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PREFACE

The work described in this report was performed in the
Electrical Power and Propulsion Laboratory of the Transportation
Systems Center (TSC) under sponsorship of the Federal Railroad
Administration, Office of Research and Development (FRA, ORD).

The objective of this work was to determine the power characteris-
tics of representative low power, three-phase inverter systems
powering induction motors. The results are intended to assist the
FRA in evaluating the characteristics and trade-offs that must

be considered in selecting the type of power conditioning unit
incorporated into a full-scale system design.

The authors acknowledge the FRA program sponsor, Matthew
Guarino, for his support and guidance through the duration of
the program.
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SYMBOLS AND ABBREVIATIONS

ac - alternating current

amp (A) - ampere

BART - Bay Area Rapid Transit

cci - constant current inverter

cm - centimeter

db - decibel

dc - direct current

DOT - Department of Transportation

FRA, ORD - Federal Railroad Administration, Office of Research
and Development

ft-1b - foot-pound

GE - General Electric Company

hp - horsepower

hr - hour

Hz - Hertz

kHz - kiloHertz

kva - kilovolt ampere

kvar - kilovolt ampere, reactive

kW - kiloWatt

LRV - Light Rail Vehicle

MARTA - Metropolitan Atlanta Rapid Transit Authority

max - maximum

min -  minute

mph - miles per hour

msec - milli second

mut - motor under test

MW - MegaWatt

nci - natural commutated inverter

NEMA - National Electrical Manufacturer Association

pdr - phase delay rectifier

pf - power factor

prISP - displacement power factor

rms - Troot mean square

Tpm - revolutions per minute
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sec - second

TSC - Transportation System Center
usec (usec) - micro second

\) - volt

vac - volts, alternating current

vdc - volts, direct current

vrms - Vvolts, root mean square

w - watts

WABCO - Westinghouse Air Brake Company
o - delay angle

) - conduction delay angle

8 - commutation half-angle in radians = w/30
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EXECUTIVE SUMMARY

The Federal Railroad Administration (FRA) Office of Research and Development has
monitored the worldwide progress of three phase ac traction systems, and has sponsored
the development of full scale ac power conditiovuning systems for the control of linear
induction and synchronous motors. The FRA is now planning a full scale three-phase
ac traction motor development program which will transfer the linear motor technology
to rotary ac machines, and which will assess the suitability for U.S. railroad opera-

tions of ac motor control systems developed for industrial and foreign railroad opera-
tions.

To provide the FRA with the technical information required to evaluate candidate
ac traction power conditioning systems, TSC has been conducting a series of projects
consisting of laboratory studies, computer studies, industrial contracts, and univers-
ity research studies to provide information relating to the power and performance char-
acteristics of three-phase, alternating current (ac) power conditioning systems
applied to the control of traction motors.

This report presents test results obtained from a study which included laboratory
measurements and computer analysis of three small scale inverter systems that power
asynchronous (induction), three-phase ac motors. Each inverter has different charac-
teristics, but each is a variable voltage and variable frequency drive system. The
inverters included one natural commutated inverter and two forced commutated
inverters -- a pulse-width modulated inverter and a complementary, parallel capacitor,
commutated inverter. Test data taken for these inverters were restricted to operation
with asynchronous motors. Each inverter was instrumented for measurement of power
characteristic and performance data while powering static loads and ac induction motors
coupled to the TSC .-component dynamometer. Computer simulations of the inverter
characteristics were used to correlate test data in the analysis of test results.

The natural commutated inverter incorporates a design stratagem which involves
series and parallel combinations of thyristors to generate the three-phase output.
The inverter is a self-protecting and self-limiting design which enhances its relia-
bility. A resonant circuit capacitor in series with the conducting thyristors and the
load blocks direct current (dc) flow and insures thyristor commutation; thus, there is
minimal danger of commutation failure.

The power factor of the inverter with the present input rectifier scheme is in-
fluenced princially by distortion rather than displacement parameters. At low current
levels, high peak to root means square (rms) current ratios generate a high distortion
component of reactive power and, consequently, low power factor. As the load in-
creases, the conduction periods of the diodes also increase and the distortion re-
duces. Thus, the power factor improves with increased inverter loading.

Harmonic distortion in the output of the inverter is low because the waveform
approaches an ideal sinusoid.

The pulse-width modulated inverter provides variable voltage and variable fre-
quency power from an ac source using a diode rectifier. Both voltage and frequency
are controlled with a single set of power switches by controlling the firing sequences
and the conduction times of the switches. The commutation components are in parallel
with the load switches. They carry currents with measured peak values five times the
maximum load current and must be sized for those high peak to rms current ratios.

The use of pulse-width modulation results in an output voltage waveform with high
distortion. The output current amplitude for each harmonic is low because of the high
impedance of the lagging power factor load. This type of inverter is suited for
applications where the harmonic distribution of the output is not objectionable. Its
principal advantages are:

1. control of output voltages and frequency with only one set of semiconductor
switches

2. lower losses because the commutation components are not in series with the
load

The constant current inverter regulates the dc link current, and limits the_Vqlt'
age and drive frequencies to maintain the dc link current at or below a preset limit.



T?e‘semiconductor and passive components used in the inverter can be sized for torque
limit currents rather than for higher pulse level currents.

Commutation by capacitive coupling of the commutation pulse provides a large com-
mutation margin. Therefore, the inverter thyristors can be rectifier grade thyristors
rather than more costly inverter grade thyristors.

The inverter uses a phase delay rectifier circuit, which has low power factor at
low output voltage, to control dc link voltage. The low power factor will result in
high apparent power demand and may impact utility supply service costs.

Of the three circuits tested, the input current harmonics in the constant current
inverter are the least severe. Since the unit is a current regulated device, the
input and output currents are nearly equal in magnitude, have similar wave shapes, and
have harmonic distributions which closely follow a 1/n distribution.

Despite the disparities in wave shapes of the inverter outputs, the effects on
motor performance are not severe. The sinusoidal output voltage of the natural com-
mutated inverter presents the fewest number of complications from harmonic torgque and
interference standpoints. Pulse-width modulation produces voltage harmonics which
extend to high frequencies, but at these frequencies the motor impedances are high and
the harmonic currents are insignificant. The significant harmonics are those which
result in motor currents and torques. For both the pulse-width modulated inverter and
the constant current inverter, these harmonics are the fifth and seventh, and for both
inverters they are the same proportion of the fundamantal value.

The results of the laboratory tests and the model simulations indicate that
either of the three inverter types can be used for an ac traction system, and that they
can control motor torque and speed from zero speed to the speed corresponding to rated
output of the inverter. Although each system utilizes different types of input and
output power circuitry, overall efficiency and motor performance are similar.

The results of the TSC study indicate that the choice of inverter type selected
for a specific application will be influenced by trade~offs of the inverter system's
salient characteristics, their impacts on the power distribution network, and the
requirements of the application. They also indicate that further development efforts
are required on a full scale level to obtain the necessary data to demonstrate accept-
able levels of durability, performance and efficiency and to evaluate parameters which
cannot be scaled from laboratory scale to full scale hardware.

Further laboratory level research efforts are also indicated. These should con-
centrate on the adaptation of the inverter types to single phase ac power distribution
as it exists on electrified railroads, and also on power factor and regeneration con-
trol.
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1., INTRODUCTION

The traction motor selected for electric rail vehicle propul-
sion in the past has been the series wound dc motor, a component
whose development has progressed to the point where further refine-
ments will not significantly improve performance characteristics.
Despite its ruggedness and the suitability of its torque-speed
characteristics to traction applications, the series wound dc motor

suffers from two major shortcomings: :
1. 1low power to weight ratio
2. maintenance requirements,

Each of these factors is attributable to the presence of
brushes and a commutator which require periodic maintenance and
which add significantly to motor size and weight. It is generally
agreed that for locomotive applications, the series wound dc motor
has reached its power limit of 1000 to 1200 horsepower (hp) per
axle. Also, greater motor power will force increases in motor
weight, which will increase detrimental, weight-induced mechanical
effects on roadbed wear and truck dynamics.

1.1 AC MOTOR PROPULSION SYSTEMS

The ac motor, particularly the squirrel cage induction motor,
has long been recognized for its high power to weight ratio and,
most notably, for its high reliability and low maintenance require-
ments. Previous application of the motor has been in industrial
drive systems where speed regulation was not a critical parameter. ;
For those applications where speed control was critical, the shunt |
wound dc motor was used. The squirrel cage induction motor,
however, is replacing the dc motor in industrial applications
because of the availability of reliable, variable voltage, variable !
. frequency, power conditioning systems for accurate torque, and
speed control. The advent of high speed, high voltage, and high
current thyristors, and the development of three-phase, variable
voltage, variable frequency drives for large industrial applications



have made possible the design of reliable and efficient power
conditioners for ac motor control. The adaptations of these
motor power conditioners to the rail vehicle environment will
probably be the first step in the development of an ac traction
motor system.

1.2 TRACTION SYSTEM EXPERIENCE

Inverter, ac motor, propulsion systems have already been used
for experimental and regular service on rapid transit cars,l’2
diesel-electric 1ocomotive53, and electric 1ocomotives.4 Brown
Boveri has proceeded from testing a 200 kilowatt (kW) system in
1974, to the delivery of five prototype, electric locomotives in
early 1979, that are rated at 1.4 megawatts (MW) per inverter
system, 5.6 MW total per locomotive.5 The company has also built
12 bimode, diesel-engine/600 volts dc, catenary, inverter-drive,
industrial locomotives.

Compared to the developmental programs of the European
electric locomotive builders, there has been little comparable work
on locomotive propulsion systems in the United States. Work has
been done by Westinghouse Air Brake Company (WABCO) and General
Electric Company (GE) for rapid transit cars, and by Garrett Air
Research for air-cushion vehicles. The active, rapid transit,
propulsion system work in the United States has been directed
toward choppers with dc traction motors, as typified by Bay Area
Rapid Transit (BART), Metropolitan Atlanta Rapid Transit Authority
(MARTA), and the Light Rail Vehicle (LRV) program.

1.3 TYPES OF SYSTEMS

Adjustable-speed, ac drive systems utilize inverters which
are classified by the method used to commutate or shut off the
main thyristors during each cycle of operation. These classifica-

tions are:

1. forced commutated inverters
2. mnatural commutated inverters
3. machine commutated inverters.
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Forced commutation involves discharging the energy stored in a
commutating capacitor to reverse the voltage across a conducting
thyristor to shut off that thyristor. The discharge is usually
effected by an auxiliary commutating thyristor. The forced
commutated inverter is used where the dc bus voltage is fixed and
where the output voltage must be pulse-width modulated. The
current source inverter is a special type in which the firing of
the next thyristor discharges the commutating capacitor and shuts
off the previous thyristor. The forced commutated inverter is both
the most compact and most complex of the inverters, and can drive
induction motors, linear motors, and synchronous motors, usually
up to 1000 hp.

Natural commutation requires a series-resonant, output cir-
cuit. When a main thyristor is fired, its current '"rings'" at the
resonant frequency of the output circuit and it self-commutates at
a current zero or a voltage peak. The natural commutated inverter
is used to generate high-frequency power (into the 20-to-30
kilohertz (kHz) range) for induction heating, ultrasonics, and
lighting. The inverter also can be configured to synthesize lower-
frequency waveforms from trains of high-frequency pulses, using
pulse position and pulse polarity modulation. Machine commutation
requires a synchronous motor as the inverter load. The system is
made up of two bridge converters interconnected by a dc link. One
converter operates as a rectifier; the second as an inverter, using
the rotationally induced motor voltage as the reference bus. These
systems have been built up to about 20,000 hp for large blowers and
pumps, and for starting large synchronous motors.

1.4 SCOPE OF REPORT

When resources for the development of a three-phase, traction
system become available, the Department of Transportation (DOT)
will select a system which shows a high probability of success.

In an effort to accumulate the technical information which can be
used as a guide in the selection process, TSC has been conducting
a series of programs consisting of computer studies, laboratory
demonstrations and measurements, industrial contracts, and
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university research studies to provide information relating to the
power and performance characteristics of three-phase, ac power,
conditioning systems. This report provides test results obtained
from a program which included laboratory measurements and computer
analysis of three inverter systems, each a variable voltage and
variable frequency drive system, but each with different charac-
teristics. The inverters selected for the test program are repre-
sentative of types which are applicable to traction service and
which are available on the commercial market. Differences in
output voltage waveform, in output voltage control, in dc link
control, and in commutation technique provide a variety of input-
output system characteristics which can be used in evaluating the
applicability of an inverter type to a particular traction system
application.

The results are not intended to identify the prime candidate
system for full scale development, nor to evaluate the product of
any specific manufacturer. Rather, they are meant to serve as an
aid in evaluating the trade-offs that must be considered in
selecting the type of power conditioning unit incorporated into a
full scale design.
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2. AC TRACTION PROPULSION SYSTEM REQUIREMENTS

2.1 VEHICLE REQUIREMENTS

Each electrically driven vehicle, whether it be a rapid
transit car or an electric locomotive, must undergo a cycle of
acceleration, coast, brake, and dwell, (as shown in Figure 2-1)
The vehicles differ in the rates of acceleration and braking, and
the times that they spend in each step of the cycle. The propul-
sion system must be capable of providing the motoring and braking
torques required for the cycle, as well as the ability to maintain
top speed. The torque requirements are calculated from the speed
profile along the route and the parameters of grade, wind, train
weight, and friction.

2.2 PROPULSION SYSTEM REQUIREMENTS

A typical torque versus speed power profile for an electric
traction system is shown in Figure 2-2. The principle character-
istics of that profile are:

1. maximum tractive effort (shown as acceleration) available
from zero speed to motor base speed, V1. (Base speed
1s that speed where the motor delivers rated horsepower
at rated torque.)

2. constant horsepower operation from motor base speed, VI,
to speed, V2

3. operation from speed, V2, to maximum speed with torque
determined by the limitations of the motor

4. dynamic braking operation from maximum speed to speed,
V3, with torque limited by the adhesion properties of
the wheel and rail

5. dynamic braking operation from speed, V3, to standstill
at maximum braking torque.

2-1
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The loci shown in Figure 2-2 represent the maximum torque
capability of the propulsion system at each speed. Obviously,
the propulsion system must be capable of operating at all motoring
and braking torques below those levels.

2.3 AC PROPULSION SYSTEMS

The inverter-induction motor drive system can provide the
torques of Figure 2-2 by adjusting the frequency and voltage of
the motor at each speed point as shown in Figure 2-3, which shows
the characteristics of an ac traction system. For the ac machine,

speed is proportional to applied frequency; therefore, an efficient,

ac drive system must be a variable frequency system. The inverter
must also be a variable voltage source because as the frequency
increases, the air gap flux density will decrease and reduce the
torque capability of the motor. To maintain a constant air gap
flux density, the inverter must provide a constant, volt-per-Hertz
output ratio. By maintaining this ratio, the motor can be made to
opeérate near maximum rated torque from zero speed to maximum speed.

For example, the frequency of the inverter is raised from fO0
to fl to cover the motoring speed range from zero to V1. Over
this range, the motor voltage is adjusted proportionally to fre-
quency to maintain constant air-gap flux density. The frequency
is further raised to f2 to cover the speed range to V2, but the
voltage is a maintained constant. In the motoring mode, the
frequency must be kept higher than the frequency corresponding to
the actual motor speed by the increment called the slip speed. 1In
the braking mode, the frequency must be kept lower at each speed
point to force the motor to present negative torque to the wheels
and to regenerate the braking energy back through the inverter.

An important feature of induction motor drive systems is that the
maximum speed at which the motor can operate at any frequency is
the synchronous speed for that frequency. In the event of load
shedding, such as a wheel slip, the motor will accelerate along
the tractive effort line for the particular applied frequency to
a point near the zero of the tractive effort curve, a speed change
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generally less than 10 percent. Despite the apparent advantages,
utilization of ac motors for traction applications lacks industrial
application for two reasons:

1. The development of the series wound dc motor has proceeded
to the point where the state of the art is far ahead of
the ac motor for traction applications.

2. Power conditioner designs have been directed to industrial
rather than rail vehicle environments.

2.4 HORSEPOWER REQUIREMENTS

To provide perspective on the application of inverter-induc-
tion motor drive systems for traction applications, the typical
traction requirements will be compared with the state of the art
in industrial drive systems. Rapid transit and self-propelled
intercity cars use four traction motors rated in the range of 140
to 180 hp per motor. The peak power during acceleration is about
1000 xw per car. Electric locomotives are rated to about 6000 hp
in actual service and to about 10,000 hp on an experimental basis.
They use six 1000 hp traction motors. A single inverter with a
short-time 1000 kW rating can meet the requirements for a self-
propelled car. A 1200 kW inverter for each motor can meet the
requirements of a locomotive. Industrial drives with modern
devices can achieve up to 200 kW per single-phase bridge. The
traction requirements can be met with six bridges suitably phase-
shifted to obtain the required three-phase output. Traction
inverter systems rated at 1400 kW have been successfully tested.

2.5 CONSTRAINTS ON AC PROPULSION SYSTEMS

The test program described in this report focuses on three
candidate inverters for traction duty. However, the constraints
of such duty may restrict the choice to one type regardless of
small differences in its performance and/or cost relative to the
others. Typical constraints for various applications include the
following items:



4.
5.

operation directly from dc wayside power
minimum levels of electromagnetic interference
ability to regenerate energy to the supply line
individual wheel-slip control

sustained low-speed operation.

The test program will disclose measurable features of the
actual inverter systems selected for the program. These test

results will provide information on whether the candidate inverters

can be used for specific traction applications.
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3. TEST PROGRAM

The test program involved laboratory measurements of three

inverter systems, powering static, fixed loads and driving an

induction motor with load controlled by a dynamometer. Computer

models and simulations were used in conjunction with measurements

to analyze test results.

3.1 INVERTERS IN TEST PROGRAM

The three inverter systems tested are:

1.

A natural commutated inverter manufactured by the Bose
Corporation, rated at 10 kw output with a 34 input voltage
of 325 volts. The inverter provides 30 output voltage,
variable from 0 to 208 volts line to line rms, at output
frequencies from 0 to 400 Hertz (Hz). Pulse position
modulation is used to synthesize the output waveform.

A forced commutated inverter manufactured by General
Electric, rated at 15 hp output with a 3§ input voltage
of 230 volts. The inverter provides 30 output voltage,
variable from 0 to 208 volts line to line rms at output
frequencies from 0 to 400 Hz. The basic inverter circuit
is the "McMurray" circuit7 and pulse-width modulation is
used to control the output voltage.

A parallel capacitor commutated inverter manufactured by
the Louis-Allis Company, rated at 20 hp output with a 30
input voltage of 460 volts. The inverter provides 3§
output voltage, variable from 0 to 460 volts at output
frequencies of 0 to 120 Hz. The inverter control circuitry
regulates dc current, thus the inverter provides a constant
current excitation to a motor load, and it will be re-
ferred to as the constant current inverter throughout this
report.

The inverters used in the test program were chosen from avail-

able industrial products based on variety in input circuitry, wave-
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form generation, and output wave shape.

The inverters can each be segmented into three sections as
shown in Figure 3-1:

1. rectifier
2. dc 1link
3. inverter.

The rectifier circuit converts input 3§ ac power to dc. The
dc link, which includes filtering, serves as a buffer to isolate
the inverter from the rectifier. It prevents source-load inter-
action, and makes it possible to operate either of the inverters
from presently available wayside power sources. The inverter
converts the dc input to variable voltage, variable frequency, 3§
ac power for the test load.

The rectifier circuit for both the natural commutated inverter
and the pulse-width modulated inverter is a full-wave, six diode,
rectifier bridge. The natural commutated inverter employs a
capacitive input filter while the pulse-width modulated inverter

incorporates an inductive input filter.

The constant current inverter is supplied by a six thyristor,
full-wave, phase delay rectifier with an inductive input filter.
Output voltage magnitude is maintained by controlling the point in
the input voltage cycle that the bridge thyristors are gated on.
Each input bridge presents different load characteristics to the
ac source.

3.2 DESCRIPTION OF OPERATION

A brief description of the inverter operation is given below;
more detailed descriptions are given in Appendix B. Indepth
analysis can be found in references 7 through 12.

3.2.1 Natural Commutatsd Inverter

The natural commutated inverter, with the capacitive input
filter, appears as a low impedance to the source during the
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rectifier conduction interval. The currents during these inter-
vals are high in amplitude, but narrow in width, which results in
high peak to rms ratios.

»

In a rectifier circuit, any diodes with forward bias on
them will conduct. The capacitors, because of their low impedance,
quickly charge to the instantaneous level of the ac source voltage
and then continue to the peak ac voltage level. For light loads,
the diodes will not conduct from the time the input ac voltage
peaks until the filter voltage again drops below the instantaneous,
line to line voltage level. Under heavily loaded conditions, the
diodes conduct for the full interval that they are forward biased
(1/3 cycle), but peak to rms current ratios remain high.

With the capactive input filter, the dc voltage can vary from
Ed = /T'Vl (for no load conditions when the capacitators charge to
the peak value of the input line to line voltage) toEd = 3/2 Vo
(where the load is heavy enough to maintain continuous diode

conduction).

A 360 Hz ripple present in the output voltage waveform is a
distortion component which lowers the average dc voltage from the
peak value of the input voltage to a value of 3/m times that peak
voltage. Thus, for the full wave 3§ circuit, no load to full load
regulation 1is

(1 - 3/m) 100% = 4.5%.

The natural commutated inverter is similar to a series
inverter where the thyristor commutation components, an inductor
and a capacitor, are in series with the load. Commutation is
accomplished when the resonant response of those commutation
components reverses the voltage across a conducting thyristor.
These components also provide di/dt, dv/dt, and fault protection.
With a faulted output, the inverter will go into a current limit
mode of operation at the duty cycle limit of the inverter bridge.

The basic circuit of a single phase of a three-phase system
is shown in Figure 3-2. The drive uses three individual inverters
to provide a three-phase variable voltage and frequency output
which approximates in waveform the three-phase reference input
signals. The pulse-widths of the series resonant pulses are
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determined by the respective inductors and capacitors in series
with conducting thyristors: L+ and C+ for positive pulses; L-

and C- for negative pulses. The four thyristors which bridge each
of the capacitors are triggered in diametrically opposed pairs so

that the capacitor current is ac but the load current is dc.

Pulse frequency and pulse polarity modulation are combined to
control output voltage and frequency, as shown in Figure 3-3,
which is a photograph of one cycle of output voltage and the charge
current pulses into the storage capacitor bank (Icp of Figure 3-2).

An induction motor load on the inverter output adds inductive
energy storage which filters and thus improves the current wave
shape. This is shown in Figure 3-4, which is a photograph of the
output voltage and current into a 0.7 power factor load at a
frequency of 60 Hz.

3.2.2 Pulse-Width Modulated Inverter

The pulse-width modulated inverter is supplied from a full-
wave, six diode rectifier with an jnductive input filter. As
with the natural commutated inverter, the diodes conduct when
they are forward biased, and, since there are no capacitors, diode
current does not extinguish and each diode conducts for 1/3 (120°)
of the input voltage cycle.

The inductor tends to maintain the dc link current constant
so that the diode current consists of essentially rectangular
shaped pulses of 120° duration. The rectifier output voltage is
given by the following formula:

Ey = 3/m /2 vV, = 1.35 v, - (3-1)

With the inductive input filter, the ac phase current peak
occurs after the line to neutral phase voltage peak, and the
rectifier circuit presents a lagging power factor load to the ac
source.

