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Preface

I have presented numerous courses in the form of noontime tutorials
during my career with Robicon Corporation. These covered such
essential subjects as transformers, transmission lines, heat transfer,
transients, and semiconductors, to name but a few. The attendees were
design engineers, sales engineers, technicians, and drafters. The tuto-
rials were designed to present an overview of the power electronics
field as well as design information for the engineers. They were very
well received and appreciated. The material was useful to design engi-
neers, but the technicians, drafters, and sales engineers appreciated
the fact that I did not talk over their heads. I have also given tutorials
to national meetings of the IEEE Industrial Applications Society as
well as local presentations. This book represents a consolidation and
organization of this material.

In this book, I have defined power electronics as the application of
high-power semiconductor technology to large motor drives, power
supplies, power conversion equipment, electric utility auxiliaries, and
a host of other applications. It provides an overview of material no
longer taught in most college electrical engineering curricula, and it
contains a wealth of practical design information. It is also intended
as a reference book covering design considerations that are not obvi-

XiX
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ous but are better not learned the hard way. It presents an overview of
the ancillary apparatus associated with power electronics as well as
examples of potential pitfalls in the design process. The book
approaches these matters in a simple, directed fashion with a mini-
mum reliance on calculus. I have tried to put the overall design pro-
cess into perspective as regards the primary electronic components
and the many associated components that are required for a system.

My intended audience is design engineers, design drafters, and
technicians now working in the power electronics industry. Students
studying in two- and four-year electrical engineering and engineering
technology programs, advanced students seeking a ready reference,
and engineers working in other industries but with a need to know
some essential aspects of power electronics will all find the book both
understandable and useful. Readers of this book will most appreciate
its down-to-earth approach, freedom from jargon and esoteric or non-
essential information, the many simple illustrations used to clarify
discussion points, and the vivid examples of costly design goofs.

When I was in graduate school, I was given a copy of The Westing-
house Electrical Transmission and Distribution Reference Manual.
This book covered both theory and practice of the many aspects of the
generation, transmission, and distribution of electric power. For me
and thousands of engineers, it has been an invaluable reference book
for all the years of my work in design. I hope to serve a similar func-
tion with this book on power electronics.

Acknowledgments

I have attempted to write about the things I worked with during my 50
years in industry. Part were spent with Westinghouse in magnetic
amplifiers and semiconductors and the last 30 with Robicon Corpora-
tion, now ASIRobicon. I had the privilege of working with some very
talented engineers, and this book profits from their experiences as
well as my own. As Engineering Manager of the Power Systems
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group at Robicon, I had the best job in the world. My charge was sim-
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Chapter 1

Electric Power

Relative to the digital age, the electric utility industry may seem old
hat. But power electronics and the power industry have a growing
symbiotic relationship. Nearly all power electronics systems draw
power from the grid, and utility companies benefit from the applica-
tion of power electronics to motor drives and to converters used for
high-voltage DC transmission lines. The two fields are very much in a
state of constant development of new systems and applications. For
that reason, a short review of the history and the present state of the
electric utility industry is appropriate for consideration by the power
electronics engineer.

1.1. AC versus DC

Take warning! Alternating currents are dangerous. They are fit
only for powering the electric chair. The only similarity between
an a-c and a d-c lighting system is that they both start from the
same coal pile.

And thus did Thomas Edison try to discourage the growing use of
alternating-current electric power that was competing with his DC
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systems. Edison had pioneered the first true central generating station
at Pearl Street, in New York City, with DC. It had the ability to take
generators on and off line and had a battery supply for periods of low
demand. Distribution was at a few hundred volts, and the area served
was confined because of the voltage drop in conductors of a reason-
able size. The use of DC at relatively low voltages became a factor
that limited the geographic growth of the electric utilities, but DC was
well suited to local generation, and the use of electric power grew rap-
idly. Direct current motors gradually replaced steam engines for
power in many industries. An individual machine could be driven by
its own motor instead of having to rely on belting to a line shaft.

Low-speed reciprocating steam engines were the typical prime
movers for the early generators, many being double-expansion
designs in which a high-pressure cylinder exhausted steam to a low-
pressure cylinder to improve efficiency. The double-expansion Corliss
engines installed in 1903 for the IRT subway in New York developed
7500 hp at 75 rpm. Generators were driven at a speed higher than the
engine by means of pulleys with rope or leather belts. Storage batter-
ies usually provided excitation for the generators and were themselves
charged from a small generator. DC machines could be paralleled
simply by matching the voltage of the incoming machine to the bus
voltage and then switching it in. Load sharing was adjusted by field
control.

Alternating-current generators had been built for some years, but
further use of AC power had been limited by the lack of a suitable AC
motor. Low-frequency AC could be used on commutator motors that
were basically DC machines, but attempts to operate them on the
higher AC frequencies required to minimize lamp flicker were not
successful. Furthermore, early AC generators could be paralleled only
with difficulty, so each generator had to be connected to an assigned
load and be on line at all times. Battery backup or battery supply at
light load could not be used. Figure 1.1 shows the difference. Finally,
generation and utilization voltages were similar to those with DC, so
AC offered no advantage in this regard.
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FIGURE 1.1 Generation systems.

