are required. However, during an incipient wheel-
slide condition, torque must be reduced rapidly, and the controller must ini-
tiate corrective action, which must not be blocked by the action of the torque
pulsation correction control.

The above inverter techniques have been based on reducing the harmonic con-—

tent of a three-phase supply to the traction motor. An alternative approach is
to increase the number of phases on both the traction motor and inverter.
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(6) Increase in Number of Phases: A conventional three-phase winding using six
slots per pole, and 5/6 chorded coils, is shown in Figure 5-9. The coils are
grouped into pairs or "phasebands" connected in series, and there are six phase-
bands per pole pair. When supplied by a symmetrical three-phase supply the
time—phase difference between adjacent phasebands is 60 deg, as shown in Figure
5-9. Such windings produce space harmonics of the order 1 +6r, where r is a
running integer, and the sign of the resultant indicates the direction of rota-
tion of the space-harmonic wave. The harmonics with r =1 (i.e., =5 and +7) are
usually the largest and, for this reason, the coil pitch is chosen to reduce the
5th and 7th space harmonics. The 5/6 chording shown in Figure 5~9 is very com-
mon for this reason. If the winding of Figure 5-9 is now reconnected to produce
six phases (Figure 5-10(a)), currents must be obtained which are 30 deg out of
phase in time. These currents can be obtained from two separate three—phase
supplies displaced by 30 deg in time as shown in Figure 5~10(b). TFigure 5-10(c)
shows the available time phases that can be obtained in a slot by the time
shift, and the winding of Figure 5-10(a) shows the special arrangement of the
coils. For a practical winding, the number of slots and chording would probably
be changed, but Figure 5-10 is used as an example of winding a machine with an
increased number of phases, .starting with the usual three-phase arrangement.

In general the number of phasebands per pole pair can be increased to Q
for both the winding and the inverter. Appendix F shows that for a Q phase-
band winding the space harmonics produced by the hth time-harmonic of supply
current waveform are:

n = ph tpqr
. (5-4)
where p = fundamental pole-pair number :
h = time-harmonic order

r = a,  running positive integer

n pole—pair number of space harmonic

The first harmonics in the series for a given time harmonic, h, occur with
r =1, and have pole numbers ph + pq and ph - pq and will be referred to as
upper and lower sidebands. If Q is made large, then these pole numbers ,
become large as shown in Figure 5-11. It can be seen that if Q is large the
upper and lower sidebands produced by the time harmonics will not coincide with
those produced by the fundamental of other time harmonics. This contrasts with
the spectrum for the three—phase machine with six phasebands per pole—-pair as
shown in Figure 5-2, where the 5th time-harmonic produces a lower side band of
-p pole pairs coinciding with the fundamental p. Since Appendix G shows that two
waves can then only produce a force if they have the same pole-pair number, then
it can be concluded that if Q is made as large as possible the Q phase-belt
machine will have fewer beating waves of large magnitude. It can also be seen
from Figure 5-11 that the p, 3p, and 5p waves produced by the fundamental, 3rd
and 5th time-harmonics, respectively, are all travelling at the same velocity
(equal, that is, to the fundamental synchronous speed) and therefore produce a
constant shape wave travelling at fundamental synchronous speed.
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FIGURE 5-11. ~ SPACE HARMONIC SPECTRUM FOR A Q PHASE-BELT MACHINE.

I1f, for example, the number of phases is increased from three to six (Q
changes from 6 to 12), the spectrum changes from that of Figure 5-2 to that of
Figure 5-12. The low pole—number beat frequencies produced are shown in Table
5-1.

Unlike the situation in the three-phase machine, the first torque pulsation fre-
" quency is at twelve times supply frequency. The magnitude of these torque
pulsations will be smaller because they are due to .the interaction of higher-
order harmonics that have smaller amplitude. For example, the fundamental pole-
pair number (p) wave beats with the p pole-pair wave due to the 1lth and 13th
time-harmonic components of the supply waveform instead of the 5th and 7th for

a three-phase machine. 1In general, the fundamental pole—pair wave will beat
with the (Q+1)th and (Q-1)th time-harmonic at a frequency of Q times supply
frequency. If Q is large, then the torque pulsation will be small and of high
frequency even though the current waveform might contain high-level harmonics.

Figure 5-13 shows a comparison of a three-phase and a six—-phase induction
motor fed from a CSI that provides 120-deg-wide current pulses in each phase;3
while torque pulsations are reduced, the machine losses also decrease with an
increase in the number of phases.2 The corresponding reduction in rotor losses
for the same machines are shown in Figure 5-14.

(7) Mechanical Reduction of Torque Pulsations: It was shown in a previous
section that torque pulsations can produce a mechanical resonance in the trans-—
mission system leading to its damage and excessive wear, or to reduced adhesiom.
The higher frequency components of the torque pulsation can be absorbed by

the resilience of the transmission elements, by rubber couplings, for example.
Other mechanical techniques that can be considered are:
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TABLE 5-1. - LOW POLE~-NUMBER BEAT FREQUENCIES
Time harmonic Common pole number Beat frequency
w 1lw -~ +p -p llw + w = 12w
w 13w +p +p 13w - w = 12w
3w 9w -9p +9p 3w + 9w = 12w
3w 9w +3w -3w 3w + 9w = 12w
5w Tw +5p -5p 5w + 7w = 12w
7w Sw -7p +/p 7w + 5w = 12w
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(a) Increasing Inertia of Motor Rotor/Shaft. Figure 5-15 shows a simpli-
fied model of the basic mechanical components of the transmission. Inertia of
the motor/shaft may be increased by adding a flywheel. This is an impractical
solution because the mass of the flywheel is related to the frequency of rota-
tion for a given torque pulsation. Therefore, at very low frequencies the size
of the required flywheel, to achieve a given attenuation in torque pulsation,
tends to be very large.

(b) Fluid Flywheel. A fluid coupling interspersed between the motor and
the transmission is capable of providing a smooth drive. An additional fea-
ture of the coupling is that the stalled torque increases with the square of
the engine speed. Use of a fluid flywheel during starting, however, would
reduce torque pulsations transmitted to the driven axle by: (l) enabling maxi-
mum torque to be transmitted to the driven axles at standstill with the trac-
tion motor running at only 10 to 20 percent of full speed, and (2) permitting
constant torque to be realized over a wide speed range, though at the expense
of efficiency. The cost and loss of efficiency with the fluid flywheel at very
low speeds is to be traded off against the improved starting performance.

(¢) Torque Converter. In place of the fluid flywheel, a torque converter
could also be utilized in this application. The increased torque at starting
would be of additional benefit in compensating for torque pulsations at the
input shaft. However, efficiency above the design point is consistently only
90 to 92 percent, which may exact too heavy a penalty over the entire operating
range.
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6. LOCOMOTIVE TRACTION.

a. Available Adhesion. This subsection examines the utilization of available
adhesion with ac and dec locomotives and identifies the improvements required
to achieve maximum tractive effort at the wheel/rail interface. The following
subjects will be briefly discussed:

(1) Weight transfer between adjacent wheelsets

(2) Effect of motor controller on available adhesion

(3) Effect of torque pulsations

(4) Effect of paralleling traction motors

(5) Effect of motor characteristics on wheelslip

(6) Effect of axle load fluctuations and electromechanical transients
(1) Weight Transfer Between Adjacent Wheelsets: When a locomotive applies trac-
tive effort to the rails, equilibrium conditions require that forces and couples
be generated to cancel those resulting from application of the tractive effort.
The net effect is to reduce the actual load on the leading axle of each truck

and to increase that in the trailing axle. The sum of all axle loads, naturally,
remains constant.

Weight transfer depends on factors such as truck attachment, motor arrange-
ment, etc.; Figure 6-1 shows a typical weight transfer characteristic of a Co-Co
locomotive in the motoring mode. When electric braking is applied, the load
distribution of Figure 6-1 is reversed. Although the average adhesion, i.e.,
tractive effort divided by locomotive weight, is 27 percent, the effective adhe-
sion with a tractive effort of 100,000 1b varies between 22.5 percent and 34.3
percent as a result of weight transfer.

The total weight transfer can be divided into three components: (a) motor
torque reaction, (b) truck reaction, and (c) chassis reaction. A motor torque
reaction not directly cancelable is characteristic of trucks with three or more
axles and nose-suspended motors, until very recently the only type used in
American designs.

The second reaction is caused by the fact that the points of application
of the tractive effort from the axles to the truck and from the truck to the
frame do not lie in the same horizontal plane. This reaction is proportional
to the ratio h/l, where h is the height over the rail of the point of applica-
tion of the tractive—effort reaction to the frame and 1 is the truck wheelbase.

An arrangement that reduces the h/l ratio is the "traction through low
bars" method universally used in Europe. The tractive—effort reaction is trans-—
mitted from the truck to the locomotive frame by bars inclined so that their
axes meet, as nearly as possible, at rail height. In this way, the weight trans-—
fer characteristics of the locomotive may be improved by mechanical means. Such
arrangement involves a major truck design effort.
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FIGURE 6-1. — WEIGHT TRANSFER CHARACTERISTIC OF
C0-CO LOCOMOTIVE IN MOTORING MODE.
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Additional improvements may be achieved through the individual control
of tractive effort on each axle by means of either a preprogrammed axle load
compensation characteristic or a closed-loop control using load weighing
circuits. The latter method, which involves electrical weight transfer compen-
sation, may be used to advantage on existing truck designs.

Chassis reaction that transfers weight from the leading truck to the
trailing truck cannot be compensated mechanically; but electrical compensation,
whereby the trailing truck produces more tractive effort than the lead truck,
can reduce this effect. The ideal case is that in which each axle drive pro-—
duces as much tractive effort as is allowed by the actual axle load. This
requires individual axle drive control.

(2) Effect of Motor Controller on Available Adhesion: Electrical weight trans-
fer compensation requires individual axle control but this affects controller
conplexity. Another requirement, related to the maximum use of available adhe-
sion, is the smooth control of tractive effort. With the recently introduced
thyristor voltage controllers for dc traction motors, increased levels of adhe-
sion are achievable, well over the performance obtained with conventional tap
changers having notched controls.

In general, controllers that can provide smooth control of tractive
effort will also enable maximum use of available adhesion, assuming weight
transfer compensation. Torque pulsations created by the solid-state converters
and ac motor controllers, however, degrade starting performance, as discussed
in the following section.

(3) Distribution of Tractive Effort Between Parallel—-Connected Motors: In
many propulsion systems several traction motors can be connected electrically
in parallel. In such cases, however, motor control cannot be applied to the
individual motor units but only to the parallel-connected motor groups. The
usual advantage of using a single controller for the parallel supply and con-
trol of several traction motors is that the system is more cost effective and
has potentially fewer components than a system of several individual motor con-
trols.

As long as the wheelsets driven by parallel connected motors with identical
characteristics are running at the same speed, each motor also transmits the
same tractive effort. Often, however, differences occur as a result of the
following:

(a) Unequal wheelset speeds, depending on the position of the wheel in
the locomotive. The usual causes of wheel speed difference are such

geometrical considerations as track distortions and curves.

(b) Unequal wheelset speeds caused by unequal wheel diameters resulting
from non-uniform wear and maintenance procedures.

(¢) Unequal motor load sharing due to differences in motor characteristics.

The distribution of tractive effort among traction motors in parallel
largely depends on the motor characteristic. In synchronous—type traction motors,
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no difference in motor rotational speed can be permitted if traction is desired
on all motored axles. Thus, with a single controller, the axles are driven at
identical speeds according to the frequency command of the speed control system.
It is possible, then, that one or more of the synchronous traction motors in
parallel will be in a condition of permanent wheelslip. With present-day main-—-
tenance procedures, such paralleling of the synchronous traction motors is
clearly unacceptable.

In the case of asynchronous traction motors, small differences in rota-
tional speeds between motors operating from a common power supply are tolerable,
because the individual tractive efforts depends on the slip at which the motor
in question is operating. Figure 6-2 shows the effect of different slip fre-
quencies on an asynchronous motor torque characteristic caused by differences
in wheel diameters between adjacent axles and by differences in wheelset speeds
due to geometrical considerations of the locomotive on the track. It can be
seen that the torque developed by, say, four traction motors connected in par-
allel, depends on their individual slip. Evidently, the steeper the torque slip-
curve, the more accentuated the effect. The curve shows that certain axles may
even be in a braking mode when the mean tractive effort is motoring with suffi-
cient difference between wheel diameters.

TORQUE

: - +ve
MOTORING

SLIP
-ve

+ve

BRAKING

-ve

FIGURE 6-2. — EFFECT OF PARALLEL COWNECTION OF MOTORS.
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Typical present-day US railroad practice requires that differences of up
to 70 mm on driving wheels of 1250-mm diameter have to be tolerated within any
traction truck. Although this is a relatively small discrepancy (5.6 percent),
it is much larger than the typical rated slip of an efficient asynchronous trac-—
tion motor (0.8 to 1.2 percent), and, therefore, it could result in the two
motors running in different modes, i.e., one in motoring and the other in brak-
ing, if a common power converter is used.

Existing locomotives using dc series motors can be successfully operated
in parallel because of the equalizing effect of the series windings. Separately
excited dc motors behave like asynchronous motors; hence individual axle drive
control is more desirable.

Improvements that can be made in unbalanced load sharing caused by the
effect of unequal wheelset speeds include:

(a) Closer control of wheel diameter differences. However, maintenance
costs associated with this task would be unacceptably high because of
the increased frequency of wheel profiling operations.

(b) Design of high—slip ac traction motors. Rotors with high resistance
give a smaller variation in torque for given wheel diameter differ-
ences. However, as rotor losses are proportional to the operating
motor slip, differences in wheel diameter may be accommodated only
at the expense of higher motor losses.

Figure 6-3 shows the tractive effort loss as a result of unequal wheel
diameters, as a function of rotor resistance (operating slip point) and wheel
diameter differences. This graph assumes:

(a) Two motors in parallel

(b) No wheelslip

(c¢) One motor working at its rated tractive effort

(d) Linear torque/élip relationship in this operating region

(e) Neither motor working with thermal overload (motofing or braking)

This figure shows the significant losses in tractive effort that may result
from the parallel operation of induction-type traction motors. For example,
with a 2-percent wheel diameter difference (e.g., 25 mm on 1250-min.-dia wheel);
even traction motors designed for operating at 5 percent rated slip will suffer
a 20-percent loss of tractive effort. Owing to the parallel connection, these
traction motors must be operated below their thermal rating in relatiom to the
average power to be provided per wheelset. A comsequent increase in a traction
motor weight is, therefore, to be expected.