The inverter, shown in Figure 3-5, is a forced commutated
inverter which provides variable voltage and variable frequency

power for driving ac motors. Output current flows from the dc
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source to the load through the main power thyristor switches,
which, with the exception of snubbers and current sensing circuits,
are the only elements in series with the load. Once turned on,
these conducting switches must be turned off, or "commutated", by
reducing the current through them to a level below their holding
current. Several methods for force commutating thyristors have
been developed. The inverter tested in the TSC program was an
auxiliary impulse commutated inverter, commonly called the
"McMurray" circuit, whose commutation pulses are generated by a
separate commutation thyristor and a series resonant tank circuit.
Voltage and frequency control is achieved by controlling the
conduction intervals and sequences of the main power switches.
Both voltage and frequency are continuously adjustable over their
operating ranges: voltage from 0 to 208 volts, line to line, and
frequency from 4 to 400 Hz.

The voltage, supplied from the dc link is varied by using
pulse-width modulation. The frequency is controlled by varying
the rate at which the load is connected to the positive and
negative sides of the dc bus. Phasing of the output waveform is
obtained by internal timing of the thyristor firing pulses to
maintain correct phase angle and rotation. The output waveform
is similar to a six pulse waveform; however it is chopped or
notched, so that each cycle consists of a series of equal amplitude,
but varied width pulses. The magnitude of the resultant output
voltage is maintained by controlling the width of the notches be-
tween the output pulses. The modulation and thyristor recovery
considerations limit the maximum duty cycle to approximately 90
percent. Thus, the inverter cannot deliver full power from its
total volt-ampere capability.

In the event of a load fault, the conducting thyristors must
be commutated before the fault current exceeds the commutation
limit. Failure to commutate under these conditions can result in
catastrophic failure of the device.

Pulse-width modulation allows both frequency and output
voltage magnitude to be controlled with one set of switching



semiconductors. The use of an uncontrolled, diode, input
rectifier bridge also eliminates the displacement component of
reactive power; thus, the system operates at power factors close
to unity.

The resulting waveforms, at one frequency in each of the
three frequency ranges, are shown in Figure 3-6.

The top traces in the output, voltage waveform photos are the
line to line voltages. The line to neutral voltages are shown in
the bottom traces. The change in the number of chops as frequency
increases is evident in the photos. As the frequency in any range
increases, the switching transients per second and the total
switching loss increase. At 120 Hz, for instance, there are 2160
commutations per second. At that point, the waveform is changed
to one with four notches, and the commutations per second are
reduced to 1200 with a corresponding reduction in switching loss.
Similarly, at 213 Hz the waveform is again modified to one with
two notches and the switching losses are again reduced.

This change in waveform as a function of frequency results
in discontinuities in the inverter characteristics at each of the
break points. The effects are noticeable in the power character-
istics and in the harmonic data. The harmonic ratios not only
change for each waveform as the number of notches change, but also
as the width of thel notches varies with output voltage control.

3.2.3 Constant Current Complementary Commutated Inverter

The constant current inverter is supplied by a six thyristor,
full-wave, phase delay rectifier with an inductive input filter.
DC link voltage magnitude is managed by controlling the point
in the input voltage cycle that the bridge thyristors are gated
on. When the thyristors are gated on without any delay, the cir-
cuit operation is identical to the six diode bridge with inductive
filtering which supplies the pulse-width modulated inverter.
Output voltage is at its maximum, Ed = 3/7 /7 Vl’ and the power
factor is maximum, 3/w, lagging.
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As the thyristor turn-on gating pulses are delayed, the output
voltage and input powér factor are reduced. For the case where
the dc link current magnitude is constant, it can be shown that
the phase delay rectifier output voltage is given by:

Ed = Edo cos a, (3-2)

where Edo is the maximum dc output voltage of the rectifier with no
delay, and a is the angle, in electrical degrees, that thyristor
conduction is delayed from the point where it first becomes forward
biased.

As the delay angle is increased, the phase angle between the
ac line current and line to neutral phase voltage also increases
and the input power factor decreases. The power factor of the
phase delay rectifier is related to the phase delay angle by the
following relationship:

pf = 3/7 cos a. (3-3)

This relationship is valid for the conditions of constant dc
current, which produces rectangular-shaped, line current pulses
and fixed, harmonic to fundamental, current ratios, a condition
maintained by the control circuitry of the constant current
inverter. The maximum power factor, at zero delay angle, is:

pf = 3/7m = 0.955. (3-4)

Although the delay angle is zero and the displacement between
the phase currents and voltages are zero, there is a distortion
component of reactive power which limits the maximum system power
factor to 0.955. As the delay angle increases, the distortion
factor remains 0.955, but the displacement factor increases and
power factor decreases. At delay angles greater than 58.4°, the
system power factor falls below 0.5.

The constant current inverter circuit utilizes a three-phase
inverter circuit commonly called a parallel capacitor commutated,
or complementary commutated, inverter circuit. Commutation of
conducting thyristors is accomplished by capacitively coupling a
commutation transient from an on-going thyristor to a conducting

3-12



thyristor. The resulting reverse voltage bias across the conduc-
ting thyristor forces the anode current to zero and commutates
the thyristor.

A schematic of the power circuit for the complementary
commutated inverter is shown in Figure 3-7. The phase delay
rectifier (pdr) converts the constant voltage 460 v, 3¢ input
voltage to variable voltage dc for the inverter. The dc choke
(L) filters the pdr output and maintains a constant current into
the inverter terminals. The inverter control systems regulates
the dc link current, thus providing inherent fault protection.
With a faulted output, the pdr phases back until the output
voltage is low enough to apply only the inverter limit current.

In the motoring mode, the dc output voltage of the pdr is positive
in the direction shown and the dc current flows in the direction
shown. During regeneration, the polarity of the dc voltage is
reversed, as shown in the Figure, by action of the inverter but

the direction of the dc current remains unchanged. During regen-
eration, the motor becomes the source of the ac power, the inverter
functions as a rectifier, converting the motor ac voltage to a dc
voltage, and the pdr functions as an inverter, converting the dc
voltage to 60 Hz, 3§ ac. .

3.3 OUTPUT VOLTAGE PROFILE

Each inverter's power handling capability is limited by
thyristor current considerations. Peak currents through the
inverter are limited to approximately 1.5 times rated output
current, considerably lower than the five to six times rated drawn
by a typical induction motor in across-the-line starting. Since
the inverters are variable frequency drive, peak motor torques are
developed from standstill to rated speed at lower current levels
by supplying the motor with a constant volts/Hz excitation.

The natural commutated inverter develops a quasi sine wave
output waveform and it follows fairly closely to a constant volt/Hz
excitation profile except for an adjustable, low voltage offset at
low frequencies as shown in Figure 3-8. The offset is necessary
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to overcome winding resistance in order to adequately flux the
motor at low frequencies.

The forced commutated inverter uses pulse-width modulation to
control the output voltage, and since its harmonic content is high,
the rms output voltage does not follow a constant volts/Hz profile.
The magnitude of the fundamental frequency component, however,
does follow a constant volts/Hz profile, as shown in Figure 3-9.

The constant current inverter does not regulate output
voltage. The voltage developed across the motor terminals is the
result of the motor responses to the impressed fundamental and
harmonic currents. The actual voltage measured falls within a
band of values containing a family of curves which are constant
volts/Hz as a function of load, as seen in Figure 3-10.
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I, TEST DESCRIPTION

4.1 DESCRIPTION OF FACILITY

The inverter testing was performed in the TSC Electrical
Power and Propulsion Test Facility which is designed to perform
power and harmonic measurements on power conditioning systems and
rotating equipment to 100 hp. Equipment available includes
precision voltage, current and power meters, and transducers,
whose frequency ranges extend beyond the range of the power
conditioning equipment and components; also appropriate spectrum
analyzers; frequency counters; and recorders. In addition to
the laboratory equipment, portable systems suitable for field
measurements are available. These, in concert with potential
and current transducers, can be used to make field power measure-
ments on railroad equipment presently in service. The facility
also includes an ample array of standard test equipment, such
as power supplies, oscilloscopes, function generators, and
meters.

Several dc and asynchronous ac motors, ranging in size from
10 to 100 hp and controlled by a component dynamometer, are
available as test loads for power conditioning systems.

4.2 TEST DYNAMOMETER

The component dynamometer used for the inverter testing is
shown in Figure 4-1. It is an oil-floated, cradled dc dynamometer,
capable of absorbing 65 hp and generating 62 hp at a base speed
of 5000 revolutions per minute (rpm); maximum speed is 8000 rpm.
Overload capabilities are:

150 percent of rated load for 15 min at 1 hr intervals
200 percent of rated load for 1 min at 10 min intervals
300 percent of rated load for 5 sec at 5 min intervals.

The dynamometer is a four quadrant drive, capable of deliver-
ing or absorbing power in either direction of rotation. It can be
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operated in either a torque control or speed control mode; manually
at the control console or automatically from a chart reading
programmer or other remote terminal. Torque and speed are regu-
lated to 0.5 percent under steady state conditions. Torque is
measured with a BLH type U3 Gl, load cell, mounted 18 inches from
the axial center line of the dynamometer shaft. The load cell
output is fed to an amplifier whose output voltage is proportional
to dynamometer shaft torque. This signal is then used in the
torque control loop of the dynamometer, and is displayed on a
digital voltmeter mounted on the dynamometer control console. The
dynamometer has two shaft-mounted speed sensors. One is a belt
driven dc generator whose output voltage is proportional to speed,
and whose polarity is an indication of direction of rotation.

This output is used in the speed control loop of the dynamometer,
and it is available for closed loop speed control of inverters,
although this speed signal was not used for inverter speed control
in this program. The second speed sensor is used for the dyna-
mometer speed visual readout. It consists of a 60-tooth gear
mounted on the shaft, a magnetic pick-up, and a digital counter
with a 1 second sample gate time. The number of pulses counted
during the 1 second sampling interval is equal to the shaft speed
in rpm, and this output is displayed on an indicator mounted on
the control console.

4.3 TEST CIRCUIT

To provide comparative data for inverter evaluation, each
inverter was tested while driving a 20 hp, 3¢, 460 volt, 1800 rpm,
120 Hz, NEMA* class B, induction machine. Since the natural
commutated inverter and the forced commutated inverter are rated
for 208 volts maximum output at 60 Hz, the motor was underexcited
by these inverters at higher frequencies. The constant current
inverter is rated for full output power at 120 Hz and 460 volts,
therefore this inverter was the only one of the three which could
develop the full 20 hp output of the machine. In making power

F 3 -
NEMA - National Electrical Manufacturers Association
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characteristic measurements and in collecting harmonic data, the
inverter output voltage and frequency were established. Load
torque was then applied through control of the component dynamo -
meter. The applied load was incrementally increased at the rate
of 5 foot-pounds (ft-1b) per step until either rated inverter
current was reached, or the motor began to stall and lose speed.
In an efficient load control application, the traction motor will
operate in the low slip region of its torque-speed characteristic
from zero speed to maximum speed. Therefore, data taken at speeds
lower than that of maximum torque are not relevant to this study.

The power, response, and harmonic characteristics for the
natural commutated inverter and pulse-width modulated inverter were
measured using the motor as a load where possible. At voltages
and frequencies where the motor was an inappropriate load, static
inductors and resistors were used to simulate motor loads. These
static loads were made up of a series combinations of resistors
and inductors connected in a Y configuration. The inductors used
have an impedance of 10 ohms at 60 Hz, and are tapped at 1.0 ohm
intervals. They have linear impedance characteristics in the test
frequency range and are rated for a continuous duty of 50 amperes
(amps). For each load run where static components were used,
resistance was held constant; frequency and the inductor tap
setting were changed to set the desired impedance and power factor.

Static load configurations for the inverter testing represented
typical load conditions as seen in motor drive applications. They
include a load power factor of 0.5, which is similar to a linear
induction motor, and a load power factor of 0.8, which is similar
to a rotary motor. Data was also taken with a resistive load unity
power factor, where such measurements were feasible. The inverters
investigated in the TSC program were instrumented as shown in
Figure 4-2.

The load indicated in the Figure consists of a three-phase
induction motor coupled to the TSC dynamometer. This was the
configuration used for testing the three inverters when operated
with motor loads. Static loads were substituted for the motor as
required when the motor could not be used.
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Power measurements were made using the two wattmeter method,
as shown in the Figure. This method provides true power measure-
ment in a three-phase system irrespective of any unbalance or

distortion conditions.13

Input power wattmeters used were Hall-
mark model HWP, type 2, and the output wattmeters were Weston

model 310, form 3, accurate to 1/2 percent to 2500 Hz.

Voltage readings were taken with Weston type 960 ac volt-
meters, and current measurements were made with calibrated, true

rms reading, hall effect current probe ammeters built at TSC.

DC 1link current and voltage measurements were made using a
Weston type 901 dc voltmeter and a Hallmark model hdc dc ammeter.
These readings were used to calculate dc link power, and, for the
constant current inverter, phase delay angle.

Inverter output voltages and currents were measured using
true rms indicating instruments, a Ballantine type 323 voltmeter
for the pulse-width modulated inverter because of its high voltage
harmonic content, and a Weston type 960 for the natural commutated
inverter and the constant current inverter whose outputs did not
contain significant high order harmonics. Output currents were
measured with calibrated hall effect current probes and Weston
type 904 ac ammeters. Output frequency was measured using a
Transistor Specialties, Incorporated model 361-R frequency counter.

One output of each hall effect probe is a replica of the
instantaneous current waveform. This replica was used for photo-
graphs and for harmonic measurements. Harmonics were measured
with a Hewlett-Packard type 3590-A wave analyzer, which has an
internal frequency sweep and a linear decibel (db) output.
Harmonic data was recorded on a Hewlett-Packard, type 7414A, four
channel strip chart recorder. A Tektronix type 547 oscilloscope,
fitted with a camera, was used for waveform observations and
photographs.

4.4 INVERTER CONTROL

The natural commutated and pulse-width modulated inverters
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tested at TSC are open loop systems which regulate output voltage
and frequency, but do not have any speed regulation in the control
loop. The test motor thus operated at the equilibrium point of
its torque-speed characteristic where motor slip speed varied as

a function of the motor load. Since the inverters as delivered
did not include closed loop control, control system evaluation
could not be made.

The constant current inverter is a closed loop system which
regulates motor speed using a tachometer feedback signal. Speed
error signals modulate the inverter frequency and current level
so that the motor operates at command speed with motor excitation
being varied to maintain that speed.

Since the power characteristics of the inverters and their
impact on distribution systems and motor operating parameters
were being studied, control systems were not incorporated to per-
form closed loop tests. It is felt that each of the three systems
tested can meet operational performance criteria if a closed loop
tachometer feedback control system is incorporated in the inverter
volts-per-Hertz control.

All three inverter circuits are basically capable of regen-
eration. However, the natural commutated inverter and pulse-width
modulated inverter were not operable in that mode because of the
diode input bridge rectifier circuits. These will only allow
current flow in a single direction and will not operate with a
reversal of output polarity; therefore, regenerative operation
was not possible. Whenever the inverter was forced into regenera-
tion by action of the dynamometer, the dc link voltage rose to the
overvoltage trip-off point and de-energized the inverter.

The constant current inverter circuit and the phase delay
rectifier input circuit are both capable of regenerative operation
and the system was tested in the regenerative mode.

4.5 TEST DATA

Power characteristic data, measured and calculated from



measurements, are tabulated in Tables A-1 through A-66, and in-
cluded as Appendix A. A description of the measurement and cal-
culation procedures used to obtain the power characteristics data
is given in Appendix C. Data includes power characteristics data
for the natural commutated inverter and the pulse-width modulated
inverter powering static loads of 0.5, 0.8 lagging power factor,
a power factor of 1.0, and an induction motor load from 10 Hz to
120 Hz. The static load measurements are included because each
inverter is rated to 400 Hz and the TSC facility does not have
400 Hz load motor capability. Comparisons between static loads
and motor loads are favorable and it is felt that static data can
be extrapolated to include motor data at higher frequencies than
the 120 Hz achieved in the TSC tests.

The constant current inverter incorporates closed loop
tachometer speed control; therefore, only induction motor loads
to maximum rated frequency of 120 Hz were included in the inver-
ter tests. This inverter is the only one of those configured for
regenerative operation. Although some regenerative data is in-
cluded in Appendix A, it is not dealt with in depth because it is
not possible to make comparisons with either of the other inverters



5. INPUT POWER FACTOR

Input power factor is the ratio of total input power (P) to total
apparent input power (S;) of the inverter system. Since each inverter
system in the test program is supplied by a three-phase, ac source,
the system power factor can be calculated from measurements made
at the inverter's ac line terminails using the following formula:

2
f = 2. 5-1
p 5T (5-1)

Each inverter incorporates a different scheme for rectifying
the ac input to supply the dc voltage to the inverter:

1. the natural commutated inverter uses a full-wave, unidi-
rectional bridge rectifier with a capacitive input filter

2. the pulse-width modulated inverter uses a full-wave, uni-
directional bridge rectifier with an inductive input
filter

3. the constant current inverter uses a full-wave, bidirec-
tional phase delay rectifier with an inductive input
filter.

The power factor of the full-wave bridges which supply the
inverter systems is a function of real power, displacement reactive
power, and distortion reactive power.

There is a power factor associated with rectifier circuits
even though there may be no reactive components in the load.
This power factor exists because the chopping action of rectifier
circuits generate harmonic currents which distort the current wave-
form and produce a distortion component of reactive power.

In addition, the delay of thyristor turn-on in the phase
delay rectifier circuit causes the fundamental components of the
current and voltage to be out of phase, resulting in a displacement
component of reactive power,.

The dc voltage output of a three-phase, full-wave, rectifier



bridge circuit is:
d =3/n V2 Vo (5-2)

where V, is the rms value of thn line to line ac input voltage.
There is a 360 Hz ripple component in the output which introduces
distortion. Therefore, total apparent power is higher than total
real power and the maximum input power factor obtainable can be
shown to be 3/m or 0.955. Measurements differ slightly from this
value because of single phase loads which are separate loads from

the full-wave bridge, but which enter into system measurements.

Power factors of the three inverters are shown in Figures 5-1
through 5-4. For the natural commutated inverter and the pulse-
width modulated inverter, the input power factor is a function of
the output power level; but for the constant current inverter,
power factor is a function of the delay angle, a, and the dc 1link
voltage, which vary as functions of both speed and load.

5.1 NATURAL COMMUTATED INVERTER

The input power factor of the rectifier circuit which powers
the natural commutated inverter is shown in Figure 5-1.

The internal current in the inverter proper consists of a
series of high energy discontinuous pulses with high peak to rms
ratios. These pulses must be supplied from a low impedance source.
Therefore, a bank of storage capacitors is used as the filter.

The capacitors, however, also present a low impedance to the source,
and the current into them is also characterized by high peak to rms
ratios. The conduction intervals of the bridge diodes are limited
to the time required to charge the storage capacitor bank to the
peak value of the input line voltage. The result is an input of
discrete current pulses and high harmonic content, which causes a
high distortion reactive power and lower system input power factor.

As load increases, the current pulses widen and the harmonic
ratios decrease. However, the current pulse waveform does not
become a quasi-square wave as with an inductively filtered load.
Rather, it is still characterized by a high peak to rms ratio with
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the result that a good harmonic distribution is not achieved. The
maximum power factor measured is 0.82, instead of 0.955 which would

be the case if current pulses were rectangular.

The energy storage capacitors effectively buffer the inverter
from the dc source. The energy delivered to them replaces losses
and power supplied to the load through the inverter. Since current
flow through a diode bridge is unidirectional, neither load
reactive power nor regenerated power can flow back through the
diode bridge to the ac source. These circulate in the reactive
components of the load and the input storage capacitors, either
maintaining or raising the capacitor voltage. The input current
from the diode is a function of the energy dissipated, not of
energy circulated. Thus, the inverter load power factor is not
reflected back to the ac lines. The system power factor is pro-
portional to the output power, not to the inverter load voltage,
load current, or load power factor. The power factor is lowered
by the energy storage capacitors because they alter both the input
characteristics and the harmonic distortion component of reactive

power.

5.2 PULSE-WIDTH MODULATED INVERTER

The input power factor of the pulse-width modulated inverter
is shown in Figure 5-2. For all outputs greater than 3.0 kW, which
is 20 percent of the full load output, the power factor is greater
than 0.9. This high power factor results from two features of the
input system, the rectifier system and the filtering.

The inverter system uses a full-wave, six diode bridge without
phase control for input rectification. This eliminates the dis-
placement component of reactive power, which would contribute to
low power factors under light load conditions. The filtering scheme
uses a smoothing reactor in the dc link which reduces harmonic
distortion, and extends the period of full diode conduction to
lower current levels, also increasing the power factor at light
load.

In the pulse-width modulated inverter, as in the natural
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commutated inverter, the use of a well filtered dc link effectively
buffers the ac source from the load, and makes the input character-
istics independent of the load magnitude or power factor. The power
dissipation in the magnetic circuits, the fans, and the transformers
is also included in the input power factor parameters. These addi-
tional circuits lower the power factor to 0.92 from 0.955, which

is the maximum power factor of a full-wave, inductively filtered,
six diode bridge.

5.3 CONSTANT CURRENT INVERTER

DC 1ink voltage of the constant current inverter is supplied
by a full-wave, six thyristor, phase delay bridge rectifier
circuit. Both output voltage and input power factor are functions
of the cosine of the delay angle (a).

The regulation scheme maintains a continuous dc link current;
therefore, the output voltage and power factor can be found from
the following formulas:

Ed

3/ V2 V, cos o (5-3)

pf = 3/m cos a. (5-4)

Measurements of the dc link were used to calculate o, using
equation 5-3, and then equation 5-4 was used to predict the power
factor. Comparisons of measured and calculated power factors as
a function of the delay angle are given in Figure 5-3. Differences
which appear in the Figure are due to single phase and auxiliary
loads which are not part of the phase delay rectifier loads but
which do appear in the total system measurements.

The constant current inverter regulates the current in the dc
link by closed loop control of the phase delay rectifier delay
angle. As the speed command or inverter load changes, the control
circuitry responds by adjusting (a) to allow the voltage to change
as required for current regulation. As a result, the constant
current inverter does not maintain a constant volt-per-hertz motor
excitation slope. The motor excitation is held at a minimum to

maintain speed at any given load. Thus, the motor voltage and
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current will be at their lowest consistent with maintaining speed,
at no load, and at their highest at full load. Since the power
factor of the phase delay rectifier is solely a function of a, the
power factor of the constant current inverter varies within a band
of values as shown in Figure 5-4. The rectangular current waveforms
of the constant current inverter have fixed distortion components,
which do not change as the delay angle changes. The power factor
changes are due to changes in phase displacement of the 60 Hz
fundamental voltage and current. Similarly during regeneration,
the power factor will fall in a range of values dependent on speed
and power flow. At low speeds and at low current levels, the

regenerative power factor will be low.
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6. INPUT HARMONICS

In three-phase rectifier circuits, current flows through each
phase line in one direction for 1/3 of the voltage cycle, in the
alternate direction for another 1/3 of the cycle, and is zero for
the remaining 1/3 of a cycle. This rectifier chopping action
generates distortion currents consisting of harmonics of the
fundamental 60 Hz input current. These have been measured in the
laboratory with a harmonic wave analyzer, and the relative magni-
tude (in db) displayed on a strip chart recorder.