It has previously been pointed out that compensation of the locomotive
weight transfer by electrical means is advantageous. Since parallel operation
of the traction motors removes the ability to control the tractive effort on
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the individual axles, adhesion is adversely affected. The situation is
exacerbated by distributing tractive effort per axle on the basis of arbitrary
wheel diameter differences.

However, in the case of induction-type traction motors, the fixed shunt
characteristic enables a slipping wheelset to be effectively coupled to the
parallel-connected motors, and, therefore, the requirement for additional wheel-
slip protection is less severe.

The effects of motor characteristics on wheel slip are as follows:

(a) The correction of wheelslip may adversely affect the drawbar pull of
the locomotive unless a favorable motor torque/speed curve exists,
as is the case with ac asynchronous motors or separately excited dec
motors. In these cases the wheelslip is largely self correcting on
the offending axle(s) because of the exceedingly rapid torque falloff
as speed rises with constant excitation. Tractive effort is only
lost therefore on the spinning axle.

(b) The characteristics of series motors deny the self-correction of spin.
First the spin detection system must establish that a spin is occur-
ring; then power must be removed through the motor controller from
the affected axle drive. When individual axle controls are used, the
other axles will not be affected. However, if the motor is also in
series with other traction motors, power will also be removed from
these (non-spinning) axles. Drawbar pull of the locomotive is there-—
fore seriously affected. Even though a favorable torque/speed charac-
teristic of a traction motor may exist, there may be an additional
requirement for load sharing control of adjacent axles.

(4) The Effect of Axle Load Fluctuations and Electromechanical Transients:
Assuming a constant adhesion coefficient between wheel and rail, the maximum
achievable tractive effort will vary with variations in axle load. Large tran-—
sient variations in the axle load due to track roughmness will tend to cause
transient loss of adhesion (wheelslip) when operation is near the adhesion
limit. Variations of tractive effort caused by mechanical torque variations

in the drive assembly (motor torque pulsation, gear backlash, etc.), will have
similar effects.

Optimum use of adhesion requires that at any instant the ratio of tractive
effort to axle load to be slightly below the limiting value of the adhesion
coefficient. :

Section 6(c) describes the relation between axle load (static), unsprung
mass, and dynamic axle load. The force contribution from unsprung mass is
oscillatory and must, therefore, be minimized if transient wheelslip is to be
avoided. The tractive effort resulting from such a transient wheelslip condi-
tion would be difficult to predict, for no realistic data are available on this
nonlinear effect.



It is not desirable, even if it were possible, to vary the tractive effort
to follow the dynamic axle load, as jerk levels would be compromised and
difficulties with transmission stiffnesses would lead to incipient instability
problems.

b. Summary of the Abilities of AC and DC Traction Motors.

(1) Summary. The ability of ac and dc locomotives to achieve maximum traction
at the wheel-rail interface is summarized as follows:

(a) Optimum adhesion is obtained for a given locomotive by:
——Compensating for weight transfer
~—Providing smooth control of tractive effort

-—Providing a fast acting wheelslip/wheelslide protection on
the slipping axle(s) only

(b) Electrical weight transfer compensation requires individual axle,
closed~loop control of tractive effort. In addition, traction motors
are required to handle additional loads over the mechanically com-
pensated locomotives.

(c) Favorable motor torque/speed characteristics for inherent wheelslip
protection may be utilized in parallel motor configurations. Loco-
motives with individual axle control may benefit from a fast-load-
shedding slip characteristic as long as the time constants of the
load sharing circuits have been made deliberately long in order that
they will not have time to affect the torque of a slipping motor
before it corrects itself. :

(d) Additional wheelslip protection may be required on motors with imminent
"load shedding” slip characteristics.

(e) 1Individual axle control may be required for ac asynchronous motors
because of the stringent requirement for equal load sharing. Syn-
chronous machines will require individual axle control. '

(f)- Smooth control of tractive effort is possible in both dc and ac motor
drives. However, some ac motor drives may suffer from torque pulsa-
tions at low frequency.

(g) Electrical weight transfer compensation may be used advantageously
) for individually fed and controlled axle drives.

(h) No significant advantages are seen in adhesion utilization of ac
traction motors over separately excited dc motors with smooth notch-
less control of tractive effort.



(2) Conclusion. It has been shown that parallel operation of asynchronous
traction motors leads to a combination of reduction in starting tractive
effort, heavier traction motors, poor adhesion utilization, and greater wheel-
set maintenance. This is the price that must be paid for a reduction in con-
troller complexity. '

For applications where the tractive effort at starting and the utilization
of adhesion are essential performance requirements, as in the case of freight
locomotives, the parallel connection of ac traction motors is highly undesirable.

Where a large number of ac traction motors are involved, some degree of
paralleling may be cost effective, especially if adhesion and motor sizes are
not of prime concern.

In view of the high axle power, the economic side of individual axle con-
trol is not severe, especially for the power conditioning, because it may
reduce the need for paralleling power semiconductors.

c. Unsprung Mass and Its Effect on Track and Locomotive Maintenance. Vertical
and lateral accelerationms on truck and axle components caused by uneven track
and wheel profiles give rise to large dynamic forces imparted to the permanent-
way structure and the rolling stock. Because both the capital investment in

the track and maintenance of the system are functions of the track stresses,
these dynamic forces must be minimized.

British Rail has developed an equation that determines the peak vertical
wheel loads during such dynamic conditions according to:

kow 172
Q=0Q + 12.23+Xev" (——-)
o g (6-1)
where
Q = peak axle load, tonnes
Qo = static axle load, tonnes
X = angle of track perturbation, radians = 0.0154 .
k = track stiffness, tonnes/mm = 9.06 tonnes/mm
v = vehicle velocity, kpﬁ
w = unsprung wheel load, tonnes
g = gravitational constant, m/sec2 = 9.81

It can be seen that the static wheel load, Q,, forms only a part of the
total dynamic wheel load. Although it is customary in railroad practice to
" refer only to the maximum static axle load when sizing the track material,
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the above algorithm shows that other factors must also be taken into account.
This algorithm, which relates various aspects of truck and track design, is
used to examine the concept of equivalent track damage. In this connection,
the peak wheel loads of the existing rolling stock will be equated to the peak
wheel loads of a hypothetical locomotive traction drive design with reduced
unsprung mass. '

Weights for a typical dc motor freight locomotive with axle-—hung motor

are:
Static axle load, tonnes = 30
Unspring mass per axle, tonnes = 3.8
= 80

Speed, kph

The peak wheel load is calculated using equation (6-1) with the following
typical track constants:

X = 0.0154 radians (0.882 deg)

30 + 0.0154 x 80 x 12.23 x 908—3138 = 58.23 tonnes/axle

Q

Similarly for a static load of 25 tonnes and unsprung mass of 2 tonnes, Q = 45.8
tonnes/axle.

The foregoing shows that at ‘80 kph an existing locomotive with a static
axle load of 30 tonnes/axle and an unsprung mass of 3.8 tonnes/axle imparts 28
percent more vertical peak wheel load than a 25 tonnes/axle locomotive with an
unsprung mass of 2.0 tonnes. Because of the state of track caused by the large
existing shock loads aggravated by deferred maintenance, a reduced static axle
load of 25 tonnes has been selected for the ac locomotive trial specification.

For high-speed locomotives used in passenger service it is imperative to
. reduce the unsprung mass as much as possible in order to limit the peak axle
loads, for the unsprung mass will also cause large side loads that will impact
the track. The consequent effect of high unsprung mass on track damage due to
high shock loads is a fundamental concern in locomotive design. A reduction
in unsprung mass directly reduces the incidence of mechanical failure of the
“track and truck parts, including the motor, if axle-hung.l

The increased potential power density of an ac motor over its dc counter-—
part can be advantageously used to reduce unsprung mass. It has already been
established that the requirement for more powerful traction moto¥s is limited.
The German locomotive E120, for example, demonstrates a reduction in truck
weight from 22 to 15 tons achieved by replacing the dc motors with ac asynchro-
nous motors of a higher rating. Locomotives with ac motors would be inherently
better suited to higher speed operation, where unsprung mass is of prime impor-
tance.
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7. SYSTEM UPGRADING.

a. Utilization of the Solid-State Converter. The original TLRV hardware

was designed for extremely high power densities and low weight. These two
overriding capabilities were achieved at the expense of such other factors

as maintainability and cost. Extension of the TLRV technology to railroad
traction applications, therefore, involves a reexamination of equipment design
requirements so that the basic advantages of the technology are still retained,
while practical improvements in the following key areas are initiated:

(1) Replacing the original €602 thyristors with improved solid-state
devices and heat sinks

(2) Use of higher capacity heat sinks
(3) Use of different cooling fluids

(4) Reduction in the number of thyristor modules in view of the lower
voltage and power requirements

(5) Reconnection of the synchronous condenser for railroad compatible
voltage rating

(6) Use of the existing synchronous condenser as a model of a high-
g sy g
power—density synchronous traction motor

b. Rating of the Existing TLRV Solid-State Converters. The schematic of

the basic thyristor module used in both the TLRV PDR and Inverter is shown

in Figure 7-1, and its mechanical layout is shown in Figure 7-2. Because both
the PDR and the inverter were designed around these modules, a comparison

of their ratings when using different solid-state devices and cooling methods
may best be achieved by a study of the basic thyristor module.

Table 7-1 shows the published TLRV PDR/Inverter rating.

The design of the original equipment was based on conservative heat transfer
data partly because of the high cooling fluid temperatures, and partly because
12 series €602 thyristors were required in each leg in view of the high (7.0

to 8.25 kV) input voltage. To assess the impact of component substitutioms, the
capability of each module will be determined under more realistic operating
conditions. ‘

Ce Calculation of Maximum DC Link Current. The following data were used
in the calculation of the performance capability of the existing thyristor
module: .

(1) Cooling water temperature through the GE type G6 heat sink = 35°C

(2) Thermal resistances: 8j-c = 0.036°C/W (junction-to-case)
8c-g = 0.018°C/W (case-to-heat sink)
8g-1, = 0.05°C/W (heat sink-to-water coolant)
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FIGURE 7-1. PDR/INVERTER THYRISTOR MODULE SCHEMATIC.
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a. FRONT VIEW SHOWING LIQUID-COOLED THY RISTORS
AND GATE FIRING CIRCUITRY

b. SIDE VIEW (ALONG RIGHT EDGE) SHOWING
VOLTAGE SHARING NETWORK
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FIGURE 7-2. PDR/INVERTER THYRISTOR MODULE.



TABLE 7-1.- PDR/INVERTER ORIGINAL SPECIFICATION (EXTRACT)

Power controlled 6.0 MW
Input to PDR 7.0 to 8.25 kV rms (28.8 kV transient peak)
60 Hz

0 to 550 A rms

De link 9.0 kV de

0 to 680 A dec

Output from 0 to 7.125 kV rms

Inverter 0 to 165 Hz

0 to 550 A rms

Water temperature, max. 74°C (165°F)

Air temperature, max. 74°C (165°F)

(3) Thyristor type c602

(4) Heat sink configuation GE type G6 (see Figure 7-2)

(5) Water flow per heat sink 1 gal/min

(6) Maximum device power dissipation (max. average) =

Ty = Toiq

= 770 W (average) (7-1)
83-c + 8¢-s + Bg-1,

where TLIQ 35°C maximum coolant temperature

115°C

n

1N
(7) Average thyristor current at 33-1/3 percent duty cycle = 390 A

(8) Peak thyristor current = 3 x 390 = 1170 A (dc link current)
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d. Effect of 0il Cooling on Thyristor Modules Rating. The analysis for
oil-cooled modules is identical to the previous water—-cooled case, with

the exception of the thermal resistance between the heat sink and the cooling
liquid. A value of 8g.y (oil) = 0.15°C/W will be used.

(1) Thyristor C602
(2) Heat sink GE type Gb6
(3) Coolant flow 1 gal/min

(4) Ty max. = 115°C

Ty = TL1q

(5) P 393w (7-2)

83-c + 8¢c-s + Bg-1,

(6) Average thyristor current at 33-1/3 percent duty cycle = 270 A
(from device data sheets)

(7) Peak thyristor current =3 x 270 = 810 A (dc link current)

e. Substitution of Improved Solid-State Devices. An improved module rating
may be achieved by substituting the existing C602 thyristor with the higher-rated
C702 unit. For a given current and cooling configuration, the improvement
results from:

(1) Reduced device dissipation

(2) Reduced junction to case thermal resistance

(3) Reduced junction-to-liquid thermal resistance with improved heat sink
The performance for both water and oil cooling is shown in Table 7-2.

f. Improved Heat Sinks. Reduced junction-to-liquid thermal resistance

can be achieved by the use of improved -heat sinks, which offer lower thermal
resistance between the case and liquid. This requires the replacement of the
existing heat sink by a physically larger heat sink, which can be incorporated
in the existing thyristor module with minor modifications. To project the
limits attainable with the TLRV technology, the following performance predic—
tions are based on a C712 thyristor and an improved heat sink:

(1) Maximum coolant (water) temperature = 35°C

I

(2) Thermal resistances 81-C 0.023°C/W (junction-to-case)

Bc-s 0.015°C/W (case-to~heat sink)

0.04°C/W (heat sink—to-water coolaqnt)
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TABLE 7-2.— THYRISTOR HEAT SINK COOLANT FLOW (GPM)

Water—cooled * Qil-cooled
C702 GE type G6 C702 type G6
Thyristor heat sink coolant flow, 1.0 1.0
gal/min
Effective thermal resistance 0.023 0.023
(junction-case), °C/W
Temperature g;adient (junction- 80 80
liquid), °C
Average power diésipation 879 . 418
per device, W
Average thyristor current at . 480 320
33 1/3 percent duty, A
Peak thyristor current, A - 1440 960
Increase of peak current over 23 , 19
C602, percent
(3) ﬁaximum thyristor.power dissipation = Tj -Tp1q (7-3)

(8j-c + Bc-g + Bg-1) + 1088 W
(4) Energy per pulse =‘18.l W/sec at 60-Hz operation
(5) Thyristor forward current = 1.7 kA
In the e?ent that oil cooling is used in place of wéter cooling:
(1) &gy, = 0.12°C/W (heat sink-to-coolant)
(2) Maximumvthyrisfor power dissipation = 521 W
(3) Energy per pulse = 8.7 W/sec at 60-Hz operation

. (4) Thyristor foiward current = 1.1 kA
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Ze Uprating of Synchronous Condenser. In the TLRV application, the purpose
of the synchronous condenser was to provide reactive power to line-commutate
the inverter and to provide power factor correction for the linear induction
motor. This section reevaluates the following applications for the existing
hardware:

(1) Synchronous condenser for a high-voltage, high-power—-factor
(Cos ® = 0.95), three-phase traction motors in place of the
original LIM to assist inverter line—-commutation

(2) Adapt the synchronous condenser as a model of a synchronous traction
machine, with an option to reconnect to low voltage application

h. Utilization of Synchronous Condenser in Conjunction with Three—-Phase Traction
Motor. This system assumes a single inverter and synchronous condenser

supplying all axles in parallel and is therefore an unlikely candidate. The

power factor of an induction-type traction motor is typically 95 percent, com-

pared with the 70-percent rated power factor of a linear induction motor. This

improved power factor enables the synchronous condenser in its existing form

to line-commutate a larger load, subject only to the limitations of the inverter

and synchronous condenser cooling.