Not all harmonics are present in a three-phase, six pulse
system. In particular, the third harmonic and its multiples are
all of equal magnitude and they are in phase. Therefore, the net
contribution to the ouput of each of the triplen harmonics is zero.
The even harmonics are also absent from the spectra because of
the zero baseline symmetry. Even harmonics would only appear if
there was a dc offset in the analyzed waveform. Accounting for
the symmetry and the triplen cancellations, the first harmonic
present is the fifth, followed by the seventh, eleventh, thirteenth,
etc.

The current harmonics contribute to the rms line current
vectorially:
2
I, =/ I_ . (6-1)
L AE | m
Since this rms line current is used in the determination of
apparent power and power factor, the presence of the harmonics

results in a lower power factor for the system.

6.1 NATURAL COMMUTATED INVERTER

In the natural commutated inverter, energy storage capacitors
on the input deliver power between conduction intervals of the
input rectifiers. At light loads the capacitors do not discharge
significantly between these conduction intervals, so the input
current waveform consists of a series of discontinuous current
pulses. The amplitudes of these pulses are high because the input
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capacitors do not 1limit current and a high peak to rms ratio with
high harmonic distortion results. At heavy loads the current
becomes continuous but it does not become a quasi-square wave and
peak to rms ratios remain high. Current harmonic data are shown
in Figures 6-1 to 6-3. Figure 6-1 is taken with the inverter
lightly loaded at a dc 1link current of 3.5 amps; Figure 6-2, at
the onset of continuous conduction; and Figure 6-3, a heavily
loaded case where dc link current is 15 amps. The harmonic ratios
associated with these figures are listed in Table 6-1 and plotted
in Figure 6-4.

The ratio of any harmonic to the fundamental is higher for
the light load cases than for the heavier loaded cases; therefore,
the distortion component of input rms current is also high. As the
load increases, the harmonic ratios decrease and their contribution
to rms line current is reduced, but the input line current remains
a multipulse waveform, as shown in the Figures,

At the high current levels of full scale traction equipment,
these harmonics can cause losses in the series line impedance of
the input lines, excess current in bypass capacitors, counter
torques in rotating equipment, and interference in telecommunica-
tions and radio equipment.

The harmonic currents are also only distortion currents which
do not contribute to any real power. This can be shown by computing
the integral of the instantaneous power over a full cycle as des-
cribed in Appendix C.

In a direct rectification system, such as that just described
for the natural commutated inverter, the diodes conduct when they
are forward biased. There is no displacement between the funda-
mental current and voltage waveforms; hence, the displacement power
factor does not vary. The harmonic distortion of the input wave-
form, however, does decrease as the input current level increases,
becoming less severe at higher levels. The rms distortion current
is given by:

14 = \/(I,L)2 - ap? (6-2)
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TABLE 6-1. NATURAL COMMUTATED INVERTER INPUT CURRENT HARMONIC

DISTRIBUTION
ATMONIC IRMS = 3.5A IRMS = 4.8A IRMS = 15.0A
NUMBER Adb IN/I1 Adb IN/I1 Adb IN/I1
1 0 1.0 0 1.0 0 1.0
5 3 .71 5 .56 9 .35
7 7 .45 9 .35 20 .10
11 21 ~.089 22 .080 22 .08
13 22 .080 23 .071 30 .032
17 26 .050 28 . 040 31 .028
19 28 .040 29 .035 33 .022
23 31 .028 33 .022 37 .014
25 32 .025 36 .016 38 .013
29 35 .018 36 .016 40 .010
31 36 .016 38 .013
35 38 .013 38 .013
37 37 .014 42 .008
41 42 .008
43 40 .010




and the distortion factor is:

-
o

df =

T (6-3)

=

For the three cases described in this section the harmonic ratios

and distortion factors at the three current levels are shown in
Table 6-2.

TABLE 6-2. DISTORTION FACTORS AND CURRENT MAGNITUDES

Idc IQ/IQ Id/Il d.f.
3.5A 1.313 0.843 0.64
4.8A 1.21 0.681 0.56
15.0A 1.085 0.42 0.39

These formulas and current values describe the input power
characteristics of the inverter with energy storage capacitors
on the input. Because of the energy storage buffer between the
source and the inverter proper, load configuration does not alter
the input characteristics. The input power factor is a measure
of harmonic distortion, and is related to the input current purity,
which improves as the rms line current increases.

6.2 PULSE-WIDTH MODULATED INVERTER

The pulse-width modulated inverter also has a six diode full-
wave, three-phase rectifier bridge to convert the input ac to a dc
link. Unlike the natural commutated inverter, the pulse-width
modulated inverter has an inductive input filter which affects
the harmonic distribution of the currents by attenuating harmonics
and reducing the peak to rms ratios. For significant current
levels the dc current is constant and the input current becomes a
quasi-square wave current whose wave shape is characteristic of
three-phase, inductively filtered, rectifier circuits. The
harmonics for this waveform follow a 1/n distribution, and repre-

sent the minimum harmonic distribution achievable without incor-
porating harmonic filtering.

Input harmonics for two current levels into the pulse-width
modulated inverter are shown in Figures 6-5 and 6-6, and listed in

6-8



Input Line

Current

I

L 4A RMS

60 Hz

f. = 60 Hz

1 5 11 13 23 29 35 41 47 53 59 65 71 77 83 89 91
0 db

=100 db

FIGURE 6-5. PULSE-WIDTH MODULATED INVERTER, INPUT
CURRENT HARMONIC SPECTRUM AT Iin = 4 AMPS RMS

6-9




INPUT LINE CURRENT

—
I

20 AMPS

Hh
1]

60 Hz

15 1117 23 29 35 41 47 53 59 65 71 77

0 db __W )
@m%rw
-50 db — | E u‘ {melwbmmmd%%j;

FIGURE 6-6. PULSE-WIDTH MODULATED INVERTER, INPUT
CURRENT HARMONIC SPECTRUM AT Iin = 20 AMPS RMS

6-10



Table 6-3. There are two components of input line current which
flow into the inverter system. One is the rectifier power supply
current for the inverter proper, and the second is the current for
the auxiliary electronics such as relay, logic, control, and
cooling. The current for the auxiliary is a single phase current
which is supplied from a transformer connected across two of the
input phases. This single phase current is included in the fol-
lowing input current analysis.

The current for the auxiliaries, which is supplied through the
stepdown transformer, is a 60 Hz, sinusoidal component. It is
discernible as an apparent displacement of the zero axis in the
Figures. Since it is a constant magnitude, it is less significant
as the input current level to the inverter proper increases. The
filter removes a significant portion of the distortion and the
harmonic ratios approach the 1/n distribution common to currents
in rectified, three-phase, inductively filtered circuits.

Figure 6-5 shows the waveform and harmonic distribution for
an input current of 4 amps. At this level the 60 Hz auxiliary
current is a significant proportion of the input and the baseline
distortion is evident. Figure 6-6 shows the waveform and harmonic
distribution for an input current of 20 amps. In this case the
60 Hz component is a lesser proportion of the input current. The
harmonic ratios of these waveforms are listed in Table 6-3. The
60 Hz auxiliary current component added to the 60 Hz component of
the six pulse rectifier input increases the apparent fundamental
component and decreases the apparent harmonic ratios. The
measured harmonic ratios, however, do not differ significantly
from those obtained with quasi-square wave currents. Since the
auxiliary loads are connected across two of the three input lines,
an unbalanced condition exists, but this unbalance does not impact
power characteristic measurements.

6.3 CONSTANT CURRENT INVERTER

The control loop of the constant current inverter controls
the delay angle to vary the output voltage of the phase delay
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TABLE 6-3.

INPUT HARMONICS

Iin = A Iin = 20 A
HARMONIC db In db In
NUMBER I1 Il
1 -12 1 0 1
5 -23 0.28 -13 0.22
7 -31 0.11 -18 0.125
11 -33 0.088 -20 0.10
13 -37 0.056 -22 0.03
17 -39 0.042 -24 0.063
19 -40 0.04 -26 0.05
23 -41 0.036 -26 0.05
25 -42 0.033 -28 0.04
29 -43 0.028 -29 0.035
31 -44 0.025 -31 0.028
35 -44 0.025 -32 0.025
37 -45 0.022 -33 0.022
41 -45 0.022 -32 0.025
43 -47 0.018 -34 0.020
47 =47 0.018 -34 0.020
49 -48 0.016 -36 0.016
53 -48 0.016 -36 0.016
55 -49 0.014 -38 0.012
-38 0.012
-40 0.01
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rectifier to regulate the dc link current. The large reactor and
the control scheme maintain a continuous current in the dc link
and the input line current is a quasi-square wave for all condi-
tions. The harmonic content in that case does not vary from full
pdr output voltages at o = 0, through zero volts at o = 90°, and
into regeneration as o becomes greater than 90°.

An input current waveform and the harmonic spectrum of that
waveform are shown in Figure 6-7. Harmonic ratios are listed in
Table 6-4. Note that for three-phase systems with 120° rectangular
current waveforms, the harmonic distributions follow a 1/n pattern
and the distortion factor is at a minimum value of 0.29.

The constant current inverter, operating with a motor load,
supplies a minimum of 20 amps motor excitation at all operating
points. The current therefore only varies over a range of 20 amps
at no load to 44 amps at full loads. Even at the lower level,
the single phase load currents are too low to significantly offset
the 1/n harmonic distribution pattern.

The inverter input current wave shape is the same at all
current levels; therefore, the distortion factor is constant. The
measured value of 0.29 agrees with the values calculated from
equation 6-3.

Input distortion factors measured for the three inverters are
shown in Figure 6-8. The natural commutated inverter and the
pulse-width modulated inverter each have high distortion at low
current levels with distortion falling asymptolically toward 0.29,
the level of minimum distortion in three-phase rectifier systems.
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TABLE 6-4.

CONSTANT CURRENT INVERTER INPUT HARMONIC DISTRIBUTION

I

-1

Harmonic 1Adb N IN/I1
1 0 1.0
5 14 0.2
7 18 0.126
11 24 0.063
13 24 0.063
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/. OUTPUT HARMONICS

Since the inverters each incorporate different methods of
producing the output voltage, they have different harmonic patterns
in that output. The natural commutated inverter compares the
output to a reference sine wave, and, by means of pulse repetition
rate modulation, adds or removes charge in the output filter
capacitors. The output voltage developed in this manner has a
strong fundamental component and few harmonics; thus, it is sin-
usoidal in shape for all but insignificantly light loads.

The pulse-width modulated inverter varies the on-to-off
ratios of the inverter thyristors so that the fundamental component
of the output voltage is proportional to a reference voltage. The
output developed in this manner consists of a fixed quantity of
variable width rectangular pulses which produce the fundamental
and high harmonic voltage levels at multiples of the modulation
frequency. The resultant current harmonics are dependent on the
load impedance at the harmonic frequency; and, since the harmonic
voltages are high, the current levels can be significant.

The constant current inverter delivers quasi-square waves of
current to the load by virtue of the fact that the dc link current
is regulated. The output voltage is the composite of the vol-
tages of each harmonic current and the load impedance at the
harmonic frequency. The harmonic current magnitude decreases as
a function of 1/n, and the voltages developed by them becomes 1less
significant as the harmonic order increases. THe output voltage
of the inverter into a motor load is close to sinusoidal with some
distortion evident.

Output harmonic data for the three inverters at various load
levels are shown in Figures 7-1 through 7-16. As with the input
harmonics, the output of the harmonic wave analyzer was displayed
on a strip chart recorder in a db versus frequency format. The

photographs show the waveforms analyzed, while the harmonic con-
tent of the waveform is shown in the strip chart records. For




resistive load cases, the current and voltage waveform harmonic
distributions are the same. For the lagging power factor load
cases, the harmonic distributions shown are for the current wave-
form only.

7.1 NATURAL COMMUTATED INVERTER

The harmonic distribution in the output of the natural
commutated inverter is low. In particular, with a lagging power
factor static or motor load, the output current wave shape approack
that of a pure sinusoid. The reference for the output is a sine
wave voltage at the output frequency and proportional to the
required output amplitude. The control circuitry samples the
output and controls thyristor firing time so that the output
voltage approaches the sinusoidal reference. The result, as shown
in Figures 7-1 through 7-5, is a waveform with very low harmonic
to fundamental ratios. This is true for all outputs where the
discharge time constant of the output storage capacitors is low
compared to the reference frequency. Thus, waveform purity is
better at low frequencies and at heavier loads.

At 25 Hz, with an unfiltered resistive load at a current of
1 amp, (Figure 7-1) the magnitude of the highest harmonic, the
fifth, is discernible in the inverter noise at -33 db, 2.2 percent
of the fundamental magnitude. Under the same conditionms, but at
400 Hz, (Figure 7-2), the fifth harmonic is 26 db down, a magnitud
of 5 percent of tHe fundamental. With such low harmonic ratios,
even with unfiltered loads, it is not surprising that the addition
of inductance in the load (lagging power factor) further reduces
harmonic content and improves waveform purity. Figure 7-3,
harmonic spectra for static loads simulating an induction motor
at 60 Hz and a 0.8 power factor, shows that there are no discernib
harmonics in the current waveform. Similarly Figure 7-4, output
current harmonic spectra for the inverter driving a motor load at
60 Hz, and at conditions similar to those in Figure 7-3, shows the
same purity of waveform. The distortion apparent in Figure 7-4
results from the fact that the motor actually operates at a higher
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FIGURE 7-1. NATURAL COMMUTATED INVERTER,
OUTPUT CURRENT HARMONIC SPECTRA AT 25 Hz
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FIGURE 7-2. NATURAL COMMUTATED INVERTER,
OUTPUT CURRENT HARMONIC SPECTRA AT 400 Hz
Vv = 120 VOLTS RMS, I = 1 AMP RMS
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power factor than 0.8, and therefore, there is less output current
filtering. Data for the resistive load cases of Figures 7-1 and
7-2, the lagging power factor cases, static load of Figure 7-3,
and motor load of Figure 7-4 indicates that for all practical
inverter loads the natural commutated inverter can be treated as a
sine wave generator.

Figure 7-5 shows the output current, output voltage, and the
harmonic spectral sweep for the inverter under overload or current
limit conditions, recognizable by the distortion at the waveform
peaks. When the inverter enters this current limited operation,
the dwell time between consecutive power pulses is controlled by

thyristor recovery considerations. At this time there is a periodic

component to the current pulses, and two distinct harmonic patterns
are present. One is due to the distortion of the sinsusoidal
waveform caused by current limiting action. The other is due to
the pulse repetition frequency, which is at its maximum during the
output voltage peak periods. The lower order harmonics (5 through
17) are caused by the distortion at the peaks, while the higher
order harmonics (greater than 3 kHz) are caused by the pulse
repetition frequency.

7.2 PULSE-WIDTH MODULATED INVERTER

The output of the pulse-width modulated inverter is not
filtered by energy storage capacitors; thus, the waveform contains
significant harmonic distortion components which affect the output
characteristics. Output harmonic data for this inverter are shown
in Figures 7-6 through 7-16., Included are figures showing the
harmonics distributions for the inverter driving a motor load and
driving static load elements at a 0.8 power factor. The static
load data was taken at three frequencies, each in a different
pulse number group: 100 Hz for the eight -notch waveform; 150 Hz
for the four -notch waveform; and 300 Hz for the two -notch waveform.
The waveform of the voltage at a particular frequency does not
vary as a function of the output current. Therefore, the waveform
at 150 volts output is the same whether the output current is
1 amp or 44 amps, and whether the power factor is 1.0 or a lagging

U=7
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FIGURE 7-5. NATURAL COMMUTATED INVERTER, OUTPUT CURRENT
HARMONIC SPECTRA AT 100 Hz, INVERTER OVERLOADED
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0.5. The voltage harmonic distribution is a function of the

number of pulses; the harmonic magnitudes are proportional to the
pulse-widths or duty cycle (T). Figures 7-6 and 7-7 show voltage
harmonic spectra for four duty cycle conditions, T = 0.25, 0.5,
0.87, and 1.0; 0.87 is the maximum duty cycle for the test inver-
ter. The 1.0 case is an unmodulated, maximum voltage case included
for comparison.

As the duty cycle increases, the harmonic magnitudes decrease.
However, they persist to high orders for all cases except for the
unmodulated waveform, T = 1.0. Ratios of the magnitude of harmonic
voltages to the fundamental voltage are listed in Table 7-1. The
dominant harmonics are the twenty-third and twenty-fifth, which,
at a duty cycle of 0.25, are nearly equal in magnitude to the
fundamental. At a duty cycle of 0.5 they are reduced by 3 db;

(30 percent); at maximum duty cycle they are further reduced by

15 db (80 percent). But for all modulated cases, harmonics within
10 percent of the fundamental exist to harmonic orders higher than
the seventy-third. By comparison, for the unmodulated wave the
eleventh harmonic is less than 10 percent of the fundamental,

9.09 percent.

The voltage harmonics appear in clusters at multiples of the
modulation frequency, which, for the eight -notch waveform is 24
times the fundamental. Thus, the harmonics peak on each side of
the twenty-fourth, forty-eighth, seventy-second, etc. harmonic.

Figures 7-8 and 7-9 show voltage harmonic spectra for the
two other waveforms of the pulse-width modulated inverter, the
four -notch and two-notch. These waveforms have modulation
frequencies of 12 and six times the fundamental respectively, and
the harmonic clusters appear at these frequency multiples.

The current harmonic spectra, when the load has a lagging
power factor, do not exhibit the same harmonic distributions as
the voltage harmonics because of filtering by the motor reactance.
As frequency increases, the impedance increases proportionally
and the current resulting from the harmonic voltage is attenuated.
Current harmonic spectra for the inverter driving a motor load at

7619
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FIGURE 7-7b.
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a duty cycle of 0.25 with an eight pulse-modulated wave is shown

in Figure 7-10. The harmonic ratios are listed in Table 7-2. For
this case, as described earlier, the magnitudes of the twenty-third
and twenty-fifth voltage harmonics were equal to the fundamental
voltage, but the current harmonics are down approximately 20 db,

an order of magnitude difference. Figures 7-11 and 7-12 show
current harmonic spectra for the inverter driving a motor load,
with a pulse modulation producing a four notch wave at two current
levels. Harmonic ratios are listed in Table 7-3. In each case

the highest harmonic is the thirteenth. For the lower current,

9.0 amp case, the thirteenth harmonic magnitude is 0.282 of the
fundamental, and for the 20 amp case the thirteenth harmonic is
0.126 of the fundamental. These differences are brought about by
the fact that the motor power factor and hence the harmonic current
distribution varies as a function of loading and slip.

Figures 7-13 and 7-14 show output current harmonic-spectra for
static load conditions at a power factor of 0.8. Comparison of
this static load data to test motor data (Figures 7-11 and 7-12)
show close agreement. Differences are due to the fact that
the motor operates at power factors higher than the 0.8 used in
earlier static load tests. Since the test motor could not be
operated at speeds when the waveforms transited from one with four
notches to one with two notches, the 0.8 power factor static load
spectrum was used for harmonic studies of the two-notch waveform.
Figure 7-15 shows the current harmonic spectra for a 0.8 power
factor static load with a two-notch voltage waveform at a frequency
of 300 Hz. ‘Harmonic ratios for this case are tabulated in Table 7-4,
note that the current wave shape has the same pattern as motor
current at lower frequencies.

As the number of notches is changed, the harmonic number at
which the first peak occurs also changes; with the eight-notch
waveform the harmonics cluster about the twenty-fourth multiple;
with the four-notch waveform they cluster at multiples of 12; and
with the two-notch the clusters are centered on multiples of six.
The actual frequency range of the harmonics, however, remains
fairly constant as inverter frequency changes. For each waveform

7-16



SWI SAWV Z°ST = I “SZ°0 = 1 ‘WNYID9dS DINOWMVH INTWYND
L0dINO “YIIYIANI QILVINAON HIAIM-ISTIAd  "0T-. Y091

i
|

—_— gaoaf —
fo g & i i » - ’
7‘.\ X p o, iipsn LA 2T LY, rmJ Sta bt g v, onotle
!
TEQ ="AIQ 1dWY . 8800426 Q?OA

SWd dWV Z2°ST

7-17



TABLE 7-2. PULSE WIDTH MODULATED INVERTER OUTPUT CURRENT HARMONIC
SPECTRA

T = 0.25, Eo = 108 V Motor Phase Current = 15.2A rms

L-L’

N Adb /1,
1 0 1.0

5 -20 0.1

7 -28 04
11 -38 .013
13 -44 .006
17 -37 .014
19 ~34 .02
23 -18 .13
25 -18 .13
29 -32 .025
31 -35 .018
35 -42 .008
37 -45 .006
41
43

47
49

53

55

59
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FIGURE 7-11. PULSE-WIDTH MODULATED INVERTER,
OUTPUT CURRENT HARMONIC SPECTRUM, Ey = 162 VOLTS,
F =124 Hz, WAVEFORM = FOUR NOTCH
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FIGURE 7-12. PULSE-WIDTH MODULATED INVERTER,
OUTPUT CURRENT HARMONIC SPECTRUM, E = 162 VOLTS,
F = 124 Hz, WAVEFORM = FOUR NOTCH
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TABLE 7-3.

PULSE-WIDTH MODULATE
HARMONIC SPECTRA

D INVERTER, OUTPUT CURRENT

4 NOTCH 124 Hz
IL 9A Tms 20A Tms
N Adb IN/I1 Adb IN/I1
1 0 1.0 0 1.0
5 -12 .25 -19 .112
7! =524l .089 -26 .05
I -15 .178 1243 .07
13 -11 .282 -18 .13
17 -22 .08 -29 .04
19 -23 .07 -30 .03
23 -19 .11 -25 .06
25 -26 .05 -31 .03
29 -45 .007 -50 .003
i
35
37
41
43
47
49
53
55
59
61
65
67
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L-L
I,
F1 = 100 Hz
1 57 11131719 23 2527 31 3537 4143 47 49 53 55-57 61
0 db,
-100 db — -

FIGURE 7-13. OUTPUT HARMONIC SPECTRUM,
Z 4.3 OHMS, Eg = 150 VOLTS,
F 100 Hz, PF = 0.8
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4.3 OHMS, Eg = 150 VOLTS,

IGURE 7-15. OUTPUT HARMONIC SPECTRUM,
= 300 Hz, PF = 0.8
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TABLE 7-4. PULSE-WIDTH MODULATED INVERTER STATIC LOAD CURRENT HARMONIC
SPECTRA
Z = 4,3 ohms Pf = 0.8
F = 100 Hz F = 150 Hz F = 300 Hz
8 Notch 4 Notch 2 Notch
A B A B A B
1 0 1.0 0 1.0 0 1.0
5 25 .06 26 .05 19 .11
7 31 .03 36 .016 14 .20
11 42 .008 22 .08 26 .05
13 47 .005 20 .1 31 .028
17 48 .004 33 .022 29 .035
19 44 .006 35 .018 38 .013
23 27 .045 38 .013 46 .005
25 27 .045 40 .01
29 40 .01
31
35
37
41
43
47
49
53
55
A=A db B =N
L
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the range of center frequency for the first cluster is:
eight notches 4 to 120 Hz = 96 Hz to 2.88 kHz

four notches 120 to 200 Hz 1.44 kHz to 2.40 kHz

two notches 200 to 400 Hz = 1.2 kHz to 2.40 kHz

For this particular set of operating frequencies, the range
of harmonics extends further with the eight-notch waveform than
with the four-notch or the two-notch waveforms.

As the number of notches is changed and the harmonics clusters
move closer to the fundamental frequency, the harmonic currents
increase. Under identical static load conditions of 150 volts and
at a load power factor of 0.8 the highest harmonic current
magnitude is .04T, for the eight-notch output, 0.1I, for the four-
notch-output and O.ZI2 for the two-notch output. The effects of
these harmonics on the motor operating characteristics have not
been fully analyzed. However, a reduction in efficiency can be
anticipated because the contributions of the harmonics become
more severe as the number of waveform notches is increased.

High distortion components present in the output voltage
waveform indicate misleading results when comparing measured output
characteristics to calculated values using the laboratory setup.
Measured characteristics indicate a lower power factor than
calculated for the output rms voltage. When harmonic data is
used to isolate the components of current and voltage, and the
impedance of the load is recalculated for each harmonic frequency
the measurements and calculations are in agreement. The results
of such a calculation for static load test, are shown in Table 7-5.
This table lists the harmonic magnitudes of current and voltage in
the output waveforms for the following conditions: output fre-
quency = 100 Hz; output voltage = 150 volts rms; load impedance =
4,33 ohms; and output power factor = 0.5 lagging. Also included
in the listing is the calculated impedance of the load at the
harmonic frequencies, calculated harmonic current, and calculated

power for the highest harmonics.
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TABLE 7-5. HARMONIC COMPONENTS

f = 100 Hz
V¢ = 86.15vRMS
P.f = 0.5
Ip = 13.5A
P0 = 1.19 kW
P, =397 W
)
Measured Calculated
Phase Phase Phase Phase
Voltage Current Impedance Current Power
Harmonic Volts AC Amps AC Ohms Amps AC Watts
1 57.3 13.4 4.33 13.4 359.0
5 13.2 .54 18.5 .72 1.1
7 7.6 .27 26.2 .29 .2
11 5.4 .08 41.2 .18
13 3.4 .05 48.6 .07
17 2.6 .02 63.5 .04
19 5.4 .05 71 .07
23 42.3 405 86 .49 .5
25 53.8 .405 98.3 .57 .7
29 13.2 .09 108 .12
31 10.6 .07 116 .09
Calculated
Phase Power 391.5 W
Measured
Phase Power 397 W
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The results of the harmonic analyses indicate that for an
inverter which uses pulse-width modulation to regulate the output
voltage, the output power and power factor are related to output
frequency, the number of pulses in the output, and the pulse-widths
of the output pulse train. The data indicates that the inverter
is better suited for operation with low power factor loads than
with high power factor loads. Because of the high harmonic content
in the voltage waveform, their effects become more significant as
power factor increases and the filtering action of the load is
lost. As the number of notches and the ratio of the chopping
frequency to the fundamental decrease, the filtering action of the
load is more important in limiting harmonic currents; thus, rein-
forcing the dependence of the inverter on a low power factor load
for harmonic current limiting. Under static operation, the load
power factor can be set and the harmonic spectra measured and
displayed, but under dynamic conditions load power factor is a
function of the motor slip. Thus, harmonic ratios are likely to
vary as a function of motor operating parameters. Nevertheless,
harmonic patterns are distinctive, and although they may change
in magnitude, the pattern of the distribution is unchanged. A
complete description of harmonic current behavior with the pulse-
width modulated inverter in any full scale system will require
extensive computation and analysis, using the equivalent circuit
parameters of the particular motor being driven and the modulation
characteristics of the inverter output. The feasibility of this
approach has been demonstrated in the simulation modeling done as
part of this program.

A detailed description of harmonic influence in three-phase
induction machines is given in reference 14, where it is shown
that the harmonics produce effects in the motor torque-speed
characteristics at speeds corresponding to high slip points. The
fifth harmonic, for example, produces negative torques at slip
speeds of 1.251. The seventh produces positive torque from zero
speed to one-seventh of synchronous speed, and negative torques,
diminishing in magnitude, from one-seventh synchronous speed to
synchronous speed. The variable frequency, power conditioning
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systems used to supply the inverters operate the motor near
synchronous speed at all points, therefore the effects of the
harmonics on the motor performance are not distinguishable.
Harmonic impact on communication and control systems will have to
be investigated on an individual basis, since the severity of any
interference on any system cannot be predicted.

7.3 CONSTANT CURRENT INVERTER

Harmonic studies of waveforms associated with the constant
current inverter are less complex than those of the pulse-width
modulated inverter because the constant current inverter delivers
a six pulse, quasi-square wave of current to the motor load. These
wave shapes have well defined, harmonic components whose magnitude
is inversely proportional to the harmonic number; identical to
those of the phase delay, input bridge discussed in the section
dealing with input harmonics. Even numbered and triplen (3, 9,
15...) harmonics do not appear in the output. Figure 7-16
shows waveform photos and harmonic spectra for the constant
current inverter's current waveform. Harmonic values are listed
in Table 7-6. Similarity to the waveform of Figure 6-7 is evident,
the principle difference being in the slower rise and fall times
of the output current waveform. Harmonic distributions follow the
1/n pattern characteristic of this waveform with a cluster near
the forty-second multiple, due to the linear ramp leading and
trailing edges. Coﬁstraining the current to a fixed wave shape
forces the voltage to vary as a function of the load impedance.
Because the motor presents a lagging power factor load to the
constant current inverter, the output voltage has a wave shape
which has a strong fundamental component, but some harmonic dis-
tortion pattern is evident.

A characteristic of constant current inverters is the series
of voltage pulses which occur at the transition points where
current transfers from one line to another. This is a result of
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coupling the turn-on transient of an on-going thyristor to
commutate a conducting thyristor. The effects of these pulses on
the harmonic distribution of the voltage waveforms can be seen in
the figures, where for the no load, lower voltage case, harmonic
component distribution patterns extend to high order harmonics.
The motor currents associated with these higher order voltage
harmonic are greater than 40 db below the fundamental, a magnitude
of less than 1 percent, and therefore not significant.

1
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8. LOSSES AND EFFICIENCY

Efficiency is the proportion of total real power input which
is delivered as real power to the load. The remainder is either
used within the inverter for auxiliary power or lost in the power
conditioning process. For the three inverter systems tested, the
measured auxiliary losses are as listed.

8.1 AUXILIARY LOSSES

1. Natural commutated inverter = 500 watts
2. Pulse-width modulated inverter = 220 watts
3. Constant current inverter = 300 watts

These losses are essentially fixed losses which do not vary
significantly with load or frequency. They occur principally in
the electronics sections and include waveform generation, current
and voltage controls, power supplies, metering circuits, and fans.
They are least significant at high output levels, but at light
loads they constitute a major portion of the output power and
account for the poor efficiency at those levels.

It should be noted that these losses are not linearly related
to inverter power handling capability and in full scale equipment
would be of little importance.

8.2 POWER CONDITIONING LOSSES

8.2.1 Switching Loss

The power processing losses are functions of the total number
of switching transients per second and the current levels within
the inverter. Switching losses result from the high, instantaneous
power dissipated in some of the semiconductor devices during turn-
on or recovery. Because they are proportional to the current being
switched, the switching losses are not easily isolated from the
current level or condution losses. However, an attempt has been
made to separate them so that a coarse analysis can be done. Losses
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due to inverter switching transients have been plotted in Figure 8-1
Comparisons of the curves show the importance of limiting the
number of switching transients per second to minimize these losses.

For the natural commutated inverter, switching losses increase
as frequency increases, and as output voltage increases. In the
first case, as frequency increases more polarity changes per
second are required and there are more switching transients per
second. A proportional increase in switching losses results. In
the second case, for a given load the output current will increase
as the voltage across the load increases. Since the natural
commutated inverter maintains the output by supplying charge
impulses to the output filter capacitors, more such impulses and
thus more switching transients are required to maintain the output
voltage level.

The pulse-width modulated inverter varies the output voltage
by controlling the width of fixed numbers of pulses. The total
number of switching transients per cycle of output voltage is
constant, therefore switching losses do not vary as a function of
output voltage. The number of commutations per second, however,
is proportional to frequency, thus the switching loss component
is dependent on output frequency.

At frequencies where switching losses approach the dissipa-
tion limits of the components, the output waveform is changed to
reduce the number of commutations per cycle, and per second, so
that the frequency range of the inverter can be extended. There
are two waveform changes made in the pulse-width modulated inver-
ter, one at 120 Hz where the output transits from 18 pulse (18
commutations per thyristor) to 10 pulses, and the second at 200 Hz,
where the 10 pulse waveform is reduced to six pulses. The number
of pulses refers to the total pulses per phase per cycle of output
voltage.

The switching losses in the natural commutated inverter and
in the pulse-width modulated inverter are comparable. In each
case the current through the commutation loop components does not
vary significantly, as it is the loop current of a series

8-2



SWITCHING LOSS (kW)

l<._ CONSTANT CURRENT INVERTER

m /
/
/
/
/
/
/
/
/
~ /
/ 208V
| PULSE-WIDTH MODULATED
(COMMUTATIONS/CYCLE) ’/

OUTPUT FREQUENCY (Hz)

FIGUBE 8-1. SWITCHING LOSSES VERSUS OUTPUT FREQUENCY

8-3



resonant LC network, and the current amplitude is determined
principally by vL/C. The commutation current waveforms are half
sine wave pulses which begin at zero current and do not rise
appreciably before the semiconductors are fully turned on; thus,
the semiconductor switching losses are minimized. Commutation
current pulses do have high peak values, however, and ohmic
losses in the commutation loop components can be high. In a full
scale system, component sizing to lower internal resistance, and
location to lower lead resistance will be important in minimizing
the commutation circuit losses.

The constant current inverter has less commutations per cycle
of output than either of the other two, yet the switching losses
are considerably higher. This is due to the fact that the con-
stant current inverter incorporates dissipative burden circuitry
with power loss proportional to output frequency. This circuitry,
although included in the particular inverter design tested, may
not be required in a full scale system, or at least may be re-
designed to be more efficient. The loss characteristics of this
circuitry are included, however, in overall system performance
analysis.,

8.2.2 Conduction Losses

The final loss component, the conduction loss, is computed by
subtracting fixed and switching losses from the total inverter
loss. This component is a function of current level through the
inverter, and consists of two parts: 1) ohmic losses in the in-
verter components, and 2) conduction power losses in semiconductor
junctions. Ohmic losses are 1%R losses which increase exponentiall)
with current. Semiconductor junction power loss has a linear
characteristic because semiconductors have a nominal 'on'" voltage
of 1.0 to 2.0 volts, therefore the losses in them are linearly
proportional to current. The combination of the two components
gives the conduction loss a log plus linear slope which is evident
in the plots of conduction losses in the three inverters, shown
in Figure 8-2.
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As with the switching losses, the constant current inverter
has a higher conduction loss component than either the natural
commutatéd inverter or the pulse-width modulated inverter. The
internal dissipative burdens, which cause high losses in the
switching state, also affect the conduction losses with the result
that the constant current inverter losses are high for the test
article.

A factor to be considered in analyzing the current level-
related losses is the number of components in series in the high
current power electronic branches. The natural commutated inver-
ter, because of capacitive energy storage between the line and the
dc 1link, and between the inverter proper and the load, has
different current levels in each link. On the input side, the
current levels, hence the losses, are proportional to diode cur-
rent. The commutation components are in series with the load, and
their losses are also proportional to output current levels.
Neglecting the input rectifier circuitry, because current levels
there are lower than in the inverter, the natural commutated
inverter has four thyristors, two diodes, two capacitors, and two

inductors in series with the 1load.

The pulse-width modulated inverter has an inductive filter
which maintains a constant current through the input rectifier
and through the inverter; thus, current levels in the two are
comparable. The system includes two rectifier diodes, the filter
inductor, and two inverter thyristors in series from the ac input
line through the load. Unlike the natural commutated inverter,
commutation components are not in series with the load, and thus
current-related losses are low.

The constant current inverter also has an inductive input
filter, and rectifier current is nearly equal to inverter current.
There are eight semiconductor junctions through the rectifier and
inverter segment: two thyristors in the pdr; two thyristors in the
inverter; and four isolation diodes (two in series per leg), plus
the filter inductor. Therefore, the series loss in this inverter
would be expected to be the highest of the three. The burden
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circuitry incorporated in the inverter also adds to the steady
state losses, making the constant current inverter the least
efficient of the three inverters tested.

8.3 EFFICIENCY

The effects of losses on inverter system performance can be
seen in Figures 8-3 through 8-5, which are plots of inverter
efficiency versus power out. As one would expect, efficiency at
light loads is characteristically low because the bulk of the
power is used to supply fixed loads and is not processed to the
output. As the power output increases, the ratio of output to
input increases and quickly approaches the level where the fixed
losses are no longer significant, approximately 3 kW of output
power. From that point on, switching and steady state losses
become the limiting factors.

Of the three inverters tested, the pulse-width modulated
inverter operated most efficiently, attaining efficiencies greater
than 90 percent at full load output. The natural commutated
inverter reached efficiencies of 82 percent at comparable power
levels and operating frequencies. The constant current inverter,
because of the resistive burden circuit losses, reached a peak
efficiency of 74 percent at full load output power, but only
68 percent at outputs comparable to the other two inverters.
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9. COMPUTER SIMULATION OF AC INDUCTION MOTOR AND INVERTER DRIVES

The computer simulation of the natural commutated inverter
pulse-width modulated, and constant current inverter drives plus
ac induction motor offers a convenient means for comparing the
idealized drive characteristics with those measured in the
laboratory. This technique allows one to examine the motor-drive
characteristics under a variety of conditions. It also gives an
insight into the limitations of the various drives, which can be
particularly helpful in system design or in the selection of a
motor-drive for use in a given propulsion application.

This simulation study consists of two separate investigations:

the first is the modeling of a 120 Hz, 20 hp, ac induction machine
designed for a rated speed of 1785 rpm; the second is the modeling
of three inverter drives (natural, pulse-width modulated, and
constant current), used to control speed of the ac induction
machine,

The simulation of three inverters requires models which
generate the current-voltage waveform characteristics of each
inverter. Since these waveforms can be described by Fourier
expansions, one method of checking the model's validity is to
compare Fourier harmonic amplitudes with those measured in the
laboratory. This test provides a check on the validity of the
inverter model, independent of the model used for the induction
machine. Once the validity of the inverter models is established,
these models are used in conjunction with the induction motor
model to predict the combined motor-drive characteristics. This
puts particular importance on the validity of the motor model,
since errors in the machine simulation lead to increased errors in
the combined motor-drive simulation. Particular attention is
therefore given to the selection of induction motor parameters
which yield a good representation of motor performance over a wide
range of operating conditions. This includes both motoring and
regenerative motor modes.



9.1 INDUCTION MACHINE MODEL

The nameplate data for the ac induction machine studied in
this program is given in Table 9-1.

TABLE 9-1. NAMEPLATE DATA
Manufacturer: Louis Allis
Rated Power: : 20 hp at 120 Hz
No. of Electrical poles: 8
Rated Speed: 1785 rpm
Terminal Voltage: 460 V
NEMA Type: B

Figure 9-1 shows a sketch of the equivalent circuit used to
describe the induction machine. Seven circuit parameters are
required; two for the primary, four for the secondary, and one to
describe the magnetization reactance. Four circuit parameters
are required to model the secondary (rotor) due to the speed
dependent secondary impedance of NEMA type B machines.

The values of the equivalent parameters were determined from
laboratory tests of the ac induction motor. The initial tests
were conducted with a 60 Hz variac-drive to eliminate complications
which might otherwise arise from the higher harmonic outputs of
the inverter drives. At 60 Hz, rated motor speed is 892 rpm and
rated output power is 10 hp.

The methods for determining the equivalent circuit parameters
follows standard test procedures, which include:

dc primary resistance measurement
no load impedance measurement
locked rotor impedance measurement

. locked rotor torque measurement

(72 T~ T B oS T

rotational loss measurement (windage, friction).

A further tests is required to determine the rotor circuit param-
eters.
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FIGURE 9-1. INDUCTION MOTOR EQUIVALENT CIRCUIT




6. torque speed characteristics at fixed motor terminal
voltage.

Test 6 provides data on stall torque and its related slip,
which is useful in checking the consistency of the parameter
choice.

Appendix D contains a detailed description of the motor test
data and the calculations required to determine the equivalent
circuit parameters. The following section summarizes the signifi-

cant steps in the determination of these circuit parameters.

9.1.1 Determination of Motor Equivalent Circuit Parameters

The equivalent circuit parameters were determined from the
test measurements (1) through (6) given above. The determination
of the motor circuit parameters from the test data is presented
below.

1. Primary resistance, Rl‘

The input phase resistance of the motor is 0.089 ohms/phase.
Including the resistance of the leads gives a total input resis-

tance of, R1 = 0.205 ohms (leads included).

2. Primary Leakage Reactance, X;.

Blocked motor test data yields an input reactance of 0.91
ohms. Assuming that the primary leakage reactance is one-half
the input reactance, then, X; = 0.455 ohms (60 Hz).

3, Magnetization Reactance, Xm.

No load test data yields an average input reactance of 6.319
ohms. Subtracting the primary leakage reactance, X,, from the
input reactance gives a magnetization reactance, X = 5.955 ohms
(60 Hz).

4, Secondary Circuit Parameters: Ra’ Rb’ XZ’ Xa.
The secondary circuit parameters are determined by empirical-
ly fitting the computed input motor impedance to measured input

impedance at three values of motor slip (5=0.054, S$=0.50, S=1.0).
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The choice of parameters is restricted by the shape of the thrust-
speed characteristic as described by the so-called "m" parameter
(14) where

R, - RaRy
_ b R+ R
m = a b ) (9-1)
0 : -
XA[ b (Ra+Rb)]

Assigning m = 1.0, the values of the secondary circuit parameters,
which yield a "best fit" to the measured motor impedance, are

R, = 0.1, Ry = 0.5, X, = 0.35, and X_ = 0.5 ohns.

The motor circuit parameters for 60 Hz excitation are listed
in Table 9-2. The reactive impedances at other frequencies are
found by multiplying the values in Table 9-2 by excitation
frequency/60 Hz.

TABLE 9-2, INDUCTION MOTOR EQUIVALENT CIRCUIT
PARAMETERS AT 60 Hz

Induction Motor Equivalent Circuit Parameters (60 Hz)

R1 = 0.205
X1 = 0.450
Xm = 5.93
X2 = 0.35
Xa = 0.50
Ra = 0.10
Rb = 0.503

Figure 9-2 shows the input impedance of the motor for 60 Hz
excitation in the region near zero slip as computed using the
value of motor parameters given in Table 9-2.

9.1.2 Induction Motor Torque, Current-Speed Characteristics

Figure 9-3 shows the motor torque and input circuit charac-
teristics for a fixed motor terminal voltage of 75 volts 1-1 and
60 Hz drive frequency. The solid curves give the computed
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characteristics based upon the induction motor equivalent circuit
of Figure 9-1. This circuit neglects power losses which arise
from sources other than the primary and secondary IZR heating
loss. As a result, it predicts larger torques in the motoring
mode and smaller torques in the regenerative braking mode than
observed in practice. The circled points give the motor torque
measured with the laboratory dynamometer. They lie reasonably
close to the computed torque characteristics except in the region
above synchronous speed, where the motor torque exceeds the com-
puted braking torque. In contrast, the agreement in the computed
and measured motor current is good over the full range of measured
motor speeds.

9,1.3 Induction Motor Input Power Characteristics

Figure 9-4 shows the real and reactive power into the induc-
tion motor for the same operating conditions used in the torque
studies. The measured real and reactive powers, obtained by using
the two wattmeter method, are indicated by the legend points. The
agreement between computed and measured powers is acceptable and
within the limits of validity expected for the model.

9.2 INVERTER DRIVE MODELS

This section describes the computer simulation of three
different inverter drives used to control the speed of the ac
jnduction machine. The simulation requires the modeling of the
current and voltage waveforms appropriate to the different inverter
drives. A check on the validity of the inverter simulation is
obtained by comparing the current and voltage waveforms generated
by the computer model with those measured in the laboratory. This
was most readily accomplished by comparing the amplitudes of the
computed and measured current and voltage harmonics for various
operating drive conditions.

The computer programs calculate the drive characteristics
for fixed inverter output voltage; this simplifies the comparison
of computed and measured drive characteristics. In the case of
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the natural commutated inverter drive, the input current waveform
is modeled rather than the output waveform since the output wave-
form closely follows a sine-wave.

The listing of the three computer programs that describe the
natural commutated inverter, pulse-width modulated inverter, and
constant current inverter motor drives is contained in Appen-

dix E. These programs compute the following quantities:

1. Instantaneous quantities

Inverter output voltage harmonics
Inverter output current harmonics
Motor torque

. Real power into motor

o A& 0 o @

Reactive power into motor
2. Integrated output quantities

RMS current
RMS voltage (line to line)
Average motor torque

.

Total real power into motor

Total displacement power into motor
Total reactive power into motor
Total apparent power into motor
System power factor

H B3 0@Q H 0O A0 T P

Displacement power factor.

The constant current inverter drive generates a fixed output
current waveform which can be described by the Fourier series,

i(t) = ¢ 1 eJnut (9-2)

L1y

n

where In is the current harmonic amplitude. The corresponding
voltage (line to neutral) amplitude at the motor input terminals is

v(t) = VA ejnwt- (9-3)

X In n
n
Zn is the motor impedance (per phase) associated with the nth

harmonic.
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The pulse-width modulated inverter and the natural commutated
inverter drives are voltage drives in contrast to the constant
current inverter drive. Their instantaneous output voltages (line
to neutral) can be described by

v(t) = v elRUt (9-4)
n
where V, is the voltage harmonic amplitude (line to neutral). The
instantaneous motor phase current is then

i(t) = z(vn/zn)ejnwt. (9-5)
n

The output (real) power of the three-phase drive is

= 3 -

P = Vi g Vn 1 In cosQn , (9-6)
where 6, refers to the angle between the current and voltage har-
monic phasors. The output apparent power S of the three-phase
drive is’

_ 3 2 2
S = x \/E vV, - Z I . (9-7)
n n

Total reactive power Qr is

Q - \/s2 Lepal (9-8)

The displacement reactive power QP is computed according to

_ 3 .
Qp =7 ﬁ Vn i In sin Qn. (9-9)

The following sections describe the computer simulation of
the natural commutated inverter, pulse-width modulated inverter,
and contant current inverter drives.

9.2.1 Natural Commutated Inverter Model

The characteristics of the natural commutated inverter drive
are summarized in Table 9-3. The drive utilizes three thyristor
inverters to provide variable amplitude and frequency output. The
voltage output waveform closely follows the input sine wave
reference signal; hence, the model of the output voltage is trivial.

9-11




The simulation exercise is confined to the description of the non-
sinusoidal input currents to the drive.