For this application, the rating of the synchronous condenser, which is the
only source of reactive power onboard the six—axle locomotive, is established by
the combined reactive requirements of the six traction motors and the single
line—commutated inverter.

(1) Reactive Loads. The two types of reactive loads can be estimated as
follows:

(a) The Traction Motor Reactive Load. Requirements are based on the rated
power input to the six traction motors at a 95-percent power factor.
The power input to the traction motors is estimated as

Pry = PIy = W1 ~ Wsc (7-4)
where |

Pty = input power to the traction motors

Piy = input power to the inverter

Wi = inverter losses

Wge = synchronous condenser losses

Table 7-3 shows the reactive power requirements of the traction motors.



TABLE 7-3.- TRACTION MOTOR REAL AND REACTIVE POWER REQUIREMENTS.

Parameter Water-cooled 0il-cooled
PIN, W 1004 7013

Wi, KW 100 33

Wgco, KW ' 300 100

PrM, MW 10.0 : 7.0
Reactive power 3290 2190
requirement ‘ ’
(motor), kVAR

(b) Inverter Leading Reactive Power Requirement.. Operation of a line-
commutated inverter requires leading reactive kva, which in this case
is supplied by the synchronous condenser. Two factors contribute to _
the reactive requirements of the line-commutated inverter: (1) the stored
energy associated with the commutating reactance and (2) the phase-delay
angle control of the thyristors, which causes an effective phase shift
between inverter voltage and current. The former affects the so-called
overlap angle (u); the latter affects the firing delay angle (=) of the
inverter. : :

The comﬁutating reactance is presented by the parallel connection of the
leakage reactance of the traction motor and the negative sequence reactance.
of the synchronous condenser.

The inverter requirements are- shown in Table 7-4.
(¢) Synchronous Condenser Requirements. The synchronous condenser

requirments are determined from the sum of the reactive require-
ments of the traction motors and the inverter, as shown in Table 7-5.

The reactive power requirments with three—phase traction motors are within .
the ratings of the water—cooled inverter and synchronous condenser. However,
the full power rating of an oil-cooled inverter cannot be utilized because of the
limitations imposed by the existing synchronous condenser if it were oil cooled.
Table 7-6 summarizes the maximum traction motor ratings that can be obtained
with a line—commutated inverter/synchronous condenser, type variable-voltage,
variable~frequency power supply.



.TABLE 7-4.—- INVERTER REACTIVE POWER REQUIREMENTS

Requirement Water- 0il-
: cooled cooled
Dc' 1link*
Power, MW ,. : . 10.4 7.1
Voltage, V dc . 78900 8900
Current, A dc ' 1170 810'

Normalized values

Firing delay angle (a), deg 135 143
Overlap angle (w), deg - 35 30
Reactive requirement, kVAR ‘ 6120 . 3480

*The values of dc link power are computed according to the revised PDR/ motor
ratings presented earlier in this section in view of the lower inlet coolant
temperatures. '

TABLE 7-5.- SYNCHRONOUS CONDENSER REQUIREMENTS

Water— 0il-
Parameter cooled cooled
Traction motor reactive power, kVAR 3,290 2,340
Inverter reactive requirment, kVAR 6,120 3,480
Synchronous condenser requirement, 9,410 - 5,820
kVAR : ’
Specified design rating (overload), 10,000 3,500 (estimate)
kVAR . -




TABLE 7-6.— TRACTION MOTOR RATING

Water- 0il-
Parameter cooled cooled.

DC link power, MW 10.4 5.0
Inverter reactive power requirement, 6,120 2,100
kVAR '
Overload synchronous condenser ) .l0,000 3,500
rating, kVAR ‘
Traction motor kVAR requirement 3,290 1,400
Traction motor input power, MW 10.0 4,250
Motor efficiency (estimate), percent 95 96
Traction motor output power, MW 9.5 4,1

(2) Synchronous Traction Machine. This section deals with the potential
development of a -three-phase traction drive in which the torque producing
traction motor and the reactive power producing synchronous condenser are
integrated into a single synchronous traction machine. The rating of this:
traction motor model is calculated with a commutating reactance equal to

its negative sequence reactance. The rating of the machine is also increased
by a factor of 70 percent to take into account the improved power factor 1n
the traction mode.

Table 7-7 derives the rated power output capability of the synchronous
machine operating as a water— or oil-cocoled traction motor.

The rating of the water—cooled synchronous traction motor is less than that
of the synchronous condenser. This is due to the relatively high commutating
reactance of the synchronous machine, which, in turn, places a heavy penalty on
the kvar requirements of the line—commutated inverter.

The feasibility of reconnecting the synchronous condenser to a lower voltage
application has also been reviewed. The original requirements of the TLRV power
conditioning equipment called for a 9.0-kV dc link system. Traction applica-
tions typically use lower voltages, which, with onboard power transformers,
offer an opportunity to reduce the number of series thyristor devices in
the solid-state converters, while at the same time increasing the required
current rating of each thyristor leg. '

Reconnection of the synchronous condenser stator windings is possible by
converting the four phase belts from series to parallel. This requires
reconnecting and re—insulating the jumper bars in the end winding area, a
relatively simple task.
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TABLE 7-7.-"

SYSTEM RATING

Water- 0il-
Parameter cooled cooled

Dec Link

Voltage, V 8900 8900

Power available, MW 5.8 3.8
Normalized load assumed 0.3 0.2
Load/no load dc link voltage, V 0.8 - 0.88
Maximum currént, A dc 651 434
Firing delay angle (a), dég 132 142
Overlap angle (W) deg‘ 30 27
Power factor (displacement), deg 145 153
Reactive requirement, kVAR | 4060 1900
Total synchronous_machine rating, 7080 4250
kVA ’
Real power input to synchronous .47 3.7>
machine, kW
Machine losse@.(max.), kW 400 300
Power output frém synchronous 5.3 .3.4
machipe, MW
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8. SYSTEM DEFINITION FOR LOCOMOTIVE APPLICATION.

a. General. Early in the development of electric traction, claims were made
concerning the advantages of ac brushless motors in the arduous enviromment of
locomotive drives. Many of these claims have proved prematurely optimistic for
" reason of insufficient development in associated control equipment, and the con-
tinuing improvement in solid-state power conversion equipment has required a
continued assessment of the viability of ac motors with power electronics. The
mechanical and electrical advantages of ac motors over their dc counterparts due
to their simplicity are undisputed. However, the complexity and cost of the
controller has been the decisive factor in the continuing acceptance of the dc
motor systems.

Most existing locomotives have been designed around the characteristics
of dc commutator motor systems. It can be shown that benefits result in the
area of track and locomotive maintenance if an ac drive system replaces a dc
drive system. Nonetheless, the different characteristics of am ac drive system
could be used most advantageously by incorporating these characteristics in the
specification of a new locomotive.

Accordingly, Figure 8-1 presents an alternative study configuration for
locomotive applications, making a distinction between two approaches:

(1) Approach 1 presents applications for ac traction that offer long—term
(life-cycle) cost benefits over existing dc traction systems. These would
concentrate on the retrofitting of existing d¢ equipment with ac motors and
power conditioning, and the performance of the replacement package would nec-
essarily be similar to the original equipment.

(2) Approach 2 presents applications for ac traction that offer improved
performance as well as reduced life-cycle cost over existing dc locomotives.
These would concentrate on the specification of a new locomotive that would
take into account the characteristics of an ac system. It can be seen that
increased scope results from the -adoption of Approach 2, mainly in the area
of electric locomotives. Ac drives can also be applied to MU trains.

b. Locomotives vs MU Cars. The advantages and disadvantages of locomotives

vs MU cars are many and complex. Basically, a locomotive can be used for dif-
ferent kinds of service: passenger, fast freight, normal freight service.

The MU car is restricted to passenger service only, which also places a utili-
zation time limit to those hours of the day during which passengers are being

transported. Locomotives appear to be more universally useful than MU cars.

The advantages of the MU cars show up in the equipment, especially at high
speeds. Through the distribution of the propulsion power along every axle, the
necessary adhesion can be more easily achieved. Furthermore, the weight dis-
tribution along every axle is practically equal and well below locomotive axle
loads. However, the numerous smaller propulsion systems bring on high main-
tenance costs for MU cars on a fleet basis. Locomotives presenting a concen-—
trated propulsion power source tend to exhibit large axle loads and have to be
equipped with special control schemes to utilize as high an adhesion value as
is possible. At high speed, i.e., above 200 km/h, MU cars are preferred.
Examples are the TGV of the SNCF, the Shinkansen of the JNR, and the Metroliner
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FIGURE 8-1. ALTERNATIVE STUDY CCONFIGURATION FOR AC LGCOMOTIVE TRACTION.

vehicles of Amtrack. But the economics related to initial cost are more favor-
able for locomotive-—hauled passenger trains than for MU cars. This can be demon-
strated by comparing the Metroliner MU trains with the AEM-7 electric locomo-
tive haullng a train of AM coaches.

AM coach costs are $0.42 x 109 cach (1977 prices), AEM-7 costs are $2.6 x

106 each (1978 prices), and Metroliner costs are $1.5 x 10 (for upgrade only)
each (1977 prices).

The AEM-7 locomotive is rated at 4 x 1080 kW continuously; the Metroliners
have a continuous rating of 895 kW. Thus, a train of approximately five Metro-

liners has a rating equal to that of a single AEM-7 locomotive. Total Metroliner
train weight is 5 x 81 = 405 tonnes.

For the same performance the AEM-7 locomotive (weighing 91.2 tonnes) can
haul 405 - 91.2 = 313.8 tonnes of AM coaches, or 313.8/52.7 = 6 AM coaches.



In the late 1980's the total initial cost of the AEM-7 locomotive and six AM
coaches was reportedly $5.12 x lO6 the total cost of five Metroliners was $7.5

z 100 (after rebuild and update), however the AEM-7 locomotive hauls ?O—percent
more passengers.

Thus, locomotives are more universal and economical than MU cars, espe-
cially if maintenance costs are included. Furthermore, locomotives can be
utilized for freight hauling during off passenger service hours.

Ce Characteristics of Existing Locomotives and AC Drive Locomotives. The
following features of locomotives are examined in order to assess the limi-
tations of -existing dc traction systems and their effects on ac traction motor
systems:

(1) Mgtching of traction motors with power source

(2) Adhesién'and motor characteristics

(3) Unsprung mass and its effect on track and locomotive maintenance
(4) "Locomotive cost

(5) Characteristics'andSspecifications of ac tracﬁion motor systems

These features w1ll be dlscussed with reference to diesel- electric and all-
electric locomotives.

d. Matching of Traction Motors With Power Source. Ac motors offer signifi-
cantly higher power densities than dc motors because of their savings in com-
mutator space and higher speed of operation. Whether these features may be
used with advantage depends on the power source of the locomotive. If the
performance of the locomotive is limited at any stage by insufficient traction-—
motor capacity, then an incentive exists to provide a more powerful traction
motor. On the other hand, if the performance of the locomotive is limited by.
the power source output, then the improved power density of an ac motor may
best be utilized by a reduction in unsprung mass. (This feature is discussed
later in this section.) Limits on locomotive performance. due to the power
source are addressed below for diesel-electric and all-electric locomotives.

(1) Diesel-Electric Locomotives: Present-day diesel electric locomotives,
such as the FD40PH, are limited over the majority of their tractive effort/
.speed drive by prime mover (diesel engine) output. Figure 8-2 shows the
performance of an FD40PH locomotive with GM D77 traction motors, as well as
adhesion limited traction effort based upon the Curtius/Kniffler Curve.

A maximum prime mover horsepower of 3000 hp is reached at a speed of 12
mph, and thereafter the locomotive is power—limited. In service, U.S. rail-
roads dispatch locomotives according to minimum speeds achievable on ruling
grades. It can be seen from Table 8-1 that for all services except Conrail
medium speed service locomotives are power—limited. The crucial factor is
the tractive effort avallable at the mlnimum speed required on the ruling
grade.
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TABLE 8-1. — RAILROAD DISPATCHING POLICY

Minimum speed on ruling grade, mph Adhesion
level,
Railroad Drag Medium-speed service High—speed service percent
AT&SF 12.5 17.5 20 20
Conrail 11 11 ' 20 ' 18
Southern 11 20 ) 25 20
Union Pacific 15 20 25 20

For U.S5. diesel electric locomotives, therefore, the existing D77 traction
motors do not limit the locomotive performance. There is, then, no requirement
to install larger traction motors in these locomotives until significantly '
larger prime movers become available, and there is doubt that sufficient space
exists on these locomotives for larger prime movers.

(2) All-Electric Locomotives: Figure 8-3 shows the tractive effort speed
curve for an Amtrack AEM-7 electric locomotive. The maximum adhesion required
at the constant tractive effort portion of the curve is 26 percent, which
exceeds the Curtius Kniffler Curve over a considerable speed range. This curve
indicates that electric locomotives are limited in general by adhesion at low
speed, and not by traction motor output. However, at high speed it is traction
motor power and not adhesion that limits locomotive performance. \

e. Locomotive Cost.

(1) Motor Cost: The fully developed cost of an ac motor should be signifi-
cantly lower than that of the dc counterpart because of the simplicity of con-
struction and reduced motor size of the former. This, together with the
advantage of reduced motor/track maintenance, provides the most significant
advantage of ac motors over their dc counterparts. Some additional complexity
in the gearbox however may be a result of fully utilizing the advantages of the
higher possible rotational speed of the ac motor.