TABLE 9-3. NATURAL COMMUTATED INVERTER DRIVE

Input: 323 vac

3 phase, 60 Hz
Output: 50 amp max.
0-2 kHz

3.5 kva/phase
10 kw

The large capacitor across the output of the rectifier stage
causes severe distortion in the input current waveform to the
drive. The charge required to maintain the capacitor voltage is
supplied in the form of short current pulses during the moments of
peak ac line voltage. As the current level increases, the width
and amplitude of the input current pulses increase until, in the
limit of high input current levels, the current waveform approaches

120 degree conduction pulses characteristic of the constant current
inverter output current waveform.

9.2.1.1 Inverter Input Current - Figure 9-5 shows the input
current waveform used in modeling the natural commutated inverter
drive. The angle ¢ denotes the onset of the current referenced

to the midpoint of symmetry as shown. As input current increases,
¢ decreases until finally it becomes zero at the point where the
current pulse functions overlap. The expressions for the current
in the "discontinuous" and '"continuous'" conduction modes are
indicated in the Figure. The presence of inductive elements in the
rectifier circuit causes a phase delay in the current. The re-
sulting lag in the current relative to the line voltage is taken
into account by introducing an empirical displacement power factor
of 0.974 into the computer model.
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The input inverter current is described by equation 9-2,
Assuming the zero-time reference as given in Figure 9-5, the
harmonic current amplitudes for the discontinuous and continuous
conduction modes are given by

Discontinuous mode: 0 < ¢ < m/6,
e EE (1 - cosnn)‘ cos(3-n)¢ - cos(3-n)(% -9) (9-10)
n m t S - n
T
+ cos(3+n)¢ - cos(3+n) (T - ¢)
S+ n
T
- 2 sin 3¢(sinn(3 -¢ ) - sinng )
n
Continuous mode: - % <&<O0
I = ig (1 - cosnm) (1 - cos(3-n)n/3) + (1 - cos(3+n)n/3)
n T S - n S +n

- 2 sin3 £ sinn w/3 (8-11)

n

Io denotes the peak amplitude of the current waveform at zero onset
angle as shown in Figure 9-5. The parameter, £, adjusts the degree
of overlap of the current waveform. See Appendix E, derivation of
natural commutated inverter computer model.

The rms input line currents for the two modes are

Discontinuous mode:

/ 9-12)
m - 6 + sin6¢) - 2sin6¢ (
RMS \// 3

+ (f - 2¢)51n3¢

Continuous mode:

.
_ /2 i 4sin3 | T .. 2 (9-13)
TaMs _\/F Io\/g ol ___X_l_L + z sin® 3g.
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9.2.1.2 Natural Commutated Inverter Harmonic Input Spectra - The
input current harmonic spectra are tabulated in Table 9-4 for
three values of input line current. Included in the table are the
measured harmonic current amplitudes and the corresponding ampli-
tudes computed using equation 9-10.

The current parameter I 5 was determined from equation 9-12
using the measured rms current at the onset of current overlap.
The conduction delay angle, ¢, was similarly found by setting
equation 9-11 equal to the measured line currents for discontin-
uous conduction. (Note that the measured current waveform was in
the discontinuous mode.) The agreement in measured and computed
input current harmonics is considered satisfactory.

TABLE 9-4. NATURAL COMMUTATED INVERTER CURRENT HARMONICS
Io = 34,6 ARMS
I = 5.7A I = 10.2A I = 15.8A
Tms TmS TMS

$=13° ¢=8° ¢=3°
Meas. Comp. Meas. Comp. Meas. Comp.

n In In In In In In

1 0db 0 0db 0 0db 0
5 2.5 2.1 3 2.9 4 4.8
3 5 4.4 6 6.1 8 10.8
11 12 12.8 17 20.3 21 25.7
13 17 21.8 20 33.2 20 22.7
17 24 23.0 24 22.6 28 42.2
19 27 21.9 25 27.4 30 30.4

The data obtained from the study of the input harmonics
spectra is used to determine the ratio of fundamental to total
rms input line current to the inverter. Figure 9-6 shows the
ratio as a function of the rms line current as determined from
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harmonic analyzer data and from measured input power data at
different drive frequencies. In the latter case, the ratio of

fundamental (Il) to total rms line current (I ) is given by,

Tms

. (9-14)
Tims 73 Viine lrms' Pfprsp,

where

P = power input to drive

\% = input line to line voltage to rectifier,

line
PFpigp. = displacement power factor.

The current ratio predicted by the computer model is also shown
in the figure. Except at higher input current levels, where the
model predicts a somewhat larger than measured current ratio, the
computer predictions lie within acceptable limits.

9.2.1.3 Natural Commutated Inverter Input Power Characteristic -
The power source to the natural commutated inverter drive is
modeled as a hard voltage source with input current as given by
Figure 9-5. The input current (fundamental) is assumed to be
delayed in phase relative to the input voltage by 13 degrees,
equivalent to a displacement power factor of 0.974. (See
equation 9-14.)

Figure 9-7 gives the ratio of real and total reactive powers
to apparent power as predicted by the natural commutated inverter
computer model. The figure shows that the natural commutated in-
verter drive operates more efficiently at higher current levels
due to the reduced current distortion under these conditions.

9.2.2 Pulse-Width Modulated Inverter Model

The nameplate data for this pulse-width modulated inverter
drive is given in Table 9-5. The inverter generates a controlled
output voltage wave of variable amplitude and frequency. Voltage
amplitude is controlled by varying the on-off time of the individ-
ual pulses comprising the voltage wave.
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TABLE 9-5. PULSE-WIDTH MODULATED INVERTER

Input: 230/460 vac

3 phase, 60 Hz
Output: 0-230 vac

3 phase

4-400 Hz (60 Hz base)

Output Voltage Waveform:

8 pulses/120 degrees 0-120 Hz
4 pulses/120 degrees 120-213 Hz
2 pulses/120 degrees 213-400 Hz

9.2.2.1 - Inverter Output Voltage - The voltage (line to line)
waveform generated by the pulse-width modulated inverter drive is
shown in Figure 9-8. It consists of groups of variable width
pulses of alternating polarity, each group spanning a time frame

of 120 degrees. Between zero and 120 Hz, the waveform has eight
notches, between 120 and 213 Hz there are four notches, and between
213 and 400 Hz there are two notches.

The voltage waveforms in Figure 9-8 can be derived from the
product of the two waveform functions fl(t), fz(t), shown in
Figures 9-9b and 9-9c. The waveform function fl(t) describes
the 120 degree conduction wave. The waveform function fz(t) de-
scribes a unidirectional modulation pulse function. The waveforms

can be represented by the following Fourier series (see Appendix E).

fl(t) ==§: %h sinn % cosn % cosnwt (9-15)
n
2 .
fz(t)==§: (t+ = sinmmt cos2mpwt) (9-16)
m

where T is the duty cycle of the pulse modulation and p is the
number of modulation notches in a 180 degree time span. Note that
for p=12, there are eight notches in the 120 degree current pulse
function. See Figure 9-9a. If V0 is the line to line (rms)
voltage seen at the output terminals of the three-phase inverter,
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interval

FIGURE 9-8a.

0
FIGURE 9-8b. 213 < £ < 400
0
FIGURE 9-8c. 120< f < 213
0
FIGURE 9-8d.  0< f < 120

FIGURE 9-8. PULSE-WIDTH MODULATED VOLTAGE WAVEFORMS AT
DIFFERENT OPERATING FREQUENCIES
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FIGURE 9-9a.

PULSE-WIDTH MODULATED OUTPUT VOLTAGE WAVEFORM

FIGURE 9-9b.

OMITTING PULSE MODULATION

FIGURE 9-9c.
PULSE MODULATION
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the instantaneous line to line inverter voltage is given by

v(t) = Vo fl(t)-fz(t) (9-17)
T

—

Expressing v(t) as the Fourier series,

vz(t)= 3 Vn cosnwt, (9-18)

n

The harmonic coefficients, Vn’ can be found by equating like terms
in the Fourier expansion of equations 9-17 and 9-18. The final
expression for the harmonic amplitude coefficient is

4 ® 2V 61 V, sinnm COSHW{.I -5“ 2n sinmﬂT}
Y T g B )
. m - R (zmp)? -n? m 7T
(9-19)

The pulse function p is restricted to multiples of three in the
above expression. For most test runs, p is equal to 12, corres-

ponding to eight notches in the voltage waveform (See Figure 9-9a).

The current harmonic amplitudes are found by dividing the
respective voltage harmonic amplitudes by the motor impedance at
the harmonic frequency.

9.2.2.2 Pulse-Width Modulated Inverter Harmonic Output Spectra -
The pulse-width modulated computer model described in the previous
section is next used to determine the inverter output current and
voltage harmonics when the inverter is driving the ac induction
machine. Tables 9-6 and 9-7 present the computed as well as
measured harmonics (db relative to fundamental) for pulse duty
width; t© = 0.25, and motor slips of .055 and 0.2. The pulse
number, p, is 12 corresponding to eight notches in a 120 degree
conduction period.

The integrated harmonic quantities are summarized at the
bottom of the table. The fundamental voltage harmonics amplitude
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TABLE 9-6.

PULSE-WIDTH MODULATION CALCULATIONS

TAU= 0.25 VP=104.0 P= 12
FREQ= &0. SLIP= 0,055 RFM= 8351,
N UN IN T P
v A LB-FT KuW
1. 49.7895 15.0254 641425 0.9241
Se 10.6294 1.4967 -0.0269 0.0048
7. 8.1210 0.8377 0.0082 0.0015
11. 6.4144 0.4274 -0,0021 0.0004
13. 6.3589 0.,3595 0.0015 0.0003
17. 7.7754 0.3371 -0.0013 0,0002
19. 10.0009 0.3882 0.0017 0.0003
23. 45.2258 1.4517 -0.0231 0.0042
25. -=44.4285 -1.3124 0.0188 0.0035
29. -9.1480 -0,2331 -0.,0006 0.0001
31, -6.8612 -0.,1635 0.0003 0.0001
35, -5.,2170 -0.1102 -0.0001 0.0000
37. =5.,0710 -0.1013 0.0001 0.0000
41. -5.9507 -0.,1073 -0.0001 0.0000
43, -7.4905 -0.1288 0.0002 0.0000
47, -32.3643 -0.5091 -0.0028 0.0005
49. 31.0345 0.4483 0.0024 0.0004
S3. 46,0689 0.0847 -0.0001 0.0000
SS. 4.4279 0.0595 0.0000 0.0000
59. 3.1723 0,0398 -0.0000 0.0000
é1. 2.9856 0.0362 0.0000 0.0000
65, . 2646 0,0371 -0.0000 0.0000
&7, 3.9519 0.,0436 0.0000 0.0000
71, 15.6361 0.1629 -0.0003 0.,0001
73. -14.2572 ~0.1444 0.0002 0.0000
770 "s04759 -000238 -0.0000 °0°°°°
?9. ~1.6815 -0,0157 0.0000 0.0000
83. -1.0046 -0,0090 -0,0000 0.0000
850 ’003389 -000073 000000 °0°°°°
89, -0.6480 -0.0054 -0.0000 0,0000
INTEGRATED QUTFUT QUANTITIES
YRMS= 98.82100 VDLTS,RMS (LINE-LINE)
VI(FUND)= 49,7895V0LTS
IRMS= 15.29010 AMPSsRMS
I1(FUND)= 15,0254AMPS
TORQUE= 6.11863 LB-FT
MOTOR EFF.= 0,78583
REAL POWER= 0.74059 KW
REACTIVE FOWER(TOTAL)= 2.,58867KVAR ax/s=

DISPLACEMENT POWER(FUND)=
DISPLACCMENT POWER(TOTAL)=

AFPARENT POUWER =
POWER FACTOR(FUND)=
POUER FACTOR(SYSTEM)=

0.90835KVAR
1.,25609 KVAR

2.75426 KVA
0.71315
0.34151%

9-24

Q
KVAR
0,9083
0.,0271
0.0127
0.0047
0,0040
0.0045
0.0067
0.1136
0.,1009
0.0037
0.0019
0.0010
0.000%
0.0011
0.0017
0.0285S
0.0252
0.0009
0.0005
0.0002
0.0002
0.0002
0.0003
0.0044
0.0036
0.0001
0.000Q
0.0000
0.0000
0,0000

0.93988

Computed

UN IN

DB DB
0.00 0.00
13.41 20.03
15.75 25.07
17.80 30.92
17.88 32,42
16,13 32.98
13.94 31.75
0.84 20.30
0.99 21.18
14.72 346.19
17.21 39.26
19.59 42.70
19.84 43,42
18.45 42.92
16.45 41.34
3.74 29.40
4,11 30,13
18.28 44,98
21.02 48.04
23.92 51.55
24,44 52.36
23.67 52.14
22,01 50.74
10.06 39.30
10.86 40,34
26.07 S56.01
29.43 59.60
33.90 64.50
35.47 66,27
37.71 68.91

Measured
VN IN
DB DB
0.0 0.0
14 18
17 26
24 36
28 42
22 36
16 32
0 16
0 16
12 30
14 34
20 40
22 43
29 48
22 42
2 24
0 22
12 34
14 37
18 40
19 42
22 46
26 52
8 32
3



TAU= 0.
FREQ=
N

1.
S,
7,
11.
13.
17.
19,
23.
25,
29.
31.
3S.,
37.
41,
43,
47,
49 .
53,
33.
S9.
61,
. 65,
67.
71,
73,
77,
79.
83.
B83.
89,

TABLE 9-7.

25 v
60,
UN,

v
49,7895
10,6294

8.1210
6.4144
6.3589
7.7754
10,0009
45,2258
-44,4285
29,1480
-6.8612
-5,2170
~5.0710
-5,9507
-7.4905
-32,3643
31,0345
6.0689
4,4279
3.1723
2,9856
3.2646
3.9519
15,6361
-14.2572
-2,4759
-1.6815
~1,0046
-0.8389
-0.6480

F=104.0 P= 12
SLIP= 0,200 RPM= 720,
IN T P
A LB-FT KW
23,1986  4.7534  0.9386
1.5007 -0,0262  0.0047
0.8385  0.0081 0.0015
0.4275 -0.0020  0.0004
0.3595  0.0014  0.0003
0.3371 <0.0012  0.0002
0.3882  0.0016  0.0003
1.4517 -0.0229  0.0042
-1,3124  0.0187  0.0034
-0.2331 -0.0006  0.0001
-0.1435  0.0003  0.0001
-0,1102 =-0,0001 0.0000
-0.1013  0,0001 0.0000
-0.1073  -0.0001 0.0000
-0.1288  0.0002  0.0000
~0,5091 -0.0028  0.,0005
0.4483  0.0023  0.0004
0.0847 -0.0001 0.0000
0.0595  0.,0000  0.0000
0.0398 -0.0000  0.0000
0.0362  0.0000  0.0000
0.0371  -0.0000  0.0000
0.0436  0.0000  0.0000
0.1629 -0.0003  0.0001
-0.1444  0,0002  0.0000
-0,0238 -0.0000  0.0000
-0.0157  0.,0000  0.0000
-0.0090 -0.0000  0.0000
-0.0073  0.0000  0.0000
-0,0054 -0.0000  0.0000

INTEGRATED OUTPUT QUANTITIES

VRMS=
V1(FUND
IRMS=

I1(FUND
TORQUE=
MOTOR E
REAL FO

REACTIVE POWER(TOTAL)=

98.82100 VOLTS,RMS (LINE-LINE)

)= 49,
23,37113
)= 23,

4,730
FF.= 0
WER= 0

7895VOLTS
AMFS»RMS
1986AMPS
03 LB-FT
+50652

+ 99500 KW

DISPLACEMENT POWER(FUND)=
DISPLACEMENT FOWER(TOTAL)=
APFARENT FOWER = 4.20992 KvA
POWER FACTOR(FUND)= 0.46°91
POUWER FACTOR(SYSTEM)= 0.22

4.,10017KVAR:

ax/s=

1.76674KVAR
2,11460 KVAR

7
6835

9-25

KVAR

1.7687
0.0272
0.0117
0.0047
0.004£0
0.0045
0.0087
0.1136
0.1009
0.0037
0.0019
0.0010
0.0009
0.,0011
0.0017
0.0285
0,0252
0.000%9
0.0005
0.0002
0.0002
00,0002
0.0003
0.0044
0.0034
0.0001
0.0000
0.0000
0.0000
0.0000

0.97393

PULSE-WIDTH MODULATION CALCULATIONS

Computed

UN IN

DB DB
0,00 0,00
13.41 23.78
15.75 28.84
17.80 34.69
17.88 346,19
16,13 36,75
13.94 35.53
0.84 24.07
0.99 24,95
14,72 39.96
17.21 43.04
19.5¢9 46.47
19.84 47.20
18.45 44,70
16.45 45,11
3.74 33,17
4,11 33.90
18.28 48.75
21.02 S51.81
23,92 S55.32
24,44 S56.14
23,467 55,91
22.01 S54.52
10,04 43,07
10.86 44,12
26,07 59.78
29.43 63,37
33.90 68.27
35.47 70,04
37.71 72,489

Measured

VN IN
0 0

14 24
17 32
24 42
28 46
22 42
16 37
0 22
0 22
12 35
14 39
20 45
22 48
29 53
22 48
2 28
0 27
12 40
14 43
18 46
19 48
22 52
26 57
8 38
4 34



(rms) are only about one-half the integrated total rms voltage.
Thus the inverter must develop considerably higher output voltages
to produce the required fundamental output voltage.

The computed real and reactive power harmonics, Pn and Qn,
are also shown in Tables 9-6 and 9-7 for the two values of motor
slip. While the higher harmonics contribute little to the real
power (two to three percent), they contribute substantially to the
total reactive power (20 to 25 percent) delivered to the motor.

The voltage and current harmonic spectra are shown plotted in
Figures 9-10 and 9-11 for the two motor slips. The dashed lines
showing the computed harmonic amplitudes agree reasonably well with
the measured harmonic data. Of particular interest is the good
correlation in the amplitude of the dominant voltage harmonics
which occur near harmonics multiples of 24. (Note that pulse
modulation function has 24 pulses per cycle.) Also of interest
is the relatively small amplitude of the higher order current
harmonics.

9.2.2.3 Pulse-Width Modulated Inverter Output Power Characteristics
The computer model is next applied to predict the inverter output
characteristics when used to drive the induction machine.

Figure 9-12 shows the inverter output power for motor slips in the
range of -1 to +2, (-900 rpm to 1800 rpm) and constant drive
voltége of 117 vrms (60 Hz). The measured inverter output power

is indicated in the Figure. The triangular points give the dis-
placement power measured with the two wattmeter method and include
the higher harmonic reactive contributions. The dashed curve shows
the displacement reactive power predicted by the computer model
using only the fundamental voltage and current. The agreement
with data is fair in this case.

9.2.2.4 Pulse-Width Modulated Inverter Drive-Motor Characteristics
The motor-drive characteristics predicted by the pulse-width mo-
dulated induction motor model are shown in Figure 9-13 along with
the measured torque and current characteristics. The inverter
drive model predicts somewhat higher torques and motor input
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currents than measured. Figure 9-14 shows the computed and measured
motor torque and current in the region of zero slip. The computed
characteristics assume a fixed motor voltage of 207 vrms (line to
line) while the data points reflect motor voltages that vary from
207 vrms at zero slip to 202 vrms at a slip of 0.02,

9.2.3 Constant Current Inverter Model

The nameplate data for the constant current inverter drive
is given in Table 9-8. The drive comprised a phase delayed
rectifier, dc link, and ac inverter. Output current amplitude and
frequency are controlled through closed-loop feedback within the
drive.

TABLE 9-8. CONSTANT CURRENT INVERTER DRIVE

Input: 460 vac

3 phase, 60 Hz
Output: 0-460 vac

3 phase

0-120 Hz

9.2.3.1 Inverter Output Current - Figure 9-15 shows the idealized
current waveform used to model the constant current inverter
drive. Conduction takes place over 120 electrical degree inter-
vals. The commutation interval is indicated by the linear slope
of current at the leading and trailing edges of the current pulse.
The commutation angle, as measured from the beginning of commuta-

tion to zero current, is 12 degrees.

The constant current inverter current waveform in Figure 9-15a
can be described by the superposition of two functions fl(t) and
f,(t) shown in Figure 9-15b and 9-15c respectively.

i(t) = fl(t) + fz(t) = I In COSNWT (9-20)
n

If the zero-time reference is chosen at the midpoint of
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conduction of the 120 degree current pulse, fl(t) and f,(t) are
symmetric functions and describable by the Fourier series,

fl(t) = i An cosnwt, (9-21)
fz(t) = i Bm cosmwt. (9-22)

The derivation of the harmonic amplitudes, A_ and B s is given

n
in Appendix E. It consists of describing the commutation current
by a saw-tooth function, and collecting terms common to a given
harmonic component. The final result for the current harmonic

amplitude is

I, = %- I, sinn% cosn%. [% + 2sinnd 2; (:;T%_:Fﬂ (9-23)
5
n=1,5,7,11,.. m=1,2,3,...
where
I, = peak current amplitude equal to dc 1link current I

(see Figure 9-15a).
§ = commutation half-angle in radians = w/30.

The amplitude, In’
peaks at higher orders which are centered about harmonic multiples
of w/6.

decreases as 1/n initially but exhibits

§
The current amplitude, Io’ is related to the rms line current

according to

_ 2 8
Irms = IO'V/S (1 - F)' (9-24)

The output voltage (line to line) amplitude is

n""n’
n (9-25)
n=1,5,7,...

vl_l(t) = Z 2 cosn_jsy_ I_.Z cosnwt,
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where

z, = phase impedance of motor winding.
9.2.3.2 Constant Current Inverter Harmonic Spectra - The computer
model is used to predict the constant current inverter output
current and voltage spectra for typical drive conditions. Table
9-9 shows the computed current, voltage harmonics for the test
motor operating at a slip of .0083 (893 rpm) with 60 Hz drive
frequency. The corresponding harmonics measured with a spectrum
analyzer are shown in the two columns at the right. The good
correlation between measured and computed harmonic amplitudes
demonstrates that the computer model accurately describes constant
current inverter drive performance.

The computer model is next used to examine the effect of
motor speed on motor input voltage waveform distortion. Table 9-10
gives the computed harmonics for a motor slip of 0.2 (720 rpm).

The large harmonic content in the input voltage waveform (to the
motor) shows that the constant current inverter drive generates
large distortion power when used with inductive loads. This is
discussed in more detail in the next section.

Figures 9-16a, 9-16b, and 9-17 present the voltage and
current harmonics as a function of harmonic order. The dashed
lines give the computed harmonic amplitudes as predicted by the
constant current inverter model.

9.2.3.3 Constant Current Inverter Motor-Drive Characteristics - The

motor-drive characteristics computed for a fixed excitation
frequency of 60 Hz are shown in Figure 9-18. A comparison of these
motor-drive characteristics with the pulse-width modulated motor-
drive characteristics shows that the constant current inverter
drive produces larger peak motor torques than does the pulse-width
modulated drive for the same input voltage to the motor.

The motor-drive characteristics near zero motor slip were next
considered. Figure 9-19 gives the measured and computed torque and
current characteristics in the region of small motor slips at 60 Hz,
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TABLE 9-9. CONSTANT CURRENT INVERTER CALCULATIONS

FREQ= 60, SLIP= 0.0083 RPM= 893, FLAG= 0.00
N UN IN T P Q
v A LB-FT KW KVAR

1. 105.6312 11.3288 7.4302 1.0288 1.7994
Se 15.8643 -2.,1657 =0.0726 0.0122 0.0583
7. =14.5626 1.4775 0.0339 0.0057 0.0368
11, -=12.3090 ~0.8147 -0.0101 0.0017 00,0173
13. 11,0805 0.6235 0.0059 0.0010 0.0119
17, 8.3955 -0.3630 =0.0020 0.0003 0.0053
19. -6.9879 0.2707 0.0011 0.0002 0.0033
23, -4.1944 -0.1344 -0.,0003 0.0000 0.0010
25, 2.871S5 0.0847 0.0001 0.0000 0.0004
29. 0.5123 -0.0130 =0.0000 0.0000 0.0000
31. 0.4748 -0.0114 0.0000 0.0000 0.0000
35, 2,0000 0.0422 -0.0000 0.0000 0.0001
37. -2,.5161 -0.0502 0.0000 0.0000 0.0002
41. -3.0589 0.0551 =0.0000 0.0000 0.0003
43, 3.0995 -0.0533 0.0000 0.0000 0.0003
47. 2,7899 0.0439 -0.0000 0.0000 0.0002
49, -2.4766 -0.0374 0.0000 0.0000 0.0002
33. -1.6445 0.0229 =0.,0000 0.0000 0.0001
S5S. 1.1711 ~0.0157 0.0000 0.0000 0.0000
39, 0.,2238 0.0028 ~0.0000 0.0000 00,0000
é1. 0.2137 0.0026 0.0000 0.0000 0.0000
5. 0,9271 -0.0105 -0.0000 0.0000 0.0000
67. -1.1849 0.0131 0.,0000 0.0000 0.0000
71. ~1.4722 -0.0153 =0.0000 0.0000 0.0000
73. 1.503¢6 0.0152 0.0000 0.0000 0.0000
77. 1.3630 ~-0.0131 =0.0000 0.0000 0.0000
79, -1.,2109 0.0113 0.0000 0.0000 0.0000
e3. ~0.7976 =0.0071 =0.0000 0.0000 0.0000
85. 0.5643 0.004% 0.0000 0.0000 0.0000
89. 0.1033 -0.,0009 -0.0000 0.0000 0.0000

INTEGRATED OUTPUT QUANTITIES

VRNS= 110,00000 VOLTS»RMS (LINE-LINE)
V1(FUND)= 10S5.63124 VOLTS

IRMS= 11,68386 AMPS»RMS

I1(FUND)= 11.32877 AMPS

TORQUE= 7.38629 LB-FT

MOTOR EFF .= 0.89186

REAL POWER= 1.04993 KW

REACTIVE POWER= 1.96292KVAR
DISPLACEMENT POWER= 1.93522 KVAR
APPARENT POUWER = 2,224608 KVA
FPOWER FACTOR(FUND) = 0,49634
POWER FACTOR(SYSTEM)= 0.47145

UN
DB

0.00
16.47
17.21
18.67
19.58
21,99
23,59
28.02
31.31
44,29
446,91
34.46
32.46
30.76
30,65
31.56
32.60
36,16
39.10
S53.48
53.88
41,13
39.00
37.12
36.93
37.79
38.81
42.44
45,45
460.20

IN

DB

0.00
14.37
17.69
22.86
25.19
29.89
32.43
38.51
42,52
S8.78
59.98
48.58
47,06
456.26
46.55
48.24
49.64
S53.87
S7.14
72.13
72.82
60.62
58.75
57.37
57.43
S58.74
60.00
64.05
67.26
82.41

VN

DB

0
14
16
21
23
27
31
34
38
44
48
50
52
46
48

48
48
52

IN
DB

14
16
22
24
27
32
36
40
50
52
47
47
44
46
46
48
50
S0



TABLE 9-10.

FREG= 40, SLIP= 0.200 RPM= 720.
N UN IN T P
v A LB-FT KW

1. 159.7887 74.4507 48,9576 9.68674
S. 100.811% -14.2328 -2.3564 0.4258
7. -94,0402 ?.7094 1.0817 0.1963
i1, -80.3390 =-5.3542 -0,3212 0.0587
13, 72.4680 4.0974 00,1866 0.0342
17. 55,0222 -2.,3855 =0.0625 0.0115
19, -45.8231 1.7789 0.0344 0.00684
23, =~27,.5243 -0,8835 =0.0085 0.0014
25. 18.8479 0.5568 0.0034 0.0006
29, 3.3637 -0.0857 ~0.0001 0.0000
31, 3.1308 =0.0746 0.0001 0.0000
35, 13.1353 0.2774 ~0.0008 0.06002
37, =16.5266 =-0.3302 0.0012 0.0002
41, -20.0934 0.3623 =0.0014 0.0003
43, 20.3609 -0.3501 0.0013 0.0002
47, 18,3287 0.2883 -0.0009 0.0002
49, -~16.2708 =0,2455 0.0004 0.0001
S3., -10.8047 0.1508 -0.0002 0.0000
SS. 7.6942 -0.1034 0.0001 0.0600
59, 1.4706 0.0184 =0.0000 0.0000
é1. 1.4041 0.0170 0.0000 0.0000
6S. 6.0917 -0.0693 -0.0001 0.0000
&7, =7.7860 0.0859 0.0001 0.0000
71, -9.6740 -0.1008 -0,0001 0.0000
73, ?.8802 0.1001 0.0001 0.0000
?7. 8.,9563 -0.0860 ~0.,0001 0.0000
79, =7.9571 0.0745 0,0001 0.0000
83. =5.2410 -0.04647 -0.0000 0.0000
85, 3,7080 0.0323 0.0000 0.0000
8%9. 006786 ~0,00546 =-0,0000 0.0000

INTEGRATED OUTPUT QUANTITIES

VRMS= 255.00000 VOLTS»RMS (LINE-LINE)
VI(FUND)= 159.78868 VOLTS

IRMS= 76.78439 AMPS:RMS

I1(FUND)= 74.45075 AMPS

TORQUE= 47.51520 LB-FT

HOTOR EFF .= 0.46707

REAL POWER= 10.40348 KW

REACTIVE POWER(TOTAL)= 32,27840KVAR
DISPLACEMENT POUWER(FUND)= 18.19454KVAR
DISPLACEMENT POWER(TOTAL)= 23,946879 KVAR
APPARENT POWER = 33.91359 KvA

POWER FACTOR(FUND)= 0.46917

POWER FACTOR(SYSTEM)= 0,30477
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FLAG= 0.00
a

KVAR
18.1965
2.,4485
1.5693
0.7427
0.5132
0.2271
0.1410
0.0421
0.0182
0.0005
0.0004
0.0063
0.0094
0.0124
0.0123
0.0092
0.0069
0.0028
0.0014
0.0000
0.0000
0.0007
0.0012
0.0017
0.0017
0.0013
0.0010
0.0004
0.0002
0.0000

UN

DB

0.00
4,00
4,60
S.97
6.87
?.26
10.85
15,28
18.57
33.53
34.16
21.70
19.71
18.01
17.89
i18.81
19.84
23.40
26.35
40.72
41.12
28.38
26.24
24,36
24.18
25,03
26.06
29.48
32.69
47 .44

CONSTANT CURRENT INVERTER CALCULATIONS

IN

DB

0.00
14,37
17.69
22.86
25.19
29.89
32.43
38.51
42.52
58.78
S7.98
48.58
47.06
46.26
46.55
46.24
49.64
S3.87
S57.14
72.13
72.82
60.62
S58.7S
S7.37
57.43
S8.74
60,00
&4.05
67.26
82.41
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FIGURE 9-19. CONSTANT CURRENT INVERTER DRIVE-MOTOR CHARACTER-
ISTICS IN THE REGION NEAR ZERO SLIP. DRIVE VOLTAGE = 245 VRMS
DRIVE FREQUENCY = 60 Hz
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The computed characteristics assume fixed inverter output voltage
of 245 V_ .- The good agreement between the measured and computed
motor characteristics further confirms the validity of the computer
model.

9.2.3.4 Constant Current Inverter Output Power Characteristics -
The constant current inverter computer model was applied to predict
the drive output characteristics when used with the induction motor
at fixed frequency (60 Hz). Figure 9-20 gives the drive output
power as a function of motor speed at a constant motor voltage
(line to line) of 110 Vrms. A comparison of the real power
characteristic in Figure 9-20 with the corresponding one for the
‘pulse-width modulated drive in Figure 9-12, shows that for the
example considered, the constant-current inverter drive delivers

substantially more peak real power.

9.3 COMPUTER SIMULATION RESULTS

This section summarizes conclusions derived from the applica-
tion of the computer models to predict motor performance of the
natural commutated inverter, pulse-width modulated inverter, and
constant current inverter motor-drives. While certain conclusions
on this study must necessarily relate to the peculiar characteris-
tics of the units being investigated, it is nevertheless possible
to draw some general conclusions regarding the performance
capabilities of the three inverter drive units.

9.3.1 Inverter Output Voltage

The inverter output voltages required to develop a given
motor torque are different for the three inverter drives. This is
illustrated in Figure 9-21 where inverter rms output voltage is
shown as a function of drive frequency for a motor torque of 25
1b-ft. The solid curves give the measured rms output voltage of
the three inverter drives; the dashed curves show the fundamental
component of output voltage as computed using the inverter models.
Three facts are apparent from the Figure: first, the natural
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commutated inverter and pulse-width modulated inverter are voltage-
limited at 60 Hz drive frequency in contrast to the constant current
inverter; second, the constant current inverter develops a higher
(fundamental) volts-per-Hertz output than do the natural commutated
and pulse-width inverters; and third, the volts-per-Hertz output

of the pulse-width modulated inverter is not constant. The first
two facts pertain to the basic design of the units. The constant
current inverter was designed to drive the test machine at rated
drive frequency of 120 Hz. The non-linear volts-versus-drive
frequency characteristic of the pulse-width modulated inverter is

a result of the larger harmonic content in the inverter output
voltage. The increased pulse-width modulated inverter drive
voltage required for a given motor torque results in increased
harmonic distortion power fed into the motor. Since this distor-
tion power is comprised of higher harmonics having harmonic orders
considerably above that of the fundamental, the effect on motor
performance is generally quite small.

9.3.2 Choice of Constant Current Inverter Versus Pulse-Width
Modulated Inverter Drive for Optimum System Performance

The computer models are exercised to study the output charac-
teristics of the constant current inverter and pulse-width
modulated inverter driving the ac induction test machine. Both
inverters have similar output characteristics when operating with
resistive loads at rated load. However, with reactive or complex
loads, as in the case of the induction machine, considerable
differences can exist in their output drive characteristics.

The constant current inverter drive delivers a fixed current
waveform to the induction motor load. Since the harmonic content
in the waveform remains constant at all drive frequencies, the
voltage harmonics appearing across reactive loads can be quite
high as evidenced by the large distortion present in the output
voltage waveforms. The effect of this on drive performance is
illustrated in Figure 9-22 where motor torque is shown as a
function of motor speed for constant current inverter and pulse-
width modulated inverter output voltages. Inverter output
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voltages were chosen to give equal peak motor torques. The Figure
shows two interesting results. First, the motor torque developed
with the constant current inverter drive falls off more rapidly

at higher motor slips than does the corresponding torque using

the pulse-width modulated inverter drive. Secondly, the peak

motor torque occurs at a smaller motor slip with the constant
current inverter drive. Both these effects have their origin in
the increased distortion voltage developed in the output of the
constant current inverter drive at higher motor slip frequencies.
The increased distortion voltage reduces the fundamental voltage
component and hence the fundamental motor input current. It should
be mentioned that the drive voltages for the two examples are
different; if equal drive voltages had been assumed for the two
motor drives, the constant current inverter drive would have
produced a higher motor torque than would the pulse-width modulated
inverter drive over the operating motor speed range.

9.4 COMPUTER STUDY CONCLUSION

The following conclusions are reached from the computer study
of constant current inverter and pulse-width modulated inverter
drive performances:

1. The constant current inverter drive operates most
effectively at small motor slips or with a constant volts/Hertz
corresponding to small motor slip frequencies. Generally, less
output rms voltage is required to drive the motor for a given
torque than with the pulse-width modulated inverter drive when
the motor is operated at reduced output levels. If the motor is
operated at high slip frequencies, large distortion can be ex-
pected in the output waveform resulting in increased reactive
distortion powers. The effect of the fifth harmonic in the output
current on motor performance is more serious in the case of the
constant current inverter drive than for the pulse-width modulated
inverter drive. The control of constant current inverter output
current by the phase delay rectifier unit results in large input
displacement powers under some conditions.
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2. The pulse-width modulated inverter drive operates most
effectively at higher output voltages and increased motor speeds.
Under these conditions the pulse duty factor tends toward unity
and voltage distortion is reduced. At lower drive output voltages
and/or lower motor speeds, relatively higher output voltages are
required to develop a given motor torque as compared with the

constant current inverter drive.
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10, CcONCLUSIONS

The results of the laboratory tests and the model simulations
indicate that either of the three inverter types can be used for
an ac traction system and that they can control motor torque and
speed from zero speed to the speed corresponding to rated output
of the inverter. Although each system utilizes different types
of input and output power circuitry, over all efficiency and motor
performance are similar. A summary of inverter characteristics
is listed in Table 10-1.

10.1 NATURAL COMMUTATED INVERTER

The natural commutated inverter incorporates a design stratagem
which involves series and parallel combinations of thyristors to
generate the three-phase output. Reliability is stressed through
features of the basic circuit which limit thyristor stresses and
output current levels. At turn-on, the sinusoidal current rise
is held within the di/dt limit by the choice of the series resonant
components. At turn-off, the thyristors self-extinguish when the
voltage passes through zero, and the subsequent reapplication of
forward voltage is constrained within the dv/dt limits by the
sinusoidal waveform, again a result of the series resonant circuit
action. Switching losses are minimized because the relatively slow
rise of the sinusoidal current pulse through the thyristor allows
the thyristor to turn on completely before that current is
significant. Overloading the inverter results in a decrease in
output voltage as the inverter enters current limited operation.
Thus, the inverter is a self-protecting and self-limiting design
which enhances its reliability. The series resonant circuit
places a capacitor in series with the conducting thyristors and
the load. This capacitor blocks direct current flow and insures
thyristor commutation; thus, there is minimal danger of commuta-
tion failure.

The per phase requirements of the natural commutated inverter
are:

10-1
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TABLE 10-1.

INVERTER CHARACTERISTICS

PARALLEL
NATURAL PULSE WIDTH CAPACITOR
COMMUTATED MODULATED COMMUTATED
INVERTER INVERTER INVERTER
INVERTER
GRADE THYRISTORS 24 12 0
RECTIFIER
GRADE THYRISTORS 0 0 12
RECTIFIER
DIODES 6 6 0
HIGH SPEED
DIODES 6 6 6
COMMUTATION 6 3 6
CAPACITORS
COMMUTATION 6 3 0
INDUCTORS
DC LINK SMALL LARGE
FILTER CAPACITOR BANK REACTOR REACTOR
OUTPUT
FILTER CAPACITOR BANK NONE NONE
REQUIRES ADDITIONAL

RECEREKUEEON LINE COMMUTATED INVERTER ZES
DISTORTION
FACTOR HIGH LOW LOW
DISPLACEMENT
POWER FACTOR HIGH HIGH LOW
OUTPUT
DISTORTION LOW HIGH LOW
LOSSES LOW Low HIGH
FAULT
PROTECTION GOOD POOR GOOD
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eight inverter grade thyristor
. two resonating inductors

two resonating capacitors

two clamp diodes

® A N T W

two output storage capacitors.

The component count to achieve a three-phase system and the
number of components in series with the load are high. In addition,
the inverter requires capacitive energy storage on the input to
provide the high amplitude current pulses of the pulse repetition
rate modulation scheme. These considerations contribute to a low
power density in the natural commutated inverter and will have to
be compared to the volume availability, reliability, and waveform
requirements of a deployed system.

The power factor of the inverter with the present input
rectifier scheme is influenced principally by distortion rather
than displacement parameters. The input storage capacitors are
connected directly across the diode bridge; thus the conduction
intervals of the diodes are limited to the time required to
charge the capacitors to the peak value of the input voltage. At
low current levels, this results in high peak to rms current
ratios, high distortion component of reactive power, and con-
sequently, low power factor. As the load increases, the conduction
periods of the diodes also increase and the distortion reduces.
The power factor thus improves with increased inverter loading.

The harmonics generated by the natural commutated inverter
in the input lines are high because of the low impedance presented
to the higher frequencies by the input storage capacitors. The
high peak to rms ratios of the input current are indicative of high
distortion power and high harmonic content.

Efficiency is a function of the power transferred through the
inverter to the load. It is low at low power levels where losses
make up the bulk of the input power, but it increases rapidly to
greater than 75 percent at 400 Hz and 40 percent of rated output
power.

10
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Harmonic distortion in the output of the inverter is low; in
particular, with a lagging power factor load the output approaches
an ideal sinusoid. The harmonic distribution in the output of
the inverter was not objectionable for any of the load cases
studied.

The natural commutated inverter is excellently suited for
applications where reliability and purity of waveform are consider-
ations. The output generation scheme results in very good wave-
form tracking capability under most load conditions and results in
minimum harmonic distortion of output voltage and current.

10.2 PULSE-WIDTH MODULATED INVERTER

The pulse-width modulated inverter provides variable voltage
and variable frequency power from a dc source without using a
chopper, or from an ac source using a diode rectifier instead of
a phase controlled rectifier. Both voltage and frequency are
controlled with a single set of power switches by controlling the
firing sequences and the conduction times of the switches.
Operation in this mode results in an inverter system with high
efficiency, high power factor, and reasonable input harmonics.
Pulse-width modulation, however, produces high harmonic distortion
of the output and lowers the output power factor. The output
waveform changes, which result from the pulse-width variations as
the output voltage changes, cause the harmonic magnitudes to vary
with voltage. The reduction in the number of notches at discrete
frequencies as the output frequency increases also results in
discontinuities in the harmonic distributions at these break points.

The commutation components are in parallel with the load
switches; thus, although they do not carry full load current,
they do carry currents with measured peak values five times maximum
load current. These components must be sized for these high
peak to rms current ratios.

The use of a full-wave diode bridge, coupled with inductive
input filtering, effectively buffers the inverter proper and load
from the ac source. Its input characteristics are dependent on

10-4



the power transferred, not the load configuration.

Inverter input harmonics are close to theoretical limits,
again because of inductive filtering and full-wave rectification
without phase control. The input current waveform is essentially
a quasi-square wave for all outputs in excess of 3.0 kW. The low
input harmonic distortion and the absence of a displacement com-
ponent of reactive power result in a power factor greater than 0.9
for all loads greater than 3.0 kW.

The efficiency of the inverter is characteristically low at
low output, but is above 80 percent for outputs over 4.0 kW for
most frequencies. Switching losses have the greatest impact on
efficiency because of the large number of switching transients
generated by the chopping scheme used for voltage control. These
losses are minimized, however, by reducing the number of notches
in the output waveform as the frequency is increased.

The use of pulse-width modulation, with modulation being
controlled by notching the output waveform in addition to modifying
pulse widths, results in an output waveform with varying degrees
of harmonic distortion. The output power and power factor are
not simply related to load magnitude and power factor; instead
they are functions of the output frequency, the number of pulses
in the output and the pulse-widths of the output pulse train.

The harmonic distortion is primarily voltage distortion; the
current level for each harmonic is low because of the high impedance
of the lagging power factor load.

This type of inverter is suited for applications where the
harmonic distribution of the output is not objectionable. Its
principal advantages are:

1. Control of output voltages and frequency with only one
set of semiconductor switches;

2. Commutation components not in series with the load;
3. Good input power characteristics.

The drive type is capable of regeneration, although not
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as the test unit is presently configured. Regenerated energy raises
the level of the dc bus voltage, since terminal voltage polarity does
not reverse, a line commutated inverter must be added to redirect
regenerated energy back to the ac source.

10.3 CONSTANT CURRENT INVERTER

The constant current inverter regulates the dc link current,
limiting the voltage and drive frequencies to maintain the dc 1link
current at or below a preset limit. The semiconductor and passive
components used in the inverter can therefore be sized for torque
limit conditions rather than for pulse level conditions as with
the natural commutated and pulse-width modulated inverters.
Commutation by capacitive coupling of the commutation pulse pro-
vides a large commutation margin, therefore the inverter thyristors
can be rectifier grade thyristors rather than more costly inverter
grade thyristors.

The inverter has dissipative internal burden circuitry which
impairs its efficiency figures, resulting in peak efficiencies
less than 75 percent, while the natural commutated and pulse-width
modulated inverters operate closer to 90 percent efficiency. 1In
a full scale system, operating efficiencies can be expected to be
higher because auxiliary losses do not increase proportionally
with kva rating. Efficiency may be increased by redesign of some
circuits, but this may be accomplished at the expense of some
other characteristics. The inverter also uses a phase delay
rectifier circuit to control dc link voltage, and this circuit
has low power factor at low output voltage. The combination of
low efficiency and low power factor will result in high apparent
power demand and may impact utility supply service costs. The
low power factor is especially ctritical when full scale traction
systems are considered. A traction system must deliver high
acceleration power from zero speed to cruise speed. At low speeds,
where voltage is low but acceleration current is high, the total
apparent power demand may make use of a phase delay rectifier
input circuit unfeasible.

The harmonics in the constant current inverter are least

10-6



severe of the three circuits tested. Since the unit is a current
regulated device, the input and output currents are nearly equal
in magnitude, with input current being slightly higher because of
the inverter auxiliary power loads. Also, since both input and
output are three-phase ac circuits, both currents have similar
wave shapes and hence, the same harmonic distributions. The

quasi-square wave shape harmonics closely follow a 1/n distribution.

The choice of inverter type selected for full scale develop-
ment must be strongly influenced by the application. The use of
other than a variable voltage variable frequency drive is precluded
from both efficiency and performance considerations. A sinusoidal
output voltage generating inverter presents the least complica-
tions from harmonic torque and interference standpoints. The
pulse-width modulated inverter appears more suitable for powering
loads with low lagging power factors because the inductive filter-
ing action eliminates harmonic currents which could be present
because of high levels of voltage harmonics. The constant current
inverter constrains the current waveform to be rectangular and
therefore operates most effectively into high power factor loads
where impedances, and hence motor voltages, at the harmonic
frequencies are low.

Despite the disparities in wave shapes of the inverter outputs,
the effects on motor performance are not severe. Pulse-width
modulation produces voltage harmonics which extend to high fre-
quencies, but at these frequencies the motor impedances are high
and the harmonic currents are insignificant. The significant
harmonics are those which result in motor currents and torques.

For both the pulse-width modulated inverter and the constant
current inverter, these are the fifth and seventh, and for both
inverters they are the same proportion of the fundamental value.

A detailed description of harmonic influence in three-phase
induction machines is given in reference 14, where it is shown
that the harmonics produce effects in the motor torque-speed
characteristics at speeds corresponding to high slip points. The
fifth harmonic, for example, produces negative torques peaking at

10-7




slip speeds of 1.251, and the seventh produces positive torque
from zero speed to one-seventh of synchronous speed and negative
torques, diminishing in magnitude, from one-seventh synchronous
speed to synchronous speed. The variable frequency power condi-
tioning systems used to supply the inverters operate the motor
near synchronous speed at all points, therefore the effects of the
harmonics on the motor performance are not distinguishable.
Harmonic impact on communication and control systems will have to
be investigated on an individual basis, since the severity of any
interference on any system cannot be predicted.