(2) Power Conditioning:

(a) Cost and Size: The required power conditioning rating (effective ki)
is the most important factor affecting the size and cost of the motor
controller, and the rating is affected by the efficiency and effec-
tive power factor of the motor as well as the mode of operation of
the power conditioning.

(b) dperating Limitations: The control philosophy to be adopted affects
the complexity of the power conditioning. For example, the problem
of ensuring equal load sharing between adjacent motorized axles with
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unequal wheel diameters may be solved by individual power conditioning
circuits for each motor. Although the flexibility of the locomotive
for maximizing adhesions is improved, this is achieved at additiomal
complexity in the power conditioning equipment and control logic.

This additional complexity must be traded off against a less complex
power controller with motor capacity increased to take into account
unequal load sharing. If large amounts of power are required, the use
of individual conversion equipment for each axle eliminates or reduces
the need for paralleling power semiconductors, thus tending to sim-—
plify the conversion circuitry. In addition, the availability of the
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locomotive is enhanced because a conversion failure reduces the output
of the locomotive by the power of but a single axle.

f. Characteristics and Specification. As previously indicated, a locomotive
can be used for multipurpose operation, i.e., passenger and freight. This can
be accomplished only if the freight and passenger service and performance
requirements can be successfully combined.

The emergence of a universal ac locomotive (German Railways E120)
underlines some potential features of the ac system. Basically, ac tractiom
enables higher axle powers to be realized and, in this way, the locomotive may
be designed for both freight and passenger duty since the requirements for
high tractive effort at low speed can be matched with high power output at high
speed by using an ac motor. This means that the locomotive design must combine
high adhesion capability (high drawbar pull) with acceptable dynamic suspension
characteristics at high speeds. In order to select a locomotive power plant
capability, it is necessary to determine potential requirements for a study
locomotive in terms of train formations. Table 8-2 shows individual locomotive
requirements for freight and passenger operations based on a study of present-day
railroads.

TABLE 8-2. - LOCOMOTIVE REQUIREMENTS

Parameter Requirement

Freight train deadweight tonnes (including 1740
150-tonne locomotive), tonnes

Maximum grade (= ruling grade), percent 2
Minimum speed on ruling grade, km/h 40
Passenger train deadweight tonnes 700

(including 100-tonne locomotive), tonnes

Maximum grade, percent 2
Ruling grade, percent 0.5
Maximum speed on ruling grade, km/h 240

Generally, to determine the performance of a locomotive, it is necessary
to calculate the following:

(1) Tractive effort and installed power required to haul a given train
as a function of grade and speed (train resistance calculation)

(2) Required axle load to sustain this required tractive effort using
the Curtius-Kniffler adhesion criterion



g Calculation of Train Resistance. An empirical formula proposed by W. J.
Davis is commonly used for determining the train resistance.

_The original equation has been modified in FRA studies to approximate more
closely to freight boxcar trains. The resistance, R, of the train does not
include locomotive resistance or the effects of track curvature (vertical or
lateral), but includes a contribution from the gradient

Rpg = 0 (A + B W, + CW,v + D2) + nW G _ (8-1)
where

R = train resistance (kN)

n = number of box cars

A = 0.36

B = 3.0 x 1073
C =3.1x10 (. Davis coefficients

D =1.2 x 1074

v = train speed, kph
Wo = car weight, tomnes
G = gradient, percent x 10—2

The following Davis equation was used for the single locomotive:

e E'.A".V2
R} = (B' + — +D'ev + ———— W.n + W.n.G (8-2)
W Wn . )

= B'"Wn + C'n + D'vWn + E'A'vZ + Wn' G
where
Ry = locomotive resistance, kN
B' = 6.4 x 107>
C' = 0.13
Davis coefficients
D' = 9.3 x 107
E' =3 x 107

A' = frontal cross sectional area, m2
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W average weight per axle, tonnes

n'

number of axles

The following modified Davis equation was used for the resistance of
passenger coaches:

c" E".A".v2

Re = (B" +— + D" v + ——) W.n" + W.n" G (8~-3)
W Wa'"

where

R. = coach resistance, kN

B = 6.4 x 103 )

c" = 0.13 ‘> Davis coefficients

D" = 9.3 x 10-51

E" = 6.4 x 1070

A" = height of units in meters multiplied by 2.46

n'" = total number of axles, assuming coach length = 24.4 m

G = gradient, percent X 1072

The train and grade resistance obtained from these equations using the
requirements of Table 8-2 are shown in Figure 8-4.

h. Available Adhesion. The necessary locomotive tractive effort is limited
by the available adhesion. Two types of adhesion curves are generally used:
the Curtius-Kniffler curve and the Bernard and Guillier curve. The Curtius-
Kniffler adhesion curve shown on Figure 8-5 is based on tests conducted in
Germany in 1943.

The average available adhesion from Curtius—Kniffler can be approximated
by:

8 + 0.1 v .
p=py ———— (8-4)
8+ 0.2 v

where

Mo = 0.333 and v is in km/h
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FIGURE 8-5. CURTIUS-KNIFFLER ADHESION LIMIT,

Employing the widely used Curtius—Kniffler curve, Figure 8-4 shows the
maximum (normal average condition) attainable tractive effort for a 150-tonne
freight and for a 100-tonne passenger locomotive. These weights correspond to
an axle load of 25 tonnes for a Co—Co and Bo-Bo arrangement, respectively.

As can be observed from Figure 8-4, the requirements as stated in Table 8-2
do not warrant consideration of a universal locomotive in view of the great
disparity of traction effort and speed requirements: the adhesion limits demand
a 150-tonne freight locomotive and a 100-tonne high-speed passenger locomotive.



i. Power Requirements. The intersection of the relevant train resistance
curves with the applicable tractive effort curves represents the maximum speed
and tractive effort that can be achieved with the assumptions already stated.
Figure 8-4 shows that to fully exploit the adhesion limits, the freight loco-
motive is required to produce a maximum rail tractive effort of 368 kN at a
speed of 41 km/h. This represents the balancing speed of the freight train on
the maximum grade specified at the adhesion limit. The power required at this
maximum tractive effort is 4191 KW. Increase of rail power above this wvalue
may be utilized with advantage at higher speeds on less severe grades with the
same train formation. However, referring again to Figure 8-4, the passenger
locomotive adhesion limit exceeds the train resistance requiréments at speeds
up to and in excess of 240 km/h. This shows that to attain maximum speed the
locomotive in passenger service is not adhesion-limited. For example, Figure
8~4 also shows that the tractive effort required at 240 kph for the specified
load is 85 kN, which represents a rail power of 5667 W.

Figure 8-6 shows the operating envelope of the two train formations with a
rail power of 6000 KW for both locomotives. The top envelope shows the required
tractive effort for the 150-tonne freight locomotive; similarly, the bottom
envelope shows the required tractive effort for the 100-tonne passenger locomo-
tive. Both use the same power plant but different total weights. =

The shaded areas show the surplus tractive effort available for the train
acceleration or additional grade climbing.

Table 8-3 reflects the performance of the locomotive selected for study.

TABLE 8-3. - SINGLE STUDY LOCOMOTIVE CAPABILITY

Freight consist Passenger consist

(1740 tonnes), (700 tonnes),

2~-percent grade 0.5-percent grade
Minimum balancing speed, km/h 42 240
Required power, kW ’ 4600 6000
Locomotive weight, tonnes 150 100

An additional consideration for the study locomotive involved the nature of
the. power supply. A universal locomotive requires high traction power for high-
speed future passenger operation, and the power requirements effectively exclude
diesel power under existing and projected state—of-the—art designs.

Je Locomotive Power Plant Specification. On the basis of the foregoing discus-
sion, the following specification is presented:
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TABLE 8-4. - LOCOMOTIVE POWER PLANT SPECIFICATION

Locomotive
Freight Passenger
Primary voltage, kV*
(60-Hz, single-phase)
Nominal 25 25
Maximum . 27.5 27.5
Minimum (continuous) 20 20
Minimum (short term) 17.5 17.5
Maximum continuous rail
Power, kw 6000 6000
Maximum tractive effort 450 320
at start, kN
Maximum locomotive. speed, km/h 160 240
Minimum speed on ruling 40 -
grade, km/h
Approximate weights
Maximum locomotive, tonnes 150 100
Wheel arrangement , Co-Co Bo-Bo
Maximum weight per axle, tonnes 25 25
Additional requirements
Unsprung mass, tonnes/axle 2.0 2.0
Motor suspension frame frame
suspended suspended
Motor control individual individual
axle axle
Wheel diameter, mm 1150 1150

*# IEEE American standard for rotating electrical machines

Because of the vast operating differences in the U.S. between freight and
passenger service, it is not possible to obtain a true universal locomotive.
This specification allows the same power plant, but a different truck and tonne
weight, to obtain as standard a locomotive as is possible.
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An alternative is to eliminate the Co-Co freight locomotive and to use two
coupled passenger locomotives in tandem for freight motive power.

k. Locomotive Interface——Foreign vs Domestic Practices. The application of
and foreign railroads. Table 8-5 highlights some of these differences, which
show that foreign railroad experience with ac traction is not directly applica-
ble to U.S. railroads.

Foreign methods of operating freight and passenger services make a truly
universal locomotive quite possible. Such a locomotive is possible in the United
States only if freight trains are reduced in size and run more frequently.

TABLE 8-5. DOMESTIC AND FOREIGN RAILROAD PRACTICE

Parameter

United States

Foreign

Train loads

Freight, tonnes 20,000 1,000 to 2,000
Passenger, tonnes 350 to 500 350 to 700
Predominant duty Freight Passenger

Axle loads, tonnes/axle

25, including

20, including

locomotive locomotive
Rail size, kg/m 70 60
End buffing requirement, tonnes 360/450 200 )
Drawbar pull (adhesion) 0.18 to 0.24 0.27
Locomotive weight, tonnes 164 (6-axle) 80 (4-axle)




9. CONTROL OF LINE-COMMUTATED INVERTER USING MACHINE TERMINAL SENSING.

a. Introduction. A common method of controlling inverter-fed machines is to
use a shaft position detector in the feedback loop. This method has the obvious
disadvantage of requiring a separate detector on the output shaft with extra
leads to the motor. Recently, however, control methods that use the machine
terminal voltage and/or current have appeared in the literature. A synchronous
motor supplied from a line-commutated inverter (LCI) requires an accurate phase
control circuit unlike a self-commutated inverter supplying an induction motor.
This report concentrates on the machine-commutated inverter because it is this
aspect of machine control that is the least developed.

b. Line~Commutated Inverter/Synéhronous Motor Control. The performance of a
line-commutated inverter/synchronous motor (LCI/SM) drive is critically depend-
ent on the phase of the firing pulses supplied to the inverter thyristors. The
firing angle must be sufficiently advanced to allow commutation and thyristor
switch—off to occur before the thyristor becomes forward-biased. The commuta-
tion overlap angle varies with load current and therefore a firing angle that
is sufficient at light loads may be insufficient at higl loads and lead to
bridge failure or lockup. On the contrary, if the firing angle is advanced too
far, the power factor, efficiency, and power output will be reduced. To illus-
trate these points, Figure 9-1 shows a three-phase, current-forced bridge supply- -
ing a synchronous machine. If the field circuit is also current-forced and the

rotor contains no damper circuits, the current waveforms can be approximated to

those shown in Figure 9-2. Figure 9-2(a) shows the rotor-induced electromotive

forces in the stator windings. The firing angle, o, is referred to wt = 0, ‘and -
the waveform shows the commutation of Id from T] to T3 with Tg on. During this
commutation period i, decreases from Ij to zero while i} increases in a comple-

mentary manner from zero to Id. The angle required for this commutation process

is shown as p in Figure 9-2(b). After i, has reached zero, a recovery period

with reverse bias is required for the thyristor to regain its blocking condi-

tion; the angle allowed for this in Figure. 9-2(d) is shown as & (delta). The

difference between the crossover of e., and e.p(t) and the instant when T

becomes forward-biased r is due to the resistive drop I4jR as shown in 9-2(d).

Two reference angles of firing are therefore possible, B; (B = 180-a) relative -
to t and By measured relative to r.

The object of the control circuit should be to optimize the performance of
the motor by firing the thyristor at an appropriate B. This condition is usually
met by running at minimum 8. As shown in Figure 9-2(e), the phase shift between
the fundamental of the current waveform and the phase voltage increases with 8.
If commutation is instantaneous, the current fundamental will lead the voltage
by a phase of Bj, and therefore with B; = 0 the motor will operate at the optimum
torque per ampere. If allowance is made for overlap angle p the phase angle
between fundamentals is given by:

0 = tan —1[2u + Sin 20 - Sin 2 (o +i1)] ' (9-1)
Cos 20~ Cos 2 (& + 1)

and if commutation is very small. . .

§ =180-a = B
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FIGURE 9-1. LINE-COMMUTATED CURRENT-SOURCE INVERTER
SUPPLYING A SYNCHRONOUS MOTOR.

Various strategies are possible to control the firing angle of thyristors
using motor terminal measurements as a feedback signal. First a reference must
‘be selected, and the thyristor fired relative to this reference. The possible
choices for this reference are:

(1) Refer the firing angle to the rotor-induced electromotive forces
(use B1 in Figure 9-2(b)). These electromotive forces can be cal=
culated from the terminal voltage waveforms as described in para. 9c.
This method is very close to systems using a shaft position detector
as a reference.

(2) Refer the firing angle to the motor terminal voltage (use B in
Figure 9-2(d)). This method has the advantage that the reference is
directly related to the instant at which forward biasing of the thy-
ristors occurse.

‘ Having selected a reference, several strategies are available to calculate
Bl or By to fire the thyristors. The simplest strategy is to produce a constant
B angle of advance relative to (1) or (2), above. Since u is dependent on load -
current, this constant B must be chosen to allow satisfactory commutation under
maximum load conditions and, therefore, at reduced load the system will not be
operating in its optimum conditiom. Transient overload conditions can also
produce a fajilure of bridge commutation.