Results of the computer study show that:

1. The constant current inverter drive operates most
effectively at small motor slips or with a constant volts/Hertz
corresponding to small motor slip frequencies. Using the constant
current inverter drive less output rms voltage is required to
drive the motor (for a given torque) than with the pulse-width
modulated inverter drive. If the motor is operated at high slip
frequencies, large distortion can be expected in the output
waveform which results in increased reactive distortion powers.
The control of constant current inverter output current via the
phase delay rectifier can result in large input displacement re-

active powers.

2. The pulse-width modulated inverter drive operates most
effectively at high output power condition. At low output power
levels, relatively larger output voltages are required to develop
a given motor torque compared with constant current inverter drives.
The control of voltage output amplitude by pulse-width control
eliminates the problem of increased reactive power in the input
experienced by the constant current inverter drive.
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APPENDIX B
INVERTER THEORY OF OPERATION

The theory of operation for each inverter has been described
in depth in several papers and reports; a brief description and
review is presented in this appendix.

B.1 NATURAL COMMUTATED INVERTER

The natural commutated inverter is a series inverter with a
resonant L-C circuit in series with the load. Thyristor commuta-
tion is accomplished when the resonant response of those components
reverses the voltage across a conducting thyristor.

The basic circuit of a single phase of a three phase system
is shown in Figure B-1. The drive uses three individual inverters
to provide a three-phase variable voltage and frequency output
which approximates in waveform the three-phase reference input
signals. The pulse-widths of the series resonant pulses are
determined by the respective inductors and capacitors in series
with conducting thyristors: L+ and C+ for positive pulses; L-
and C- for negative pulses. The four thyristors which bridge each
of the capacitors are triggered in diametrically opposed pairs so
that the capacitor current is ac but the load current is dc.

Pulse frequency and pulse polarity modulation are combined

to control output voltage and frequency. The two capacitors,
labeled C,» are charged by the resonant current pulses, which have
peak magnitudes up to 200 amps.; these capacitors supply power to
the load between thyristor conduction intervals. The stored
charge on the resonant circuit capacitors reverses polarity during
each firing interval. When the voltage peaks in the opposite
polarity the thyristors commutate and the reverse diodes D+ and D-
begin to conduct. These diodes allow the energy stored in the
inductor to dissipate in the load. Since the diodes clamp the
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output voltage across the circuit, the decay of current in the
inductor is a linear ramp with a slope of E/L, where E is the
output voltage across the storage capacitors, Co.

Figure B-2 is a photograph of the current which flows through
the inductor to the storage capacitors, Co. It is composed of two
segments, the resonant sinusoidal current in the thyristor and
the linear current through the reverse diode. Figure B-3 is a
photograph of the thyristor current, which rises sinusoidally
from zero to its peak value. As the voltage across the series
resonant capacitor, Cs, peaks, the current begins to decay; the
induced voltage in the inductor changes polarity and the thyristors
commutate. This commutation is evident in the sharp decrease in
the thyristor current. The energy stored in the inductor maintains
a current in the reverse diode, as shown in Figure B-4. At the
initiation of diode current the voltage across the circuit is
clamped to the level of the voltage across the storage capacitors,
and the current decays with a slope of E/L. The decay time is
inversely proportional to the output voltage level, as shown in
Figure B-5, which is a photograph of one cycle of output voltage
and the charge current pulses into the storage capacitor bank
(Icp of Figure B-1). Four characteristics of the output waveform
generation are evident in Figure B-5:

1. The change in slope of the charge pulse current decay
time as a function of output voltage magnitude.

2. The pulse frequency and pulse polarity modulation
employed to generate the output.

3. The output voltage which results from integration of the
storage capacitors.

4. The reduction of charge pulse current amplitude as a
function of Ein/Eo’

Both the slope of the linear portion and the peak amplitude
of the current pulse are functions of the output voltage across
the storage capacitors. This is due to the fact that the total
voltage across the circuit is the sum of the input voltage across
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FIGURE B-2. IL OUTPUT CURRENT BEFORE FILTER
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FIGURE B-3. SCR CURRENT
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FIGURE B-4. DIODE CURRENT

FIGURE B-5. LINE TO NEUTRAL OUTPUT VOLTAGE AND
CHARGE CURRENT PULSES



the series capacitor and the voltage across the output capacitor.
Thus, the stored energy in the series capacitor available for trans-
fer is a function of the resultant loop voltage. Since the source
voltage and the series capacitor voltage are essentially constant,
the only variable is the output capacitor voltage. It can be

seen from Figure B-5 that the magnitude of the charge current

pulse is proportional to the difference of the instantaneous output
and the source voltage.

Each current pulse delivers a charge to the storage capacitors,
Co, which increases the output voltage. At the conclusion of the
conduction interval, the stored charge dissipates in the load and
the voltage decays. The output voltage is compared to a reference,
and when it falls below that reference another conduction period
is initiated. The output voltage generated by this multi-pulse
scheme is shown in Figure B-6. The top trace is the reference
voltage, and the bottom trace is the voltage across a resistive
load. An induction motor load on the inverter output adds induc-
tive energy storage which filters and thus improves the current
waveshape. This is shown in Figure B-7, which is a photograph of
the output voltage and current into a 0.7 power factor load at a
frequency of 60 Hz.

B.2 PULSE-WIDTH MODULATED INVERTER

The pulse-width modulated inverter is a forced commutated
inverter which provides variable voltage and variable frequency
power for driving ac motors. Output current flows from the dc
source to the load through the main power thyristor switches,
which, with the exception of snubbers and current sensing circuits,
are the only elements in series with the load. Once turned on,
these conducting switches must be turned off, or '"commutated,'" by
‘reducing the current through them to a level below their holding
current. Several methods for commutating thyristors have been
developed; the inverter tested in the TSC program was an auxiliary
impulse commutated inverter, commonly called the '"McMurray"
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circuit, whose commutation pulses are generated by a separate
commutation thyristor and a series resonant tank circuit. Voltage
and frequency control is achieved by controlling the conduction
intervals and sequences of the main power switches. Both voltage
and frequency are continuously adjustable over their operating
ranges: voltage from 0 to 208 volts, line to line, and frequency
from 4 to 400 Hz.

The voltage, supplied from the dc link, is varied by using
pulse-width modulation. The frequency is controlled by varying
the rate at which the load is connected to the positive and
negative sides of the dc bus. Phasing of the output waveform is
obtained by internal timing of the thyristor firing pulses to
maintain correct phase angle and rotation. The output waveform
is similar to a six pulse waveform; however it is chopped or
notched, so that each cycle consists of a series of equal ampli-
tude, but varied width pulses. The magnitude of the resultant
output voltage is controlled by controlling the width of the
notches between the output pulses.

Pulse-width modulation allows both frequency and output
voltage magnitude to be controlled with one set of switching
semi-conductors. The use of an uncontrolled diode input rectifier
bridge also eliminates the displacement component of reactive
power; thus the system operates at power factors close to unity.

A schematic of the forced commutated inverter circuit is
shown in Figure B-8, The main power switches are SCR1 through
SCR6, and the commutation switches are SCR7 through SCR12. The
inductors L1 through L3 and capacitors Cl1 through C3 form the
resonant circuits for commutation. Diodes D1 through D6 provide
feed-back paths for reactive power, regenerated power and resonant
commutation power.

A single leg of a forced, commutated, three-phase bridge is
shown in Figure B-9. Components for thyristor commutation are
shown, but protection, gating and current sensing circuits are
omitted.
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Voltage and current waveforms of the power and commutation
components are shown in proper phase relationship in Figure B-10.
Actual voltage and current waveform photographs are shown in
Figures B-11 through B-14, Figure B-11 is a photograph of the
commutation current pulse, which has a duration of 50 usec and a
peak value of 230 amps. The commutating capacitor voltage, which
has a peak to peak magnitude of approximately 700 v and transits
at a resonant frequency of 10 kHz, is shown in Figure B-12. Diode
current is shown in Figure B-13 and thyristor turn-off current in
Figure B-14., These figures, in conjunction with Figure B-10,
indicate the turn-off and current transfer characteristics during
thyristor commutation.

Referring to Figure B-9, one of the power thyristors, either
SCR-1 or SCR-2, is gated on at all times. When SCR-1 is on,
the commutating capacitor, Cl, is charged with the polarity as
shown in Figure B-9. In order to turn SCR-1 off, the current
through it must be forced below the holding current for a period
exceeding its maximum turn-off recovery time. This is accomplished
by turning on SCR-3. With both SCR-1 and SCR-3 on, the voltage
across Cl is impressed across Ll. The response of the series LC
circuit results in a sinusoidal current pulse whose fundamental
frequency is given by:

The inductor current, intially zero, rises toward a peak value
of 230 amps, which is five times the expected full load current.
When the current in the pulse equals the load current through the
conducting power thyristor, that thyristor begins the turn-off
process. As the current increases further toward the peak value,
the feedback diode conducts, preserving the low impedance in the
series resonant circuit and maintaining a reverse bias on the
off-going thyristor. Midway in the commutation period .the current
through the inductor is at a maximum. At this time all of the
energy stored in the capacitor has been delivered to the circuit.
Some of that energy has been dissipated as heat in the series
components, but most of it has been stored by the inductor as a
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magnetic field, which begins to collapse. This collapsing field
supports the current in the circuit, maintains a forward bias on
the feedback diode and a reverse bias on the off-going thyristor,
and charges the capacitor to peak voltage in the opposite polarity.
When the resonant current in the pulse decreases to zero, the
commutating thyristor turns off, and the circuit is conditioned
for the next commutation operation. The inductor current is zero,
and the capacitor is charged with the proper polarity to commutate
SCR-2, the next power thyristor to be turned on.

The commutation components for the power thyristors consists
of the commutating thyristor, the series resonant LC network and
the feedback diode. Although the rms currents in these commuta-
tion circuits are low, the peak currents are high, and all of the
devices must be selected on the basis of their repetitive peak
current capabilities.

The commutating thyristor and the feedback diode must have
low forward impedance to minimize losses during the commutation
period. In addition, the feedback diode provides a current path
for reactive load current and regenerative current. An important
characteristic necessary in the feedback diode is a fast reverse
recovery time. The reversal of voltage across the diode after
the commutation interval is very fast; if the diode is slow in
recovering to its blocking state, the instantaneous device power
dissipation may exceed its capability and destroy it.

The commutating networks of the inverter inherently protect
the commutating thyristors from dv/dt and di/dt transients,
because the sinusoidal current and voltage waveforms can be con-
strained by design to be within limits. This facet of the inverter
is shown in Figure B-11, the commutation current pulse, which is
also the current through the commutation thyristor, and in Figure
B-12, which is the voltage across the commutating capacitor. This
capacitor voltage is also the voltage across the commutating
thyristor. These figures show that dv/dt transient across the
commutation thyristors is below 30 volts/usec, which is within
the device rating, and the di/dt transient is also well below the
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device rating.

The inverter thyristors, however, lacking inherent built-in
protection for either transient, must be protected by additional
snubbers. These snubbers limit the transients within manufacturer's
specification. Figure B-15 shows the reverse voltage recovery of
an inverter thyristor. The snubber circuit limits dv/dt to 100
volts/usec, which is less than 50 percent of rating. The snubbing
inductor in series with the thyristor limits di/dt to approximately
30 amps/usec, which is also less than 50 percent of rating; the
turn-on current pulse is shown in Figure B-16.

Switching considerations in the power and commutation loops
of the inverter dictate the frequency limits of the modulation
scheme. The number of notches per cycle is reduced at specific
frequencies to keep the number of switching transients, and hence
the switching losses, below a selected maximum. The number of
notches per half-cycle and the frequency ranges that they cover

are:
eight notches: 4 Hz to 120 Hz
four notches: 120 Hz to 213 Hz
two notches: 213 Hz to 400 Hz

The resulting waveforms, at one frequency in each of the
three frequency ranges, are shown in Figure B-17.

The top traces in the output voltage waveform photos are the
line to line voltages. The line to neutral voltages are shown in
the bottom traces. The change in the number of chops as frequency
increases is evident in the photos. As the frequency in any range
increases, the switching transients per second and the total
switching loss increase. At 120 Hz, for instance, there are 2160
commutations per second. At that point the waveform is changed to
one with four notches, and the commutations per second are reduced
to 1200, with a corresponding reduction in switching loss. Sim-
ilarly, at 213 Hz the waveform is again modified to one with two
notches, and the switching losses are again reduced.

This change in waveform as a function of frequency results in
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discontinuities in the inverter characteristics at each of the
break points. The effects are noticeable in the power character-
istics and in the harmonic data. The harmonic ratios not only
change for each waveform as the number of notches change, but

also as the width of the notches vary with output voltage control.

B.3 CONSTANT CURRENT COMPLEMENTARY COMMUTATED INVERTER

The constant current inverter circuit utilizes a three-phase
inverter circuit commonly called a parallel capacitor commutated,
or complementary commutated, inverter circuit. Commutation of
conducting thyristors is accomplished by capacitively coupling a
commutation transient from an on-going thyristor to a conducting
thyristor. The resulting reverse voltage bias across the conduc-
ting thyristor forces the anode current to zero and commutates the
thyristor.

A schematic of the power circuit for the complementary
commutated inverter is shown in Figure B-18. The phase delay
rectifier (pdr) converts the constant voltage 460 v, 3f input
voltage to variable voltage dc for the inverter. The dc choke
(L) filters the pdr output and maintains a constant current into
the inverter terminals. In the motoring mode, the dc output
voltage of the pdr is positive in.the direction shown and the dc
current flows in the direction shown. During regeneration, the
polarity of the dc voltage is reversed, as shown in the Figure,
by action of the inverter but the direction of the dc current
remains unchanged. During regeneration the motor becomes the
source of ac power; the inverter functions as a rectifier,
converting the motor ac voltage to a dc voltage; and the pdr
functions as an inverter, converting the dc voltage to 60 Hz, 3§

ac.

SCRs I1 through I6 are the six inverter thyristors. Only
two of these, one positive and one negative, are on at any time,
and they are gated on in the numbered sequence as shown in Figure

B-18
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B-18. The gating sequence is reversed for reverse motor operation,
but not for regenerative operation. Capacitors Cl through C6 are
the commutation capacitors and diodes D1 through D6 are blocking
diodes which prevent commutation components from the positive

and negative sides of the bridge from interacting with each other.
The inverter input voltage is a dc voltage developed by the phase
delay rectifier (SCRs R1 through R6) gated to maintain a constant
current through the dc link. The inverter system thus has a
current source characteristic with an output voltage determined by
l1oad characteristics. This type of inverter contrasts to a voltage
source inverter, such as the pulse-width modulated inverter, whose
voltage is held fixed and whose current is determined by load
characteristics.

A diagram of a segment of the inverter circuit to illustrate
commutation is shown in Figure B-19.

The waveforms associated with thyristor commutation for one
output cycle of a three-phase circuit are shown in Figure B-20.
Figure B-20a shows the voltage across the thyristor referenced to
point Y in Figure B-19, Figure B-20b shows the commutation
capacitor voltage referenced to the junction of SCRI-3 and D-3,
and Figure B-20c shows the commutation capacitor current, positive
current in the direction of the arrow in Figure B-19. The cycle
js divided into three regions: Region I consists of the thyristor
"ON'" interval; Region II consists of the commutation interval; and
Region III is the thyristor "OFF'" interval.

Prior to commutation, load current flows through a conducting
thyristor (SCR-I1); through the blocking diode, D1; into phase I
of the load and out through load phase III, (D2 and SCRI-2).

During the thyristor conduction period, Region I, the voltage
across the thyristor is zero and the commutating capacitor (c) is
charged to a voltage of +Ed volts, with polarity as shown.

The positive terminal is at +Ed because SCRI-1 is on, and
the negative terminal is at the zero reference (Ey) because either
a commutation pre-charge circuit has initially forced it there, or

previous commutation pulses have charged it to that level. Under
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these conditions D3 is reverse biased and in the blocking mode, D3
prevents the capacitor from discharging, and thus maintains the
conditions required for successful commutation of SCRI-1.

When SCRI-3 is triggered on to initiate the commutation of
SCRI-1 and transfer load current to f2, the voltage at point x
is pulled down to the capacitor negative terminal voltage (Ey).
Because of the high impedance presented by the series line reactor
(LS), Ed is not a hard voltage and is able to change. The voltage
across the capacitor, however, can not change instantaneously,
and thus a reverse voltage is impressed across SCRI-1, forcing
it to commutate. Load current continues to flow through #1, via
SCRI-3, C and D1 as the commutating capacitor discharges. LS
enforces the constraint that the circuit current be essentially
constant thus the capacitor voltage change is linear as shown in
Figure B-20b and the discharge current is nearly a constant ampli-
tude as shown in Figure B-20c. When the capacitor has discharged
to the point that the voltage at P2 equals the voltage at f1, the
current transfers from 1 to P2 at a rate determined by the com-

mutating reactance as shown in Figure B-21.

At the point that the voltage at f1 equals the voltage at
$#2, the capacitor is fully discharged. The transfer of the energy
stored in the commutating reactance to the capacitor continues
the capacitor charge transfer until the voltage across the capa-
citor is equal in magnitude but opposite in polarity to that shown
in Figure B-19.

Line to line voltage is boosted to Ed during that interval,
and excess commutation energy is dissipated in burden circuitry to
prevent over-charging.

Midway through Region III a commutation transient is generated
by the third positive branch transition. The current associated
with this transient discharges the capacitor so that there is no
voltage across it. The capacitor is then recharged to the polar-
ity shown in Figure B-19, the voltage required to commutate SCRI-1,
when SCRI-1 is turned on at the start of Region I.

B-23




VOLTS

200 V/CM

AMPS
20 A/CM

HORIZONTAL =

5 uSEC/CM

POSITIVE TRANSITION

VOLTS

200 V/CM

AMPS

20 A/CM

HORIZONTAL =

5 uSEC/CM

COMMUTATION —>| I | |
’ * CURRENT NEGATIVE TRANSITION

CAPACITOR TRANSFER
CHARGE

FIGURE B-21. CONSTANT CURRENT INVERTER, OUTPUT VOLTAGE
AND CURRENT DURING COMMUTATION INTERVALS

B-24



It is important to note that in the commutation interval
(Region II), the period of reverse bias across the thyristor is
approximately one half of the total interval, but thyristor commu-
tation 1s accomplished in a fraction of that time as shown in
Figure B-22, which is a photograph of thyristor voltage and current
at the start of Region I. This high turn-off time margin in the
complementary commutated inverter makes it possible to employ
rectifier grade thyristors instead of more costly inverter grade
thyristors.
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APPENDIX C
POWER CHARACTERISTICS AND MEASUREMENTS

The power flow in a three-phase system can be resolved into
components according to the following criteria:

1. The apparent power (ST) is the total volt-ampere power
which flows into the system. It is the sum of the
products of rms phase voltage and rms phase current
measured from each line to neutral,

ST = 3 Vl"n . Il"n (C"l)

Or in terms of rms line voltage and rms line currents:

(C-2)

Sp = /3 V1 I

1

2. The active, real, or effective power (P) is that compon-
ent of apparent power which is dissipated either in a
load or as losses.

3. Reactive power (QT) is that component of apparent power
which contributes to the total volt-amperes of a system
but not to active power.

4. The system power factor (pf) is the ratio of the active
power to the apparent power. It is also the cosine of
the angle (6) between the apparent power and the active
power.

These criteria are illustrated in Figure C-1 which is a
phasor diagram of a power system. In a balanced three-phase sys-
tem, where currents and voltages are sinusoidal and of the same
frequency, the power characteristics can be completely determined
using the two wattmeter method.

Because the wattmeters are sensitive to the product of the
current, the voltage, and the phase angle between them, the indi-
vidual wattmeter outputs can be used to calculate active power,



FIGURE C-1. PHASOR DIAGRAM OF TOTAL POWER COMPONENTS



reactive power, power factor, and apparent power using the follow-
ing formulas:

P = Wit W,
Qp = V3 (Wy; - W)
tan 6 = Q;/p
pf = cos®
S = P/cos®
where
Wl’ W, = wattmeter readings,
P = active power,
Q = reactive power,
S = apparent power,
pf = system power factor,
8 = system power factor angle,

which is the angle between
applied voltage and current.

Rectifier systems, in which the line currents are abruptly
switched or chopped, contain harmonic distortion components of
current and/or voltage. For these systems, significant measure-
ment errors result if only wattmeters are used to measure the power
characteristics. To characterize these systems, the following
measurements are required: active power, apparent power, displace-
ment reactive power, distortion reactive power, and system power
factor. Some of these parameters are available through direct
measurement, and the remainder can be determined through indirect
measurements. The following formulas can be used to obtain the
complete power characteristics of a three-phase system:



active power, P = W1 + W2 (C-3)
total apparent power, Sy = /3 Ve 1L (C-4)
system power factor, pf = P/ST cos® (c-5)
total reactive power, Qp = S sind (c-6)
phase displacement power, Qp = /3 (Wy-W,) (c-7)

distortion reactive power, de - QT2 - sz. (c-8)

Note also that the total reactive power is

Qr - "ﬁpz + ot (c-9)

The active power can be measured with two wattmeters, provid-

ing their bandwidth includes all of the harmonics that are present.
The wattmeters give the solution to the integral

P = .1f fT v(t) . i(t) dt (c-10)

0
and give a true reading of power regardless of the degree of un-
balance and distortion.

The rms voltage and rms current measurements must be made with
true rms reading instruments.

There is a power factor associated with a rectifier or
chopper system which is the result of either or both of two
phenomena:

1. The delay of thyristor turn-on in phase delay rectifier
systems results in a phase displacement of the current
and voltage waveforms and, hence, a displacement
component of power factor.

2. The chopping action of rectifier systems generates
harmonic currents which distort the waveforms and
produce a distortion component or power factor.

The current and voltage can be expressed in terms of the funda-
mental, its harmonics, and displacement angles,



8

v(t) =
n

™

Ep_ sin mwt (C-11)
1 m

i(t) =.

Ipn sin (nwt + yn) (C-12)
n

l™g

1

and the integral for average power can be rewritten

1 T

P=7T fo E Epm sin mwt . Ipn sin (nwt + yn) d(wt)

X
n= (C-13).

1

m 1

This integral has a non-zero solution only for the cases where
m=n.

Figure C-2 is a phasor diagram of the power components which
can be constructed from data taken with two wattmeters. It does
not completely describe the power characteristics of the system
with harmonics. All of the Components in Figure C-2 result from
currents and voltages of the same frequencies. The apparent
power, Sp, associated with these quantities can be resolved into
its components; the active power, P, and a reactive power compon-
ent, Qp’ which results from the phase displacement of the currents
and voltages. The angle, 6, is the displacement or phase angle

between the active power and Sp-

For the case where the input voltage waveform contains only
the fundamental frequency and no harmonics, the angle 6 is the
angle between the active power of the fundamental and the apparent
power of the fundamental. It is a.so the displacement angle
between the fundamental voltage and the fundamental current.

The cosine of this angle is the displacement power factor which
is measured by watt hour and var hour meters. Note that the
displacement power factor is the same as the system power factor
only for sinusoidal conditions.

The displacement angle varies with the delay interval in
phase delay rectifiers. Addition of inductive filtering to a
rectifier output increases the current phase lag and results in a
lower displacement power factor, but reduces harmonics.
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FIGURE C-2. PHASOR DIAGRAM OF POWER COMPONENTS
FROM WATT METER READINGS



The presence of harmonics in the line current must also be
considered in characterizing a power system. The harmonics do
not contribute to active power, but they do contribute to
apparent power, therefore, the harmonic or distortion component
of power must be considered as a component of reactive power.

The rms quantities which are used to calculate total apparent
power contain both fundamental and harmonic components. These
components combine vectorially to produce the rms line currents
and voltages, e.g.,

where Il = rms line current,
\/ o n = order of harmonic,
I, = r I-, =
L2 n-1 M I, = rms value of nth (C-14)

harmonic.

Since the harmonic distortion components contribute to the
total rms value vectofially, the distortion components also
contribute to total reactive power vectorially. This is illus-
trated in Figure C-3 which is a phasor diagram of the displace-
ment and distortion components of reactive power. The resultant
reactive power (QT) is equal to system reactive power shown in
the total power phasor diagram, Figure C-1.

A pictorial presentation of the power components and how
they combine is presented in Figure C-4. The total system
apparent power consists of three mutually orthogonal components,
active power, phase displacement reactive power, and distortion
reactive power. All three components must be known to completely
characterize the systen.

In the inverter test program, two wattmeters are used to
measure the active power for all conditions.

The total system apparent power is determined from the true
rms current and true rms voltage measurements.

The total power and the total apparent power measurements
are used to determine the system power factor and total reactive
power.




FIGURE C-3. PHASOR DIAGRAM OF REACTIVE POWER COMPONENTS



FIGURE C-4. PHASOR DIAGRAM OF TOTAL SYSTEM POWER COMPONENTS
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W, + W
pf = L i = cosH

/3 Ve . IR

(C-15)

1

Qp = Y3 V& . IL sing . (C-16)

The two wattmeter readings are also used to determine dis-

placement reactive power,
Qp = V3 (wy - W,) (C-17)

The distortion reactive power is then calculated from

ad = 4 /of - Q- (c-18)
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APPENDIX D
DETERMINATION OF MOTOR EQUIVALENT CIRCUIT PARAMETERS

a. DC Resistance Data:

LEADS

Resistance measured at inverter output terminals to motor
(includes lead resistance) = 0.41 ohms. Therefore Rl = 0.205

ohms phase. Note: Resistance measured at motor input terminals =
0.178 ohms.

b. No Load Data at 60 Hz

DATA CALCULATED
\ I p an Rnl Xnl
volts amps watts ohms ohms ohms
150 13.5 280 6.415 .5121 6.395
175 15.8 360 6.395 .4807 6.377
207 19.2 540 6.205 .4883 6.186
Zny, = 6.338 ohms
average
R = ,4940hms
nzaverage
an = 6.3190hms
average




Vo = motor terminal voltage, line-line
P = input power (two wattmeter method)
I, = motor phase current
W
T
(Z,,) = —
V3 1
1
Rng = P
——
319,
_ 2 2
Xng = an - an .
Therefore:
Xy * X = 6.3190hms
m
If X1 = .3650hms from locked-rotor data, Xm

c. locked rotor data

12.3
19.9
25

32.7
50.5

br
br

>

=< O

1 +
Assume X1

Xy

220
520
780
1420
3200

(blocked rotor)
(blocked rotor)

Input Power Data:

R

.485
.438
.416
.443
.418

X T Q
1b-ft var
.992 .65 450
.991 2.05 901
.961 3.05 1801
1.026 5.55 3291
.983 13.05 7517
= .44 ohms
= ,91 ohms

Motor phase current

Input reactive power

Xsecondary -

0.5

(X1 + X
0.455 ohms.

.91 ohms
)

secondary

(D-1)
(D-2)
(D-3)

(D-4)

(D-5)

(D-6)

(D-7)

5.9550hms .

(D-8)



d. Locked-Rotor Torque Measurements

I T T/I
A. 1b-ft
12.3 .65 .004296
19.9 2,05 .005177
25 3.05 .00488
32.7 5.55 .00519
50.5 13.05 .005117
T
(—9 = ,00493 (D-9)
I ave
R* = Tms
2 — = .2112 ohms (D-10)
312

*
where R, is the equivalent secondary resistance.

e. Secondary Equivalent Circuit Parameters

X1 and Xm are determined from no-load and blocked rotor
tests. Rl is determined from the dc resistance test. Secondary
circuit parameters are found by fitting measured motor impedance
over the full motor speed range. Three slips were selected for
parameter fitting from test data: S = .054, .50, and 1.0.

Effective secondary impedance Z, is given by

* . *
Zy = B2 3% 7 1
1 B 1 (D-11)
P+j . X
——%él - (Ry+jX) m
31 1 1
where:
P+jQ = measured input complex power,
X; = .455 ohms
Xm = 5.93 ohms.




Tabulated Measured and Computed Motor Data

*® *®

s RPM 1 p Q R, X,
A W VAR S

1.0 0  40.5 2140 4950  .285  .667

.5 450  37.3 1920 4573  .327  .777

.054 85.1 21.7 2020 1970 1.875  .554

This yields the following comparisons between "measured'" and
"modeled" effective secondary impedance.

S "Measured" = @ ----- "Modeled"
Rz/s + sz* ---- Rz/s + sz*
1.0 .285+j .667  ----- .292+j .558
.50 0327+ 777 ----- .333+j .683
.054 1.895+j .554 @ ----- 1.687+j .765.

The above choice of circuit parameters represents the "best
fit" to motor impedance data as determined from input power test
data; and yield for the characteristics parameter m, defined by
Alger in reference 14, m = 1.0. The parameter m describes the
type or shape of the torque-speed characteristic.(14)

The final choice of parameters used in the computer analysis
of the induction machine drives is summarized in the Table D-1.

TABLE D-1. SUMMARY OF INDUCTION MOTOR EQUIVALENT CIRCUIT
PARAMETERS (60 Hz)

Rl = 0.205 ohms
X1 = 0.450 ohms
Xm = 5.93 ohms
Xz = 0.35 ohms
Xa = 0.50 ohms
Ra = 0.10 ohms
Rb = 0.503 ohms



APPENDIX E

DERIVATION OF PULSE-WIDTH MODULATED INVERTER
COMPUTER MODEL

The pulse-width modulated inverter is a voltage drive. The
computer model simulates the output voltage waveform as given in
Figure 9-16., Thus if fl(t) describes the waveform in Figure 9-16b,
and fz(t) describes the waveform in Figure 9-16c, then the
inverter output voltage is,

v(t) = £1(8).£,(8).V, (E-1)
where
fl(t) = ¥ Ancosnmt (E-2)
n=1
fz(t) = 3 Bmcosmpmt. (E-3)
m=0

The number of notches in a 180 degree time period is p. The
model derivation requires the determination of the Fourier
ccefficients, An and Bm’ and the final transformation of
equation E-1 into the form,

= V -
v(t) = 2; = cosn'wt. (E-4)
The line-to-line voltage waveform is given by fl(t), where

/£, (t)cosnwt dwt

A= -1 m
n [w cosznwt dwt
- %ﬁ sinnn cosg% (E-5)

EEEEEEEE———.

- =



Similiarly, the Fourier coefficient, Bm’ is given by,

T
S fz(t)costpwt dwt

B = T ™

J cos%prt dwt (E-6)
-

o
B=—}— =
-, m=o

= sinmal, m=1,2,3,... (E-7)

where 0q is the half-width of the on-off modulation pulse ex-
pressed in radians.

The inverter output voltage, v(t), then takes the form,

[e o] o -
4 sinnm cosnm cosnwt X (—l + 2 S1nmo, cosm2put).

v(t) =V _, @ ~— % =17 mn

S ™38

0
(E-8)

Next, terms common to a given harmonic order must be collected
Remembering that:
cosnwt cosm2pwt = 1/2[cos(m2p+n)wt + cos(m2p-n)wt].
(E-9)

Terms contributing to the amplitude of the n'-th harmonic include
n = n' for the first term in the fz(t) series and n = n'+ 2mp for
the remaining cosine product terms. The latter terms require spe-
cial attention. To determine their contributions to the n'th har-
monic amplitude, the index transformation, n = n'+ 2mp is made in
equation (E-8). Summing their contributions to the n'-th harmonic

gives

*
V 4 sin(n'-2mp)n/2 cos(n'-2mp)w sin(n'+2mp)7/2 cos(n'+2m )ﬂ]
- [ (" -Zmp) 5t TTaveZmp) .

™

sinma1
— (E-10)
The above expression can be reduced by trigometric expansion and
observation that sinmpn/3 = 0 for p equals to multiples of 3 to

yield



V_sinn'm cosn't n'sinmo

vIErE e 2  nlzmp)2-(m)?]. (E-11)

3 Joo

Finally, adding the n = n' contribution term to the above expres-
sion gives the amplitude of the n'-th voltage harmonic,

V., = 40, sinn'm cos n'w| 1 2n'sinma
n —71 2 n' +:E:————7———l 2 . (E-12)
T aq [n™-(2mp) “]

m

This can be put in the form given by equation 9-25 if a; is set
equal to ot, where T is the duty cycle of the on-off modulation
pulse; and the amplitude coefficient is multiplied by

/?VO(RMS)

VT 2

inverter.

» Where V, is the rms line-to-line output voltage of the

E-2. DERIVATION OF THE CONSTANT CURRENT INVERTER COMPUTER MODEL

The constant current inverter drive develops a controlled
current output having a waveform as shown in Figure 9-8. The
simulation of the constant current inverter drive requires the
derivation of an analytical expression to describe this waveform.
The effect of commutation is to modify the square wave function
at the leading and trailing edges of the current wave. This is
simulated by superimposing on the current wave, fl(t), the
current function, fz(t), shown in Figure 9-8c.

The inverter output current is given by

i(t) }E:Incosnwt
n

(E-13)
I £ (t) + £,(t)],

———




where Io is the peak value of the square wave current.

fl(t) = i Ancosnwt (E-14)

A = fTﬂ £, (t)cosnuwt dut

T 2
J cos nwt dwt
-

4 sinnm cosnmw (E-15)

T A 6

and fz(t) is the function shown in Figure E-1.

The Fourier expansion of the function fz(t) begins by con-
sidering the saw-tooth function shown below.

1
Z

-2 -T 0 =\ 2}nm

FIGURE E-1.

This function is described by the Fourier series,

1 .
= sinmé . (E-16)

£(8) = ¢
m
Since the commutation takes place over a 26§ radian interval, the

above series becomes

" 1 ; - .
f,(0) = =  sinm2mé . § <8 < 8. (E-17)

m 28



The contribution of fz(t) to the current harmonic amplitude is
found by evaluating the following integral,

S \
2 J {cos(B+w) + cosn (e+2ﬂ)f2(e)d9. (E-18)
m 3 3_)

Now,

m 2wy _
cosn(e+3-) + cosn(e+-3—) = ZCOS%E [cosnecosn_z_'[-sinnesinnﬂ:l

(E-19)

The first term on the right hand side gives zero contribution to
the integral by symmetry. The second term gives

$
-4 cosnm sinnwr / £ 1  sinne sinmme 6
T I3 Z2-Sm mm 3
= -4 cosnm sinnm 3 1 sin(mm-nd) _ sin(mm=n$)
™ &5 T an™ |\ Inn T mn :
(E-20)

The term in the bracket can be rewritten as

()= THm
ﬁﬁ—z.zcosmﬂ.sinna, (E-21)
(=) *-n
8
to yield
2 1)
= S [cosn(6+m) + cosn(6+27)] fz(e)de =
- 3 3
. . cosmm
8 cos%ﬁ.51n%?.51nn6 ﬁ a2, (E-22)
ms )

Combining the above contribution with the A, term gives the follow-
ing expression for the current harmonic amplitude,

_ 41 sinnm cosnwm |1 + 2 sinné I 595%1
In=77°77 3 [H 5 om (3¢ -n?| (8-23)
m=1,2,3,...




This expression has non-zero values for n = 1,5,7,11...

The line-to-line voltage is given by

|
[n]

vy () = In.Zn[cosn(wt-gJ + cosn(wt+%)

= I 2In.chos§% cosnwt (E-24)
n=1,5,7,...

E-3. DERIVATION OF NATURAL COMMUTATED INVERTER COMPUTER MODEL

The natural commutated inverter drive delivers a controlled
output voltage of variable amplitude and frequency. Except at
low output power levels, the output voltage is a relatively good
sine wave functiown; hence, the computer model neglects harmonics
in the inverter output .spectrum.

The input current to the drive experiences considerable
distortion as a result of the capacitive loading of the input
rectifier. The current waveforms given in Figure 9-5 are used
as the basis for the model. Assuming the zero time reference as
given in the Figure, the input current can be expressed by the
Fourier series,

i(t) = 2 In cosnuwt, (E-25)
n
where T
I = Soi(t) dt
n - (E-26)
m

For purposes of modeling, i(t) is assumed to be symmetric about

the zero-time axis and to be given by the following functions

. . <
over the time interval 0 - ot < T

Discontinuous Conduction: ¢ < 0

i(t)

IO (sin3wt-sin3¢)
=0

¢

m

k3
=-Io(sin3wt- sin3¢) Z% + ¢ < ot <m-¢. (E-27)

E-6



Overlapping (Continuous) Conduction: £<O0

i(t) = Io(sinSwt - sin3g) 0 < wt < m/3
=0 T < wt < m, (E-28)
k1

The parameter, &, modifies the degree of overlap.

The calculation of the harmonic amplitudes, In’ proceeds in
two steps. First, the time-dependent term is considered. Tt
yields the following contribution to the harmonic amplitude,

m

21 3¢ "¢
To / sin36cosndde +f sin3¢cosnbds
¢ %ﬂ_+¢
[ (3-n)6 (3 )ef
cos(3-n cos (3+n
(L-cosnm) | S g=R= + Sgprornll)
x -0 (E-29)
ﬂ
_ Io(l-cosnﬂ)[ cos(3-n)¢ - cos(3-n) (3 ¢) N
ﬂ S-n

cos(3+n)¢-cos(3+n)(%-¢)]
“Ea :

n
Second, the time-independent term is considered. It gives a

contribution.
T -6 -9
ZIo f -sin3¢cosnbde +./. sin¢cosnode
™
¢ g_ﬂw
_ ZIosin3¢(1-cosnw)[sinn¢-sinn(%-¢)]. (E-30)
Tn



Combining the contributions from the time-dependent and time-
independent terms gives for the harmonic amplitudes,

In

_ Io(l-cosnﬂ) [cos(S-n)¢-cos(3-n)(% -9 )
3-n

m

+ cos(3+n)¢—cos(3+n)(% -$)

+n

(3

+ 2sin3¢ . sinn¢ - sinn(% -¢)]
n

(E-31)




APPENDIX F

COMPUTER MODEL
PROGRAM LISTINGS



QN

NCI F4
COMPUTES CURRFNT HARMONICS FOR NATURAL COMMUTATED INVERTER,
REAL INsIDB,IRMS,I(50)
[ IMENSTION VN(Su),PN(50),QN(50),TN(50)
COMMON VP
90 FORMAT(1X,8(1X,F7,2))
85 FORMAT(SF10,.2)
Bo FORMAT(1XoF5,0,5(F30,4),2(F8,2))
75 FORMAT(4X,’N*,5X,°VN?,9X,°IN?,8X,°T*,9X
1 p'P"9x,'Q','VN',SX_,'IN‘)
102 FQRMA§(IIXo'V‘:lﬂX,'A':7X0'LB'FT'06X1'KW'07X"KVAR'07X0'DB'05X¢
’ 'DBI
103 EORMAT(1XI 'vpa'pFS._l’SXo 'FREQz’,FS.U'Sx' 'SLIPB',FS.zl *FLAG="?*
1 07502)
115 FORMAT (1X,*VRMS=3?,F10,5,°VOLTS,RMS,LINE=LINE®)
120 FORMAT(1X,?TRM5=?,F10,5,7AMPS,RMS*)
125 FORMAT(1X,’TORQUE=?,F10455 LBR=FT?)
130 FORMAT(1X,”REAL POWER=Z’,F1(,5,°KW’)
135 FORMAT(1X,’DISPLACEMENT POWER=*F10,5,°KVAR?)
149 FORMAT(1X, *APPARENT POWER=?,F1,,5,"KVA*)
145 FORMAT(1X,’MOTUR EFF . 5%,F10,.,5)
150 FORMAT (31X, POWER FACTOR(FUND)=*,F10,5)
155 FORMAT(1X,’POWER FACTOR(SYSTEM)=*,F10,.5)
160 FORMAT(1X,’REACTIVE POWER=’,F1g,5)
165 FORMAT(1X,*RATIO=’,F10,5)
95 VORMAT(1X,*NATURAL COMHUTATED INVERTER?®)
100 FORMAT(1XsFS5,047(F10,4))
101 FORMAT(4X,*Ne,5X,°I(N)*,6X,°RATIO?,7X,*1IDB?)
170 FORMAT(1X,*IRMS=*,F10.4,3X,°PHI=2?,F10.,4/,3X,°BETA=",F10,4)
7o FORMAT(1X,"INTEGRATED CURRENT HARMONICS=’,F145,.4)
104 FORMAT(1X,’DEL=’,F19,4,3X,°THETA=2?,F10,4)
PI=3,14159
CONE29,4
SQRT28SGRT(2,)
Az,
SLIP=0,1
WRITE(3+95)
AN={
FALE.!!t—l
FREQ=6(,
AINSL,.0
AL=2,
Y.P.E75a
CNsVP
SLIPH&Og
CALL INDM(AN,AIN,P,Q,T,AL,SLIP,CN,FREQ)
AINESART (I, )#VP/L000,/SART(Pe#2+Qu#2)
WRITE(3,85)CNn,AIN,P,Q
BETA=R0 .0
PHI=0,0
CN=s15.
2 CONTINUE
DO 12 K21,3,1
DO S J=1,5,1



AAzeq,4COS (3 #PHI)«COS (3, #BETA) 43, #(PI/3,=2,#BETA)#SIN(6,#PHI)

Laa-x.+CDS(6,4BETA)+4.*SIN(3,*PHI)*SIN(a.*BETA)-2*51M53,*PHI)#*2

ARMS:(PI-&.*BETA+SIN(6.*BETAJ)/6.-4.#SIN(a.*PHI)#COS(3.*BETA)
73,4+ (PI1/3,=2,%PETAY#SIN(3 #PHI)##?2

KMSsCON#SQRT (2, #ARMS/PI)

WHFLPE(AINaRMS)/(A%BR4AA)/CON

PHI=PHI+DELP
IF‘(PHI.LE.Q.O)ASO.U

I (PHI LE,Q.0)BETA=0,0

IF(PHL ,GT,.0,0)BETASPHI
WRITE(3,85)AIN,AN,BB,ARMS

CONTINUE

FPHOSPHI#180,/P1

HFTO=BETA#180,/P1
WRITE(3,170)RMS,PHO,BETD

#ETA, PHI NOW DETERMINED

COMPUTE CURRENT HARMOMWICS

EhNzseq,

p0 2¢ li®1910,1

aLsN¢1

ANZAN$3 = (=1, )AL

IMad, =AN

Ad=3 +AN

AN =(COS (AMMBETA)=COS(AM#(PI/3, =BETA)))/AM
WN23(COS(AJBETA)=C0S(AJ#(PI/3,-BETA)))/AJ
LN3=-2./AN*SIN(3.*PHI)*(SIN(AN*(PIIB.'BETA))-SIN(AN*BETA))
INZ1E=7+4CON®(1,-COSCAN®PI))/PI/SQRT2#(ANI+AN24AN3)
CALL INDM(AN,IN,P,Q,T,AL,SLIP,CN,FREQ)
WRITE(3,85)BETA,PHI,IN,CN

AMPVZAMPVeCHR?

AMPI=AMPI+AIN®#?

P1=P14pP

Wi=Qi+Q

VYN(N)ECHN

IC(N)Y=AIN

PN(N)=P

aN(H)=Q

TN(N)ET

IrisTy+7T

CONTINUE

VRMS®SQRT (AMPYV)

FATIO=®VP/VRMS/SQRT(3,)
«RITE(3,85)VRMS,RATIO
ATN=RATIO#SQRT(AMPI)

COKTINUE

T1sT{*RATION%,

P1zPy#RATIOWR?

U1=Q)#RATIO*%?

SaSQRT(3,)#VP#IRMS /1000,

CONTINUE

aRITE(3,75)

WHRITE(3,102)

RNE'I‘

00 30 NS1,10,1



30

40

ALzN+1

ANgAN+3 ,=(=1,)##AL
VN(MNY=RATIO®I (M)
PN(N)SPN(N)#RATIO##2
WNCN)SQNCN)®RATI %2
THN(N)SBTN(N)#PATIO %2
IF(R,EU,1)VisVi(1)
1F (N, Eu.1)AL1=®1(1)
RAT1=V1/VN(N)
RAT2=AI1/1I(N)
FATISABS (RATY)
RAT?=ABS(RAT2)
vhBE=20,#ALOGIO(RATY)

Inp=20, #ALOGIN(RATZ)

WRITE(328G)IAN,VN(MN) L (N),TNCN),PNCN),)ON(N), VDB, IDR

CONTINUE

PMaTy#FREQ¥ (1 ,»SLIP)#PI%#740,/2,/550,/100G.

P FFPePM/Py
RATISANC1)/PN(CY)
PF1eCOS(ATAN(RATL))
»F=P1/5
WXBSQET(S#%2aP1##2)
VRMS=RATIO#VRMS
vPITLE(3,3115) VRIS
WRITE(34120)IRMS
WRITL(3,325)T1
WRITE(3,14S)LFF
WRITE(3,13C)P1
WRITE(3,1605)QX
WRITE(3,135)Q1
WwRITE(3,140)S
wRITE(3,18%0)PF}
WRITE(3,155)PF
WRITE(3,165)RATIO
CONTINUE

KETURN

END
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53SQRT(3,)*VP*IRMS/1000,
AINN(N)=ATIN
RATSQ/R
LEL(N)=ATAN(CRAT)
IF(AN.GT,1,)G0 TD 3%
CH=CN
AIM=AIN
QM=Q
RAT1=Q/P

35 CONTINUE
RATIO=ABS(CM/CN)
VNB=20,#AL0G10(RATIO)
RATIO=ABS(AIM/AIN)
IDR=20 ,#ALOG10(RATIO)
IF(FLAG,EQ,1,0)G0 TO 29
WRITEC3,100)AN,CN,AIN,T,P,Q,VDB,IDB

20 CONTINUE

50 CONTINUE
PMaT{#FREQ#(y,=SLIP)#PI%746,/2,/550.71000.
LEF=apPM/Py
PF13COSCATAN(CRATL))
PF=P{/s
QXSSQRT (S##2=P1##2)
GS=QX/s
WRITE(3,110)
WRITE(3,115)VRMS
WRITE(3,175)CM
WRITE(3,120)IRMS
WRITE(3,180)AIN
WRITE(3,125)T1
WRITE(3,145)EFF
WRITE(3,130)P1
WRITE(3,160)QX,QS8
WRITE(3,185)QM
WRITE(3,135)Q1
WRITE(3,140)8
WRITE(3,150)PF}
WRITE(3,155)PF
SLIPESLIP+5S

60 CONTINUE
RETURN
END

Spocler runtime t Seconds, 10 KCS, 27 disk reads, o disx writes,

8 pages

200 copies
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