An alternative strategy is to produce a variable firing angle that is capa-—
ble of adjusting B to achieve a constant margin to allow the thyristors to regain
their blocking condition before they become forward-biased. Several reports of
such circuits have appeared in the literature.
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Circuits of the type that achieve a constant margin time (see above) can be
subdivided into two groups:

(1)

(2)

A closed-loop system that measures the margin angle(s) and compares
this value with a reference value. The error signal usually drives a
voltage controlled oscillator (VCO) that feeds the gate-pulsing
circuit. The system therefore behaves as a phase—lock-loop and has

a corresponding low response time. Booster circuits can be used to
decrease this response time and are desirable, since the circuit should
be capable of responding to sharp increases in load to avoid commuta-
tion failure. :

In the second class of control circuit, the commutation overlap angle,
ps and margin(s) are calculated from the system parameters and operat-—
ing condition, and their values are used to fire the thyristors at

the correct B angle. This type of circuit can operate on either an
analogue or digital principle. This system was chosen for further
investigation because it offers the possibility of a simple control
with good reliability and response time.

Experimental Control System. The schematic diagram of the study control

system is shown in Figure 9-3. The machine terminal voltage is first conditioned
to produce one of the following outputs:

where

(1)

(2)

(3)

A filtered version of the machine terminal voltage waveform. The
degree of filtering is variable.

The rotor—generated emf obtained by subtracting the machine stator
drop from the machine terminal voltage waveform.

The machine terminal voltage waveform with the inductive L di/dt drop
during commutation subtracted.

The output of this conditioning circuit is used to generate three square
waves phase shifted by from the reference. The magnitude of o can be either
a fixed value or a value generated by the delay control circuit. This control
circuit uses the algorithm developed in Appendix B to control o:

@ = Cos ~! [kl + gLﬂﬁ_lé (9-2)
\/?Tﬁ}
k1 = Cos (180-s)
s = margin angle for turn—off
L" = commutating reactance
ﬁ = effective rotor induced emf

W

operating frequency in rad/sec
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A-23176
FIGURE 9-3. CONTROL CIRCUIT FOR LCI/SM.

The voltage appearing at the machine terminals is shown in Figure 9-4; it
contains three components: the rotor-generated emf, a set of inductive L di/dt
pulses, and an iR drop. In between commutations the current is constant
and therefore the two phases that are inducting have both an induced emf and
constant iR drop. Since the current through them is held constant by the dc
link inductance, the inductive term is zero. The remaining phase at this time
is not conducting and therefore the voltage between neutral and terminal is the
rotor-induced emf. Since the inductive pulse shown in Figure 9-4 can occur
at zero crossover of the voltage waveform, a distortion of the reference point
occurs unless a filter of either type (1) or (3), above, is used.



PHASE VOLTAGE

A-23181
FIGURE 9-4. MACHINE TERMINAL VOLTAGE.

The type (1) signal conditioner used in the model was a first—order integral
filter circuit with an associated phase correction in the delay control circuit
of Figure 9-3 to null out the phase shift produced by the integrator.

The type (2) signal conditioner used in the model is shown in Figure 9-5
for one phase only.. A current:-signal is used to produce a signal proportional
to (IR+ L di/dt), which is then subtracted from the phase voltage to produce
v=IR-Ldi/dt. The coefficients R and L are both adjustable, so that R can be
made zero to obtain the type (3) conditioner. -Figure 9-6 shows the square-wave
generator and delay-control circuit. This circuit produces a square-wave output
for each phase that is phase-shifted by o from the selected phase reference
where: :

2L'"WId.

V3 E

Here, k) is a function of w to produce the correct margin for thyristor turn-off
and also to correct for filter phase-shift when a filter is used.

a = cos ! ky (w) + (9-3)

To compare the above circuits, their dynamic performance was simulated by
connecting them to an analogue model of a three-phase line~commutated inverter
and synchronous machine. The details of this circuit are given in Appendix H.
The parameters of the circuits when used to simulate a 1-MW machine drive are
given in Table 9-1.

TABLE 9-1. PARAMETER OF 1 MW MODEL

Parameter Symbol Value
Rotor induced emf ‘ E 1100 Vv
Commutative inductance L" "0.6 mh
Dc link inductance Ld 50 mh
Dc link resistance .Rd 0.09 ohms
Stator phase resistance Ra 0.015 ohms
Rating 1 MW

9-6
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d. Circuit Type (1) Conditioner (First Order Filter). Figure 9-7 shows the
inverter machine waveforms with the type (1) signal conditioner. Trace 6 shows
the single—order filtered waveform used as a reference for the b phase gate
signals. It can be seen that the filtered waveform has been phase-shifted from
the terminal voltage waveform and a correction to the k] term in the o delay
control circuit was made to null out this phase shift. The three—phase motor
current 1s shown in traces 2 through 4 showing the conducting, overlap, and
zero current sections of the cycle.

The effect of varying the delay angle, a, is shown in Figure 9-8 and the
waveforms can be compared with Figure. 9-7., The two o firing angles were set at
140 deg (B = 40 deg) and 121 deg (B2 = 59 deg) for Figures 9-7 and 9-8, re-
spectively, and produced overlap angles of 22 deg and 14 deg with margins of 17
deg and 45 deg, respectively. The increase in 89 reduces the effective operat-
ing power factor of the machine, and the resulting reduction in output torque
for constant dc link currents of 600 A and 300 A is shown in Figure 9-9. To .
show the advantage of a variable—-delay angle system it should be considered that
the B angle is chosen at 600 A dc link current to correspond to point A (margin
- 35 deg) with an allowance for overload. If the load torque is now reduced to
point B on the. 300 A de¢ link current curve, the phase margin increases to 45
deg. At both dec link currents, it would be possible to increase the output tor-
que to points D and C (which correspond to phase margins of 16 deg and 13 deg,
respectively) if the delay angle control was able to respond sufficiently quickly
to changes in load. The dynamic performance of the circuit using the type (1)
conditioner is illustrated -in Figure 9-10., Figure 9-10 shows -the switch-on
transient at 75 Hz. During this transient, expanded traces were taken to mea-
sure phase-margin(s). This value remained constant at 14 deg throughout the
switch-on as can be seen from Figure 9-11, which shows the initial part of
Figure 9-10 expanded. ‘ ‘

The effect of various filter time—constants on circuit performance was
investigated. Figures 9-12 and 9-13 show two extremes. Figure 9-12
shows the performance with a filter 3 db-point at 75 percent operating fre-—
quency whereas Figure 9-13 shows the cireuit with the 3 db-point well above
operating frequency (800 percent). Figure 9-12 shows that the conditioned
signal is a close approximation to a sinewave, and the kj factor in the o delay
circuit has been chosen to compensate for the large filter phase—-shift. TFigure
9-13, on the other hand, shows a low filtering performance with the L di/dt
pulses producing multiple crossovers. This trace shows false triggering of the
bridge due to the low filtered waveform. For a wide inverter frequency operat-
ing range, a low 3 db filter cormer should therefore be chosen with an appro-
priate phase—shift compensation in the o delay circuit.

e. Circuit with Type (2) Conditionmer. The above filter method offers a simple
but effective method of conditioning the machine terminal voltage. An alterna-
tive method is to subtract the L di/dt pulses from the machine terminal voltage.
These have been shown in Figure 9-13 to produce multiple false thyristor trigger-—
ing. This method has the advantage of completely eliminating the L di/dt pulse

at all load currents without producing a phase shift to the terminal voltage.
Figure 9-2 shows that to avoid commutation failure, the margin s should be measured
relative to.the terminal line voltage crossover. Since the bridge is current-
forced, L/di dt is zero between commutations and the iR drop is the only relevant
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enf drop between commutation. Therefore, if the signal conditionmer subtracts
L di/dt and not (iR + L di/dt) from the terminal voltage, the resulting signal
contains no distorting components, yet retains the correct reference phase of
the waveform at which the thyristors change from reverse to forward bias.

Figure 9-14 shows the circuit operating with the type (2) conditioner
adjusted to subtract L di/dt from the terminal voltage. Reference to the termi-
nal voltage and conditioned voltage waveform show correct operation of the
conditioner, and the three-phase current waveforms show correct switching
operation at low-margin angle. Figure 9-15 shows the switch-on transient.

The dc link voltage was forced to produce a rapid current rise to full-load
current in approximately one half-cycle. The circuit forces constant phase
margin throughout this transient and shows a high response rate.

f. Starting. An LCI/synchronous motor drive can line commutate only down to
frequencies of the order of 5 to 10 percent of maximum frequency. Below this
frequency a special starting mode is usually used with commutation of the bridge
being achieved either by the input line voltage or by a self-commutating circuit.
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With the present control system the circuit is unable to detect rotor position
until shaft rotation occurs. One solution to this problem is to program the
first few cycles of the inverter to slowly accelerate in an open loop in con-
dition until the feedback circuit produces a lock—-in signal. The analogue simu—-
lator was not able to simulate the mechanical inertial and friction effects and
a startup control waveform was therefore not attempted.

ge Conclusions. Three circuits to control an LCI/synchronous machine set were
successfully tested. Two of the circuits use the machine terminal voltage to
produce a gate control circuit that automatically varies the bridge—delay-angle
to achieve a predetermined reverse bias margin for the thyristors; the third
method produces a constant delay angle., The first of these circuits used a
first-order integrator filter with corresponding phaseshift correction; the
second circuit used a summing amplifier to subtract the inductive pulses present
in the machine terminal voltages. Both circuits were able to operate success-—
fully during switch—on transients and variable—load steady-state conditions.

The alternative to the automatic variation of o is to use a fixed ¢ with a
corresponding reduction in machine performance.
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EXHIBIT 9A

TEST PLAN FOR AN INVESTIGATION INTO CONTROL OF
INVERTER /MACHINE COMBINATIONS USING MACHINE TERMINAL SENSING

1. Test Objective. The test objective is to design and simulate the performance
of three circuits capable of controlling a current—forced inverter/synchronous
motor combination. The circuits use machine terminal sensing with no direct

shaft position measurement. The circuits are to be connected to an analogue
computer model of a current-source inverter connected to a synchronous machine.

2. Circuits. Figures 9A-1 through 9A-3 show the block diagrams of the three
circuits to be tested. Figure 9A-1 shows the two conditioning circuits, type
(a) and type (b). Figure 9A-2 shows the gate supply delay control. Figure
9A-3 shows the connection of the control system.

3. Tests. The following‘tests are to be performed using the machine parameters
of a 1-MW synchronous motor.

a. Connect type (a) conditioner (Figure 9A-1) and delay control (Figure 9A-2)
into the circuit (Figure 9A-3).

(1) At a fixed delay angle, measure the performance for a high and low
value of the delay angle

(2) With the variable delay circuit connected (Figure 9A-2), test steady-
state, variable-load, and transient performance

(3) Vary the filter time-constant in the conditioner and investigate
the limits of circuit performance

b. Replace type (a) conditionmer, above, with type (b) conditioner and repeat
tests a{2) and a(3).
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10. TWO-PHASE COOLING TECHNIQUES

a. Introduction. Recent investigations into two—phase Freon cooling of
high-power semiconductor components have shown there exist considerable
advantages in this method over air cooling and naturally conducted convection
liquid cooling. Figures 10-1 through 10-3 show diagrammatically the main
cooling techniques of power semiconductors in use at present.

(1) Air Cooling: Figures 10-1(a) and (b) show a diagram and a photograph

of a typical air-cooled unit. In this method of cooling, heat is transferred
directly to the cooling air via a multifinned heat sink. To avoid severe
pollution of components, an air filter is required. This is particularly
important if the fine-finned structure shown in Figure 10-1(b) is to remain
effective at heat transfer.

(2) Water Cooling: Figures 10-2(a) and (b) show a liquid-cooled system that
is capable of producing extremely good packing density of components combined
with good heat transfer characteristics. Heat is transferred directly to the
water, which is then conducted to a heat transfer cooling unit where the energy
is transferred to the cooling air. One disadvantage of this system is that
although water has very good heat transfer properties, the water must be. pure
and deionized to avoid corrosion and conduction problems. If oil is used, then
a lower heat transfer efficiency results and flammability questions can be
raised in certain environments. ’

(3) Two—-Phase Cooling: Figures 10-3(a) and (b) show the essential features

of two types of two—-phase cooling systems. Figure 10-3(a) shows a direct or
immersed system and Figure 10-3(b), an indirect system. Heat from the semi-
conductor components in both systems is first transferred to the cooling fluid
by a vigorous boiling action unlike the conduction process involved in the
water/oil cooling, above. This boiling action produces a vapor that flows to a
condenser section and heat is then transferred to ambient by a condensing action.
The flow of vapor is driven by the lower pressure produced in the condenser by
the condensing action of the vapor. The condensate is than returned to the
semiconductors either by gravity or by a pump. Three advantages result from
this process:

(a) The boiling action produces a good heat transfer coefficient between
the components and the cooling fluid.

(b) The vapor can be conducted to a distant condenser with a surface
area that is not limited by the volume available immediately around
the semiconductor device.

(¢) The condensing vapor action provides a good heat transfer coeffi-
cient and produces a pressure differential to drive the vapor flow
from evaporator to condenser.

A maintenance advgntage also results from the use of an immersed system
since the semiconductor components are completely immersed in a pure liquid
environment with less chance of contamination; but it can also be argued that
since the components are completely housed in a pressure container, access will
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-inevitably be more difficult. In practice, however, all the cooling systems
described above suffer from difficult access to a certain extent. The con-
tainer in the two—phase system must be pressure and vacuum proofed with a
purging system to ensure a minimum amount of air is present in the vapor
because air contamlnatlon will reduce the heat transfer coefflclent of the-
condenser.

b. Principle of Two—-Phase Cooling. If heat is transferred from semiconductor
devices to a cooling liquid at a rate sufficient to boil the liquid into its
vapor phase, the heat transfer coefficients that can be obtained are more than
an order of magnitude greater than in single-phase cooling.  This increase is
due to both the increase in energy of the vapor bubbles and the agitation pro-
duced at the surface by the boiling action. A limit to this process occurs
when, at a given heat flow per unit surface area, the agitation becomes unstable
and sufficient liquid can no longer reach the heating surface. To illustrate
this peint, Figure 10-4 shows a curve. of heat transfer coefficient and heat flux
density against the temperature difference between the heating surface tempera-
ture and the liquid saturation temperature for water. Water is unsuitable

for direct immersion of electrical components because of its conductivity,

and so one of. the halogenic by-products of hydrocarbons is normally used. The
coolant liquid selected for the experimental cooling system is the commercially
available Freon R-11.

The thermal and physical properties of this coolant, along with those of
R 113, are given in Table 10-1. It is generally stable with most common con-
structional materials, but care must be taken in the selection of plasties and
wire coatings. The dielectric strength is high and the boiling points are com-
patible with power semiconductor operating temperatures. With total immersion
of power electronic units in the coolant, it is possible to consider redesign
of the silicon pellet structure to eliminate ceramic cases, thus reducing the
thermal impedance of the pellet.. At the same time, submerged resistors and
inductors can be reduced in size from the designs using air cooling.

For maximum efficiency, the above cooling process relies on no air being
present in the system. Any air present will displace vapor molecules from
the condensing surface and reduce the rate at which heat energy reaches the
surface. The whole system must either be evacuated before fllllng with coolant
or vented when hlgh pressure ex1sts.

When the components are not dissipating heat, the internal system tem-—
perature and pressure will drop, and at common ambient temperatures, the pres-—
sure can drop below atmospheric. In this condition, the container must be
made capable of preventing an ingress of air and, as double protection, it
would be desirable to design the system to include an air trap and automatic
air venting system. : ‘

Ce Objective of Test. The objective of the present study is to ascertain
what design flexibility is available when choosing the relative position of
the boiling pool and the condenser. Several designs have integrated the
boiling and condensing actions into one container. This inevitably leads to
a large volume since it must provide a surface area above the liquid large
enough to condense the vapor, as well as contain sufficient liquid to sub-
merse the semiconductors.
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TABLE 10-1.

= PROPERTIES

OF R-11 AND R-113.

Chemical R-11 R-113 R-113/R~11
Chemical formula CCl3F “CC19F - CC1F9
Molecular weight 137.37 187.38
Thermodynamic properties

Normal boiling point, °C (°F) 23.8(74.9) | 47.6 (117.6)
Freezing point, °C (°F) =111 (-168) 431‘(—35)
Critical temperature, °F 388 417
pressure, psia 640 495
Sat. pressure at 25°C (77°F), psia 15.3 6.5 0.42
at 60°C (140°F), psia 45,1 21.9 0.49
Density at 60°C (140°F), Ib/ft3 -
Sat. liquid 86.7 92.3 1.06
Sat. vapor 1.05 0.67 0.64
Latent heat of evaporation at 60°C (140°F) .
Btu/lb liquid : 71.39 61.31 0.86
Btu/ft3 liquid 6190 . 5659 0.91
Traﬁspdrt properties at 60°C (140°F)
Specific heat, Btu/lb 0.22 © 0,237
Sate. liquid ' 0.153 0.162
Sat. vapor '
Thermal coﬁductivity, Btu/hr;ft-°F
Sat. liquid 0.0449 0.0393 0.88
Sat. vapor 0.0054 0.0054
Viscosity, 1b/ft=hr '
Sat. liquid 0.755 -1.083 1.43
Sat. vapor 0.0307 0.0271 )
Surface tension, 10™% 1bf/ft 9.59 10.0
.Heat trénsfer
Pool boiling
Critical heat flux, W/in.2 163 115 0.71
: Btu/hr—-ft2 80,000 56,400
Critical temperature difference, °C-(°F) 28 (51) 31 (56)
Condensation coefficient, Btu/hr=ft2-°F
Laminar film condensation 138 114 0.83
Forced .convection (tube) 310 260 0.84
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TABLE 10-1.

(Continued--Page 2 of 2)

Chemical R-11 R-113 R-113/R-11 |
Dielectric properties
Dielectric strength, kv 25 28
kv/mm 6.1 17.3
Dielectric constant at 100 Hz 1.0 2.4
Specific resistivity
D¢, ohm—cm 1015 1016

Thermal stability/material compatibility -

Both fluids are generally stable with common constructioﬁ materials such as iron,
steel, copper, and aluminum at the temperature range presently considered (maximum of -
Compatibility of R-~113 with some plastics and wire

200°F for fluid, 250°F for metal).
coatings is given in Reference 3.

Flammability Non- Non-
flammable { £lammable
Toxicity
UL toxicity classification Group 5a | Less than
: . Group 4;
more than
Group 5
Threshold limit value, ppm 1000 1000

Odor and detection

Faint ethereal odor; -
leaks readily located
with a halide leak

detector.
Environmental effect
Photochemical oxidant level (smog) No effect | No effect
Ozone depletion Being Being
studied studied

Regulatory activities

At present, the United

‘States is the only

nation that has regula-
tions on fluorocarbon
propellants; the regu-
lations are applied only
to aerosol propellants.

Price and availability

Availability

Price, $/100 1b

Com— Com-—
mercial mercial
86 . 115
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This method, which is illustrated in Figure 10-5(a), has the advantage
of simplicity of construction, but it does require cooling air to be conducted
to the complete unit.

In the present experiment the two functions of boiling and condensing have
been separated. This separation has the effect of reducing the size of the
boiling unit since it no longer requires a condensing surface area, and also
allows the condenser and air feed to be moved to a convenient location. The
limitations to this system are:

(1) Pressure Drop Between Boiler and Condenser: Figure 10-5(b) shows
the Freon vapor flowing along the vapor pipe at velocity v. To
achieve this flow, a pressure difference must occur between the
boiler (pressure Pp) and condenser (pressure P.), where §p = Pp—P..
This pressure difference can be determined from the vapor velocity,
v, the vapor pipe impedance, the condenser pressure drop, and the
vertical displacement. If this pressure drop becomes significant,
the boiler pressure increases with a resultant increase in the tenm—
perature of the coolant and, therefore, an increase in the thermal
impedance of the cooling system.

(2) Height Difference: The system will operate with the condensing
action producing the required flow of vapor and with gravity pro-
ducing the return flow of the condensate to the boiler, providing
the condenser is at a minimum height above the boiler. If the con-
denser is below the boiler level, a small pump will be required
to return the condensate to the boiler. The limit of height dif-
ference occurs when the pressure drop between condenser and boiler
is large enough to support the weight of liquid in the return pipe,
thereby sucking coolant into the condenser and reducing the effective
surface area.

(3) Sealing Requirements: The pressure inside the system rises as the
heat dissipation of the semiconductors increases, and although these
pressures are not excessive, the system, in particular the pipes and
couplings, must be capable of withstanding the pressure. At the
same time, it is possible for the internal pressure to drop below
atmospheric when no internal heat dissipation is present.

d. Description of Experimental Apparatus. Figures 10-6 and 10-7 show a
photograph of the experimental test rig. Figure 10-6 shows the boiler (lower
right) and condenser units (upper center) joined by the vapor and return pipes.
The vapor line is pressurereinforced and passes through a control valve that

is used to vary the pressure differential, thus enabling variable pipe impedance
and condenser pressure drop to be simulated. The semiconductor heat dissipation
is simulated by a bank of resistors located inside the boiler unit and supplied
from the power supply shown in the bottom left of Figure 10-6. Pressures and
temperatures in both units were recorded by the system shown in Figures 10-6

and 10-7. Figure 10-7 shows the cooling air with associated orifice measuring
section and pressure meters. The digital printout and thermocouple’ conditioners
shown at the right-hand end of the bench enabled the transient. performance to
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be measured and the steady-state values to be recorded. The flexible vapor
and return pipes enabled various elevation differences to be achieved between
the condenser and boiler units (Figure 10-6 shows the boiler in a raised con-—
dition). This elevation can be altered by the hydraulic 1lift shown supporting
the boiler unit.

e. Experimental Tests.

(1) Switch-on Transient: One advantage of an immersed two-phase cooling
system is its relatively long thermal time-—constant compared with direct-air-
cooled systems. To measure the time constant, the heat dissipation in the
boiler was switched on and kept constant at 6 kW with the cooling air at

900 ft3/min and 92.4°F. Readings of pressures, temperatures, and time were
recorded and are shown in Figure 10-8. The thermal time—constant from this
graph is 7.9 min.

(2) Effect of Pressure Difference and Elevation Difference: To investigate

the variation of the cooling efficiency of the system with variable separation

between boiler and condenser, a series of tests was performed to measure the

thermal impedance of the system at a constant boiler pressure of 60 psi and

coolant temperature of 160°F. The elevation difference between boiler and -=
condenser was varied, and at each height the control valve used in the Freon-

feed pipe was adjusted to produce a set of readings at various pressure differ-

ences between condenser and boiler., Figure 10-9 shows the family of dissipation

curves normalized at 60 psi to a value of Q/Q, = 1, corresponding to a dissipa- N
tion of 8.5 KV in the boiler. The cooling air during this process was 900 ft3/min

at 104°F. At each point taken, the input dissipation power was adjusted until

a steady pressure of 60 psi was obtained in the boiler.

The three curves shown were taken at elevation differences of 42, 24,
and 12 in. between boiler and condenser. The top curve shows that as &P is
increased (to simulate either vapor line length increase or pressure drop
across the condenser) the dissipating capacity of the system remains virtually
constant until 6P = 1.7 psi., At this point, the pressure difference is suffi- ~
cient for the head of liquid coolant to fill the return pipe with liquid coolant.
Any further increase in pressure difference will raise the liquid coolant level
in the return pipe until it fills a proportion of the condenser. Since the
heat transfer coefficient of vapor condensing on the condenser wall is much
greater than that between the liquid coolant and wall, any reduction in the
surface area of the condenser wall available to the vapor will lead to an
increased thermal impedance of the condenser. This effect is seen for the
42-in., displacement curve above 8P = 1.7 psi, which shows a reduction in dissi-
pation for a given liquid coolant temperature. At lower values of vertical
displacement, this effect will occur at lower pressure differences because a
lower head of liquid coolant will reach the condenser outlet. The thermal
resistance curves corresponding to Figure 10-9 are given in Figure 10-10 based
on the log mean temperature difference between boiler liquid coolant temperature
and cooling air temperature. These curves show the same effect of coolant
transfer from boiler to condenser at a given pressure difference.
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f. Conclusions. The test results show that the two—-phase cooling method
of power electronic components can be constructed with separation of the
boiling pool and condensing actions into two units connected by.a Freon feed
pipe and a return pipe for the condensed liquid coolant. The separation
distance can be increased up to the point where the pressure differential
between boiler and condenser is either significant compared with the boiler
pressure or is large enough to suck liquid coolant up the return pipe into
the condenser. The first condition produces a higher boiler liquid coolant
temperature as a result of the increase in boiler pressure; the second con-
dition produces a higher coolant temperature as a result of the reduced con-
denser operating area. During the series of tests, the pressure differential
was below 2 psi, which is small (3 percent) when compared with the 60-psi
boiler pressure. Up to point where the condenser starts to fill with liquid
coolant, therefore, the reduction in heat dissipation is relatively small.
The experiment has produced several design criteria for two-phase cooling
systems with separated boiling pool and condenser:

(1) If gravity return of liquid coolant is required, a minimum vertical
displacement is necessary to avoid the pressure differential pro-
ducing a liquid coolant level in the condenser.

(2) If the condenser is to be positioned below this minimum, a scavenging
pump will be required.

(3) Pipe diameters must be chosen so as to ensure an acceptable pressure
differential at the maximum heat dissipation.

(4) The condenser pressure drop must be kept within acceptable limits.

(5) The system must be airtight at the pressures below atmospheric that
can occur when the power electronic equipment is not in use at
minimum temperature; at the same time it must also be capable of
withstanding the operating pressure.

(6) An air trap and/or venting system is probably necessary., The venting
system should be capable of detecting the presence of air and to

vent the air trap when system pressure is greater than atmospheric.
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EXHIBIT LOA

TEST PLAN FOR FREON TWO~PHASE COOLING EXPERIMENT

l. Test Plan. A natural circulation Freon cooling method with separate condenser
will be used.

(a) Test Setup Schematic (see Figure 10A-1)
(b) Test Apparatus (see Table 10A-1)

(¢) Instrumentation (see Table 10A-2)

(d) Test Run Specifications (see Table 10A-3)

2. Test Objective. The objective of the test is to investigate the feasibility
of obtaining physical separation between the condenser and evaporator of a Freon-
based evaporative cooling system for locomotive applications. This objective can
best be accomplished by testing a commercial finned—tube heat exchanger on a
subscale level and studying the effect of the physical separation length, eleva-
tion difference (between the condenser and evaporator), and flow instability on
the performance of the cooling system. Subsequently it was decided that an
existing bellows condenser should be used in lieu of a finned-tube heat exchanger
and that the test be focused on three basic areas that might affect the cooling
system performance:

(a) Physical separation length
(b) Elevation difference between the condenser and evaporator
(¢c) Freon-side condenser pressure drop

Initially, 40 test runs were planned as specified in Table 10A-3. The
test results can be reduced to establish the limitations of the natural circu-
lation Freon cooling concept as a function of condenser pressure drop and the
physical proximity of the components. The effect of air in the condenser, an
important item, should also be investigated after the completion of the 40
test runs.
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FIGURE 10A-1. TEST SETUP SCHEMATIC.
TABLE 10A-1.- TEST APPARATUS
Condenser ; New cylindrical, finned condenser (see
(See Figure 10A-1)
7-deg tilt
Evaporator . TBD
1.3~1.9 ft3 interior volume
60 psig max. working pressure
Heating coil 6.0 KW at normal test runs
Lines
Vapor line 2.0-in.~min. ID
Transparent, if possible
(See Table 10A-3 for lengths)
Liquid line 0.49-in.-min. ID
Transparent
(See Table 10A-3 for lengths)
AP control valve See Figure 10A-1 and Table 10A-2
Instrumentation See Table 10A-2
Freon coolant R-11

104~2




' TABLE 10A-2.- INSTRUMENTATION

Airflow The existing liquid-cooling test setup
instrumentation, as is; change the orifice
plate, if required

Condenser The existing bellows condenser instrumentation,
‘as is; check T/C readings; replace damaged
T/C's, if any '

Evaporator
T/C . 2 (liquid temperature)
2 (vapor temperature)
P 1 (vapof pressure)
Sight glass 1 (evaporator liquid level)

Vapor line:

AP 1 (Pevaporator - Pyaive upstream)
5-in.~Hy0 range/O.1-in.-Hy0 subdivision

APy 1 (Pyaive upstream Peondenser)
5-psid range/0O.l-psid subdivision

AP control valve:* Max. 0.2-psid AP at full-open position
w/ 10 cfm of R-11 ( p= 0.667 1b/ft3)

*AP control valve should be located within 6 in. of the condenser vapor inlet.
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TABLE 10A-3.- TEST RUN SPECIFICATIONS

Line length, ft 10 5 3 TBD
Elevation N
difference, in.
42 24 42 24 12 24 12 TBD Total
Condenser AP, psia
0.25 X X X X X X X
0.50 X X X X X X X
0.75 X X
1.0 X X X X X
1.5 X X X
2.0 X X
2.4 X X
Number of runs 5 4 5 4 3 4 3 10 40
Total heat load = 6,000 W
Airflow = 900 cfm




11. CONCLUSIONS.

a. Requirements. The previous sections have described in detail the various
inverter circuits that can be derived from the TLRV PCU hardware. The simple
three-phase Graetz type bridge is unlikely to provide an adequate traction
performance except in the case of the PWM variants. As stated in Section 5

of this report, the requirement for high starting torque combined with low
torque pulsation at low frequency differentiates the traction power drive

from many of its industrial counterparts. Above this starting region, good
efficiency and power factor become important considerations.in the circuit
selection. At the same time, this performance must be achieved at an overall
cost that has to be compared with that of a conventional dc commutator system.

b. Comparison of the Candidate Systems. Table 11-1 shows a comparison of
the basic candidate systems along with variants that have been selected to
produce an acceptable traction performance. These variants can be divided.
into the following groups:

(1) Converters using PWM to achieve a three-phase output with low
harmonic content

(2) Converters using multiple bridges to produce better output waveforms,
or outputs with greater than three phases

(3) Hidden link or direct converters

Groups 2 and 3 include both motor-(or line-) commutated converters; Group 1
contains only self-commutated converters. The cost figures given are a nor-
malized comparison of power component costs, excluding control circuit costs,

- packaging, etc., but the numbers are expected to provide a realistic approxi-
mation to the ratio of final costs. These designs are based on thyristors
commercially available at the time of writing, and the wvariation of current
loading and duty cycle between bridges has decided the power component. arrange-
ment for each bridge.

The three-phase 6-step line-commutated bridge is the least expensive bridge
and has been taken as a reference for all the others. Its performance and cost
are summarized in Line 1 of Table 11-1. It is unlikely that either this bridge
or Bridge 2 would be suitable for a traction drive in view of the low efficiency
and high torque pulsation.

: Bridges 3 and 4 of Table 11-1 are two interesting variants of the double-
bridge group. In Type 3 a l2-step waveform is produced by phase~shifting the
two parallel 6—step bridges by 30 deg and. summing the currents into a three-phase
motor. In Type 4, on the other hand, a six—phase motor is supplied from two
6~step bridges phase-shifted by 30 deg. As explained in Section 4 the six-phase
machine produces no torque pulsation at six times supply frequency. The first
torque harmonic of this system is the twelfth, which has approximately half the.
magnitude of the three-—phase 6-step bridge. The double-bridge 12-pulse system,
on the other hand, has a sixth harmonic torque component that is load-dependent
and approaches that of the three-phase 6-step bridge at full load. Both bridges
produce losses of approximately 50 percent of the three—phase 6-step bridge,
but have an increased power component cost of 53 percent.
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TABLE 11-1. - COMPARISON OF ‘CONVERTER PERFORMANCE AND COST

Relative

Converter description No. of cost of
output | Torque Motor converter
Input Output phases | pulsation } efficiency | components
1. One single-phase PDR ILCI/SM 6-stép single 3 c c 1.00
bridge; starts with
link quench
2. One single-phase PDR ILCI/SM 6-step single 3 C c 1.14
bridge; -starts with
link quench plus
thyristors across
link L
3. Two single-phase ILCI/SM 12-step parallel 3 B- A 1,53
PDR's bridge; uses input PDR
commutation at start
4, Two single-phase " ILCI/SM 6-phase, 6-step; 6 A- B+ 1.56
PDR's uses input PDR commutation ’
at start
5. Two single-phase ILCI/SM run as l2-step 3 A A 1.58
PDR's parallel bridge; starts
with trapezoidal modula=
tion of link
6. Line~commutated current-source 'hidden~link' 3 A B 1.13
with current shaping at start
7. Line-commutated current—-source 'hidden-link’ 6 A A 1.44
with current shaping at start
8. Self-commutated current—-source ‘hidden-link’ 3 A B 3.50
using PWM at start
9.  One single-phase PDR IFC/IM; uses PWM at start 3 A- B, 3.69
10, One single-phase PDR IFC/IM with thyristors 3 A- B 4,93
replacing series diodes;
uses PWM at start
11. Two single-phase IFC/IM 12-step parallel 3 A= A 4,02
PDR's bridge; uses PWM at
B start
(
12. Two single-phase IFC/IM 6-phase 6-step; 6 A~ B+ 4.95

PDR's uses PWM at start
NOTES: ILCI = current-source line-commutated converter
IFC = forced~commutated current-source converter
SM = synchronous motor
IM = induction motor
Efficiency: A = high; B acceptable; C = low

Torque pulsation:

A = low pulsation; B = acceptable;

C = high pulsation




Bridge 5 uses trapezoidal modulation of the output current into a three-
phase synchronous traction motor at start, but changes to a l2-pulse operation
at higher speeds. The peak current rating of the output bridge thyristors is
higher than that of Bridges 3 or 4, but torque pulsation is extremely low,
retaining the good efficiency of the 12-pulse bridge at high speed. Bridges 6
and 7 use a similar strategy at starting, but the hidden-link operation achieves
a sinusoidal modulation at a better duty cycle of the thyristor, leading to
less expensive thyristors. Bridge 7 runs in a 12-pulse mode; Bridge 6 rums in
a 6-pulse mode at lower efficiency. The component cost of 1.13 for the three-
phase version and l.44 for the six—phase reflects this high utilization of
thyristors. The control of Bridges 5, 6, and 7 is more complex than that of
the first bridges. '

Bridges 1 to 7 are the major variants of the current-forced machine-
commutated bridges. Bridges 4 to 7 produce the best performance, and hidden-
link Bridges 6 and 7 produce good performance at low cost.

The remaining bridges are all self-commutated, using PWM waveshaping to
reduce torque pulsation at start. The cost of these bridges is considerably
higher than that of the machine—commutated bridges owing to the faster—grade
thyristors and extra capacitors and diodes or thyristors in the circuit. The
main advantage of these bridges, however, is their ability to supply induction
traction motors: The high—-frequency PWM action does, however, reduce efficiency
slightly from that of the self-commutated bridges.

Ce Motor Comparison. For the present study, the choice of traction motor has
been limited to selection from induction motors, slip-ring synchronous motors, and
brushless excited synchronous motors. The other motors described in this report
are considered to be still in the development stage and therefore unlikely to

be sufficiently advanced to be encorporated in the proposed test rigs.

The cost of these three motors is estimated to be in the ratio of approxi-
mately 1 : 1.5 : 1.75 for the induction, slip-ring, and brushless synchronous
motors, respectively. The weight of all three motors is, to a first approxi-
mation, the same, but the volume of the synchronous machines is slightly larger
to accomodate the slip-rings or exciter. An increase in axial length of 15
percent is to be expected.

d. Perspectives. Subsection lc contains the recommendations for a design and
experimental program that would enable a detailed comparision to be achieved .
between the proposed drive systems. With a common power semi-conductor unit

in use for all the variants, each configuration can be tested by relatively
simple internal connections. A change in the gate control circuit would be
made either by module or software change.
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APPENDIX A

TECHNICAL FEATURES AND CHARACTERISTICS OF
EXISTING AC PROPULSION SYSTEM

Figure A-l is a block diagram of the power circuit and associated controls
for the existing linear induction motor (LIM) ac propulsion system. In the
drive mode, 60-Hz wayside power is applied to the input of the phase-delay
rectifier from which the variable dc output, filtered by the inductor, is
applied to the inverter. The variablevoltage, variable-frequency inverter out-—
put is connected to the LIM and the synchronous capacitor. The latter provides
power—factor correction for the LIM, and maintains an ac voltage necessary for
the line commutation of the inverter.

In the braking mode, the kinetic energy of the moving vehicle is converted
into electrical energy by the LIM and is returned to the wayside power system
through the onboard power conversion equipment. This reverse power flow is
achieved without power contactors simply by reversing the functions of the two
converters, i.e., by changing their thyristor firing angle.

The ac propulsion system requirements include: (a) operation from 8250-V,
three-phase, 60-Hz wayside power; (b) capability to provide 22,220 N thrust at
a cruise speed of 480 km/h; (c) provision for regenerative braking; and (d)
smooth control of thrust with jerk limiting over the entire speed range.

The main feature of the propulsion system is its high power—-to-weight
ratio, which is a basic requirement for levitated, high-speed vehicles such
as the TLRV. The overall system power density is less than 1.5 kg/kW, which
is the result of the liquid cooling of all power components. This includes
hollow-conductor direct liquid cooling of the LIM, synchronous capacitor, induc-
tor, and auxiliary power transformer; and liquid-cooled heat sinks for the power
thyristors. The selected coolant is deionized water. Major component specifi-
cations are presented in Table A-1.

Primary control of the propulsion system ‘is established by the tractive
effort command. In this application, dc link current is approximately propor-
tional to the tractive effort; thus, the positive dc current command represents
a request for positive acceleration (drive mode); a negative command represents
a request for deceleration (brake mode). This command determines only accelera-
tion not vehicle direction. The rate of acceleration or deceleration ordered
is limited by the jerk control.

Another input command is produced by the speed limit control that estab-
lishes a maximum electrical frequency for the system. Propulsion effort at
any frequency below this setting is determined by the thrust control only.
When the selected maximum frequency is approached, the accelerating thrust is
automatically reduced so that the selected frequency limit is not exceeded.

A third input command selects the phase rotation of the three—phase
inverter output according to the direction of travel desired. This control
is effective only when the vehicle is at rest.
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TABLE A-1.- SPECIFICATIONS FOR THE POWER CONVERTER
OF THE AC PROPULSION SYSTEM

Parameter

Specification

Thyristor rectifier

Size, m

Weight, kg

Power controlled, MW

Input voltage, V ac

Peak transient voltage, V
Output voltage, V dc
Frequency, Hz

Input current, A ac

Output current, A dc

Water cooling load, kW

Water temperature (maximum), °C
Air cooling load, kW

Air temperature (maximum), °C

0.56 wide by 1.22 high by 1.245 long
280

6.0

7,000 to 8,250

28,800

8,890

60

0 to 4,550

0 to 680
24.5

74

13.7

74

Inverter . ’

Size, m 0.56 wide by 1.22 high by 1.07 long
Weight, kg 226

Power controlled, MW 6.0

Input voltage , V dc 0 to 8,890

-Peak transient voltage, V 24,000 .

Output voltage, 'V ac 0 to 7,125

Frequency, Hz : 0 to 165

Input current, A dc 0 to 680

Output current, A ac 0 to 550

Water cooling load, kW ; 25.2

Water temperature (maximum), °C 74

Air cooling load, kW 11.4

Air temperature (maximum), °C 74
Synchronous capacitor

Weight, kg 1,900

Voltage, V 7,150

Current, A '565 rated; 809 overload
"Current density, A/mm?2 29 .
Rating, kVA . 7,000 rated; 10,000 overload
Frequency, Hz 0 to 165 :
Speed, r/min. 0 to 4,950

Field current, A _ 1,800 rated; 2,665 overload
Field current density, A/mm? 24

'Stator resistance, pu 0.02 (hot)

Negative sequence reactance, pu 0.31

Synchronous reactance, pu

3.44 (unsaturated)




The field current delivered to the synchronous capacitor is automatically con-
trolled in response to inputs from the dc link current command.

Because the inverter cannot be line commutated from the synchronous capac-
itor until sufficient back—emf is available, a special start mode is necessary
to bring the synchronous machine up to a minimum operating speed. This is
‘accomplished by selectively pulsing sets of machine winding through the inverter,
which causes the machine to accelerate until a speed is reached at which the
generated voltage will permit line commutation. During the start mode, inverter
commutation is achieved through current quenching by the phase—delay rectifier.
This start operation is accomplished automatically by spec1al logic and shaft
position/speed sensors.

A=b



APPENDIX B

VOLTAGE AND CURRENT WAVEFORMS IN LCI/SYNCHRONOUS MACHINE SYSTEMS

The equations for the circuit shown in Figure B-1 for when the system is
running at a constant speed are: '

v, Rg + sLg  sMg sMg CsMap ia
Vp'| = | sMg Rg + sLg .sMS sMp £ . ‘ib (B-1)
Ve sMS » sMg » Rg + sLg sMe £ ie
Ve sMa £ sy sMc £ Rf + sLg if
where ., Mg = mutual inductance between stator phases
Lg = étator self-inductance per phase
Rs = stator resistance per phaée
'Rf = fiéld resistance
~Lg = field sélf—inductqncé

Mg My, Meg = mutual inductance between rotor and stator phases

A-23177
FIGURE B-1. LINE-COMMUTATED CURRENT-SOURCE INVERTER
SUPPLYING SYNCHRONOUS MOTOR.
If the line rotor-induced electromotive forces are as shown in Figure
B-2(a), then the variation of rotor/stator mutual inductances must be:

Maf = M; cos(wt-m/6) » (B-2)

A ! .
Mps = M. cos(wt-5 /6) (B-3)
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Mcg = ﬁr cos(wt=3 m/2) (B-4)

In the transfer of current from thyristor T; to thyristor T3, thyristor T3
is fired at instant p, when wt = o (shown in Figure B-2(a)). Between instants
p and q (often referred to as the overlap time), current transfers from T to
T3 and is completed when i, has reached zero and iy has reached ij.

1f, during this process, Rg is assumed small, I4 is held constant by the

dc link inductance, and the field current is current—-forced, then equation
B-1 is solved to yield:

3 A
e (B=5)

ip = [cosa - cos wt]
2 W (Lg - Mg)
A A
where E =M Wig
and i, = ig - ip

If commutation is to be completed and leave a phasé margin S before forward- .
biasing of T occurs, substituting i = Ig at wt = (180-S) into equation B-5 .
produces the required :

3 B
ig = ———l{:;————- [cos.o = cos (180-S)] i (B-6)
2 W(Lg — Mg)

I42W(Lg-Mg)
cos=l|——— + kj ‘ (B-7)

o

cos (180-S)

Q
0

It

where k1

The current waveform of i} is therefore that shown in Figure B-2. The
terminal voltage can be obtained by making the same assumptions as those used
in calculating the stator currents. In the interval between commutations, since
I4 is assumed constant, the stator terms for self-induced emf and mutual emf
between stator phases will be zero. The stator terminal voltage will differ
from the rotor induced emf only by the stator resistive drop IgRg. During
the interval when T] and Tg conduct, the phase terminal voltage are therefore:

Vao = IgRg = B sin (wt=-m/6) (3-8)
Vpo = B sin (wt=57/6) ' (3-9)
Voo = E sin (we=37/2) - I4Rg (B-10)



The bias across each thyristor can be calculated at the end of the overlap
period. During commutation from T] and T3, V., will remain unaltered if I4 is
constant. Since di,/dt = —-dip/dt, the mutual electromotive forces induced in
phase ¢ by iy and ip will cancel. When T} and T3 are conducting simultaneously,
the terminal voltage of phases a and b are the same if the thyristor voltage
drop is neglected. The terminal voltage during this overlap is given by:

€30 T epo t IgRg

where Vio voltage of top dc rail relative to neutral

and e = instantaneous rotor induced emf

B-4



APPENDIX C

THE HIDDEN-LINK CONVERTER

The hidden-link converter (sometimes referred to as the direct converter)
can be derived by combining the input and output bridges of a conventional
dc link converter into a single bridge. Figure C-1 shows a current-forced
version of the bridge supplying a three—phase traction motor. This bridge
contains two features that differentiate it from the dc link bridge.

(a) It contains coupled inductors in the output leads carrying ac
current to the motor.

(b) The ac input supply is connected directly across the bridge with
no intermediate dc link.

The operation of the coupled inductors is explained with reference to
Figure C-2. Figure C-2(a) shows the conventional current—source bridge.
. Inductors Lj and Lg, if sufficiently large, will force a constant dec current
through the bridge; and thyristors 1 to 6 channel this current in sequence
through the appropriate windings.

Inductors Lj and L9 in Figure C-2 (a) can be replaced by the three induc-
tors Lj, Lo, and L3, as shown in Figure C-2(b), without altering the output
waveform of the bridge. Inductors Lj, L2, and L3 are tightly coupled so
that if, for example, at a given instant of time i; = Id, ip =0, and i3 =0,
the energy stored due to Id is equally coupled to all windings. If perfect
coupling is assumed, then Id can be switched instantly to either L2 or L3
without altering the stored energy in the magnetic circuit and therefore with-
out transient. If, however, an attempt is made to change the magnitude of Id,
keeping ip = i3 = 0, the magnetic stored energy will change and a corresponding
enf will be generated to oppose this change. The combined effect of the coupled
inductors is therefore to keep the total current into the bridge a constant but
to enable instantaneous interchange of current between phases. This is identi-
cal to the operation of the current-fed bridge of Figure C-2(a). The bottom
three inductors in Figure C-2(b) (L4, Lg, and Lg) operate in an identical manner
to the top inductors, and the total effective inductance is the sum of the two.

The complete operation of the double-~bridge will next be explained with
reference to Figure C-1. Since the bridge supply is ac, the top and bottom
rails of the bridge are alternating in polarity at supply frequency. When the
top rail is positive with respect to the bottom rail, thyristors 7, 8, 9 and
4, 5, 6 will operate in the conventional bridge sequence with current being
supplied to the 7, 8, 9 combination and switched as shown in Figure C-3(a).
Thyristors 1, 2, 3 and 10, 11, 12 will not be operative. The return of the
current to the ac supply is via thyristors 4, 5, 6, and the required sequence
of switching these thyristors with the top bridge rail positive is also shown
in Figure C-3(a).

When the ac supply changes polarity, the bottom bridge rail is now posi-
tive with respect to the top bridge rail and the current flow is now directed
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through thyristors 1,2,3 and 10, 11, 12. The current now flows into ‘the 10,
11, 12 combination and out of the 1, 2, 3 combination of .thyristors. The
switching sequence is as shown in Figure C-3(b). - Since the current is assumed
to be forced into the motor by the inductors, the current in the a phase will
be as shown in Figure C-3(c).

At starting with the output frequency much lower than the supply frequency,
the alternation between the (a) and (b) sequence will occur at a fast rate com-
pared with the sequence switching between phases, and commutation of the bridge
can therefore be achieved by the supply voltage. A slight error in this timing
will occur due to the delay in commutatlon that is required until the supply
voltage reverses.

At higher output frequencies thyristor commutation is produced by both .
the synchronous motor and the supply. The supply will continue to commutate
the bridge between the (a) and (b) sequence in Figure C-3, and the synchronous
motor will commutate -the thyristors within each sequence group to channel the
current into the appropriate phases.

Capacitor—-assisted forms of this bridge such as those shown in Figure C-4
are also possible and allow for PWM operation. This bridge is shown with an ‘ =
alternative arrangement of the coupled inductor. Switching from one half-
" bridge to another when the supply polarity reverses produces a transfer of
current from one winding of the inductor to the other with no change in stored
energy. The total current into the bridge 1s, however, forced to be constant
by the coupled inductor. .

The capacitor and diodes at the input of thlS bridge are used to improve
the input power- factor.
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APPENDIX D

CAPACITOR-ASSISTED CURRENT~SOURCE INVERTER WITH
SERIES BLOCKING DIODES SUPPLYING AN ASYNCHRONOUS
TRACTION MOTOR

Figure D-1 shows the steps in commutation from one phase to another.
Initially Id flows through Thy, D4, D5, and Ths. Capacitors Cp and C4 are
charged as shown in Figure D-1 (a). To transfer conduction from Thy to Thg,
Thg is fired and this then applies the charged C4 across Thy. If C4 is suffi-
ciently large, then Thy will be reverse—biased until it gains its blocking
state and Cg will be charged to supply voltage for the next transfer from
phase 2 to phase 3.
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APPENDIX E

CAPACITOR-ASSISTED CURRENT-SOURCE INVERTER SUPPLYING
AN ASYNCHRONOUS TRACTION MOTOR WITH THE COMMUTATING CAPACITOR
IN THE NEUTRAL CIRCUIT

Figure E-1 shows the steps in commutation between phase 3 and phase 1
and between thyristor 2 and thyristor 4. The current and veoltage waveforms

are shown in Figure E-2.

The process is started by firing the auxiliary thyristor T, at Ty. Capac—
itor C was charged as shown in Figure E-1 by the last commutation period;
therefore a reverse bias is applied to Ty, and current is momentarily trans-
ferred to C. As C is charged up, T, becomes forward-biased and the current
path is now transferred to phase 2. During this procéss, the current into the
machine is held constant by the dc link inductance. The capacitor voltage
reverses during the commutation and is therefore of the correct polarity to
achieve the next commutation from phase 2 to phase 3.



(c)
FIGURE E-1. CIRCUIT TQOPOLOGY: <(a) STAGE 1,
(b) STAGE 2, AND (c) STAGE 3.
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APPENDIX F

HARMONIC REPRESENTATION OF CURRENTS IN THE STATOR WINDINGS
OF A Q-PHASEBAND SYMMETRICAL MACHINE

In the general polyphase winding, each pole-pair-pitch is divided into
Q equal phasebands. The winding has been split into two layers, top and bottom.
The phasebands are numbered 0 to Q-1, the general phaseband being q. It is
assumed that the current in all phasebands is of the same waveform but phase-
displaced progressively. The waveform can therefore be analyzed as a series
of exponential Fourier components. For the reference phaseband:

' jhwt
I(t)y = 2p I (F-1)

where

I}, is a complex number representing the magnitude and phase of
the hth time-harmonic in the O phaseband

The Fourier series for the qth phaseband is therefore:

i -2
_ 2&11h ¢ jh(wt m3/Q) (F-2)

I(t)q

Using the method of current density waves,l the hth harmonic current flowing
in the oth phaseband can be represented as a set of space harmonics acting on
the airgap of the machine:

n=+(x)
jo,h = E Jo,n,h ©XP {j(hwt - ne)} (F-3)
no=-o
where
IhoCKwn
Jo,n,h = ——— A/M

mD.

C = conductors in series per phaseband with all pole pairs
in series

Kyn = winding factor for n pole-pair space—harmonic
D = airgap diameter

Iy, = complex amplitude of hth time-harmonic in Oth phaseband



The resultant travelling wave with n pole pairs and frequency hw is obtained
by summing the components due to all phasebands. The qth phaseband is dis-
placed in space by q.27/Q from phaseband 0, and the hth time—-harmonic is phase
displaced by hq 2 7/Q. If the fundamental space wave has p pole pairs, the
travelling harmonic waves due to the qth phase can therefore be expressed as:

SnE¢* I ¢ K 21q
jq’h. = Z _ho wm exp [J —g—(— - h)ﬂ exp {j(hwt - ns)} (F-4)

n = -« D P

The resultant n pole pair space—harmonic due to the hth time-harmonic when all
phases are excited is therefore:

g = 0ol | | -5)
j = _I& ¢ K‘m exp | j -Zlq n_h exp ‘j(hwt-ne)l (F-6)
nh oy Q P l |

SRRt 2nq {n - h
Z exp [|j {(— =0 for all values of n except: (F-7)

q=o Q P
n = ph + rpQ
where r is a running integer

For these values of n, Z =Q

Tho € KynQ

m™™D

In this equation, positive values of n represent p051t1ve-g01ng waves; negative
- values of n represent negative-going waves.

Therefore, . Jjnsh

exp [j (hwt—ne)]_ (F-8)
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APPENDIX G

CALCULATION OF TORQUE PULSATIONS

Appendix F shows that the effects of currents in the stator windings of
a q-phaseband symmetrical machine can be expressed as a series of travelling
harmonic waves. The hth time—harmonic produces a series of space harmonics
of pole-pair number '

n = hp ¥ rpQ (¢-1)
where p = fundamental pole-pair number
= running integer

r

In combination with any other excitation—current density waves acting on the
gap (e.g., rotor windings), a series of flux densities will be produced. Flux-
density waves and current-density waves will interact to produce forces. In
general, the interaction is that of two waves:

b =8 5 cos(hy wt - ngg - & ) (6-2)

. A ; _ _
j J3,4 cos(hg Wt -~ ny8 ¢3’4) (G-3)

The force distribution around the gap due to these waves is

A :
f(e,t) = ﬁ1,2 J3,4 cos(hy Wt - n® - ¢l,2) cos(hy Wt - n48 ~ ¢3’4)} (G-4)

ﬁ A

J
1,; 3,4[ cos {(hl “hydwt - (ny - n4)6— (¢1,2 - ¢3,4)} (G-5)

£(6,t)
+ cos {(hl + hydwt - (ny, + na)e - (¢1,2 +'¢3,4)ﬂ

The net force acting on the stator airgap surface is:

2
T = Rsz £(0,t)d6 ‘ (G-6)
o .
where R = airgap radius

L = axial length
B = flux density Tesla
J = A/m
It can therefore be inferred that unless either np ~ n4 = 0 or ng tn, =0

there will be no net torque produced. That is, only waves with the same pole—
pair number can interact to produce a torque.



If the pole-pair number is of same sign, np ~ n4 = O

2 A A
R LB.J
T = _2_1_3_ 2MCOS {(hl - h3) wt = (d)l’z - dp3’4)}

ARB;J3 (os {(hl - h3) wt = (01,2 ~ ¢3,4)}

It

where A = 2mR = surface area of airgap

If the pole—pair number is of opposite sign, mg + ngy = 0

_ ARﬁlﬁ\

T ._T§. cos {(hl + h3) wt - (_¢‘l,2 +,d>3’4)}

G-2

(¢-7)

(G-8)



APPENDIX H
ANALOGUE COMPUTER EQUATIONS

If in the inverter/synchronous machine circuit of Figure H-1 it is assumed
that the de link current, Ig4, and the field current, Ig, are forced, the equi-
valent circuit of Figure H-1(a) results. The switching sequence is shown
in Figure H-1(b). The most convenient current variables for simulation are
In,m’ which represents the current flowing through the bridge from thyristor
T, through thyristor Ty, where n = 1,2, or 3 and m = 4,5, or 6. Substituting
these conditions into equation B-1 (Appendix B) results in a set of 12 first-
order equations:

I'js (Ld + 2L") = Vd ~ e, + ep - Id Rd - I'35 (Ld + L") (H-1)
I'35 (Ld + 2L") = Vd - ec + ep - Id Rd - I'15 (Ld + L") (H-2)
I']g (Ld + 2L") = Vd — ey + ec = Id Rd = I'15 (Ld + L") (H-3)
I';s (Ld + 2L") = Vd ~ey +ep - Id Rd - I'1g (Ld + L") (H-4)
I'g6 (Ld + 2L") = Vd - e, + e, - Id Rd - I'j (Ld + L") (H-5)
Tijg (Ld + 2L") = Vd - ey + e, ~ Id Rd - I'9g (Ld + L") (H-6)
T'y, (Ld + 2L") = Vd - ey, + e, = Id Rd = I'9g (Ld + L") (H-7)
I'9g (Ld + 2L") = Vd - ep + ec = 1d Rd = I'g4 (Ld + L™) (H-8)
I'y, (Ld + 2L") = Vd - e, +e, = Id Rd = I'p4 (Ld + L™) ' (H-9)
I'gq (Ld + 2L") = Vd —ep + ey - Id Rd — I'34 (Ld + L") (H-10)
I'35 (Ld + 2L") = Vd ~ e. + e, = Id Rd - I'34 (Ld + L") (H-11)
I'g; (Ld + 2L") = Vd —e. + e, ~ Id Rd ~ I'35 (Ld + L") (H-12)

dI
where I' denotes —
dt

These equations lend themselves to simulation by a set of analogue circuits.
Six basic circuits of the type are shown in Figure H-2. This circuit shows the
simulaton of equatioms H-1 and H-4 and also includes the thyristor characteristics
to simulate the ability of a thyristor to conduct without gate current until
its anode current is quenched. Additional circuits are required to form the actual
machine currents and voltages. These are:

Id = Ij5 + 116 + Ipg + Ip4 + I34 + I3s (H-13)
Ia = Ijg + I1g = Ipg4 — I34 (H-14)
Ib = Iy + Iy = Ij5 = I3g (H-15)
Ic = I34 + I35 = L1 — Ing (H-16)
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Va = ey + L"I', (H-17)

Lll
et (—_____> (Ld +2L") (I'y5 + I'16 = I'24 = I'34)

2L"+Ld
L
Vb = ey + (EEIEEK> (Ld + 2L") (I'9g + I'94 = I'15 = I'35) (H-18)
"
Ve = e, + (EEIEEI) (Ld + 2L") (I'34 + I'35 — I'15 = I'2¢) (8-19)
1
T = —legly +eplp ¥ ecl,] (H-20)

Circuits to achieve these summations are shown in Figures H-3 and H-4.
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