1.2. Pivotal Inventions

Two key inventions then tipped the scales toward AC and initiated
Edison’s famous statement that opens this chapter. The first of these
was the transformer. George Westinghouse acquired the patent rights
from Gaulard and Gibbs for practical transformers. They allowed AC
power to be transmitted at high voltages, then transformed to serve
low-voltage loads. Power could now be transmitted with low losses
yet be utilized at safe voltages, and this meant power could be gener-
ated at locations remote from the load. Hydroelectric generation could
supply industries and households far from the dam. An early installa-
tion of AC generation and distribution was made by William Stanley,
a Westinghouse expert, in Great Barrington, MA, in 1886. Distribu-
tion was at 500 V, and the Siemens generator, imported from London,
supplied two transformers connected to some 200 lamps throughout
the town.

The second invention was that of the induction motor, the result of
research by a brilliant young engineer, Nikola Tesla, employed by
Westinghouse. The first designs were for two-phase power, although
three-phase designs soon followed. Three-phase transmission was
preferred, because it minimized the amount of copper required to
transmit a given amount of power. The simple, rugged induction
motor was quickly put into production and was the key to utilizing AC
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power by industry. The induction motor required no elaborate starting
means, it was low in cost, and it offered important advantages in unfa-
vorable environments. Together, the transformer and induction motor
were responsible for the rapid growth of AC power.

The superiority of AC power was proven when Westinghouse
lighted the Columbian Exposition at Chicago in 1893 with a two-
phase system and literally turned night into day. Edison held the pat-
ents on the glass sealed incandescent lamp, so Westinghouse devised a
stopper lamp design utilizing sealing wax. It was not a commercially
successful design, but it did the job. The dazzling display was a source
of awe for the visitors, many of whom had never seen an electric light.

A second major advance in AC generation and transmission was an
installation at Niagara Falls. The power potential of the falls had been
recognized for many years, and various schemes had been proposed
for using compressed air and mechanical methods to harness the
power. A final study resulted in the installation by Westinghouse in
1895 of AC generators using a 25-Hz, two-phase system that incorpo-
rated transformers and transmission lines to serve a number of facto-
ries. The 25-Hz frequency was chosen despite the growing popularity
of 60 Hz, because it was recognized that a number of the process
industries would require large amounts of DC power, and the rotary
converters then used could not function on 60 Hz. Frequencies of 30,
40, 50, and 133 Hz were also in use in the 1890s, and 50 Hz persisted
until mid century on the Southern California Edison System. A num-
ber of utilities also provided 25-Hz power late into the last century.

1.3. Generation

Slow-speed reciprocating steam engines kept growing in size to keep
up with the demand for power until they topped out at around the
cited 7500 hp. Some high-speed steam engines were used in England,
but there was usually an order of magnitude difference between the
preferred speeds for the engine and for the generator. The huge steam
engines in use around the beginning of the twentieth century would
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shake the ground and were disturbing to the local inhabitants. A steam
turbine, directly connected to the generator, was the solution to this
problem. A number of small turbines had been built on an experimen-
tal basis, but the 1901 installation of a 2000-kW, 1200-rpm, 60-Hz
turbine generator set in Hartford, CT, set the stage for a rapid switch
to turbines for future generation from steam. Ultimately, steam tur-
bine generators were built at power levels over 1500 MW.

Hydroelectric generation also continued to grow in size. The
Hoover Dam generators were installed with an 87 MVA rating each,
but some were later rewound for 114 MVA. The huge generators for
the Grand Coulee Third Powerhouse are rated 700 MW each, and
the total Coulee generation is 6480 MW. These large concentrations
of generation have made economies of scale possible, which have
reduced generation costs and brought large-scale aluminum reduc-
tion plants and other power intensive industries to many remote
locations.

1.4. Electric Traction

Siemens, in Germany, developed a DC motor suitable for use in pow-
ering trams. Electric power not only replaced the horses then in use on
surface lines but made possible the development of vast subway sys-
tems. Because these systems served a large metropolitan area, the
usual problem of DC distribution developed. The problem was not as
acute as with residential use, because traction systems could use the
relatively higher voltage of 600 V, and the earliest traction systems
utilized DC generation and distribution. Around the turn of the cen-
tury, however, the trend was to AC generation and high-voltage distri-
bution with conversion to DC using rotary converters at local
substations. These fed the trolley wires on surface lines or the third
rails on subways and elevateds at 600 Vdc. In 1903, the Interborough
Rapid Transit Company, in New York, adopted a system that used
11,000-V, 25-Hz, three-phase power for distribution and a 600-Vdc
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third rail pickup for the cars of the new subway. Interestingly, the
directors had decided in favor of reciprocating steam engines over tur-
bines for generation, although they used several small turbine sets for
lighting and excitation.

The use of electric power for transit also made possible interurban
trolley lines, and by the early years of the last century, vast networks
of trolley systems were extended to serve many small communities at
lower cost than the steam trains could achieve. Again, higher-voltage
AC generation and distribution were coupled with rotary converters to
supply DC to the trolley wires. Interurban transit lines lasted until the
development of good roads and reliable automobiles. Most were gone
by mid century.

There were also a number of installations of electric motors to pro-
vide power for main-line traction. The New York New Haven and
Hartford Railroad used 11,000-V, 25-Hz, three-phase power for trans-
mission and single-phase power to supply the catenary. Transformers
on the locomotives powered the traction motors in a parallel connec-
tion at 250 Vac. The motors were then switched in series to operate on
a 600 Vdc third-rail so the trains could continue into Manhattan
underground. The same distribution is in use today by Amtrak on the
Northeast Corridor with the catenary supplied at 25 Hz by solid-state
cycloconverters powered from the 60-Hz utility system. Several pio-
neering electric railroads in the USA used 3000 Vdc on the catenary,
and three-phase 25-Hz AC systems were also used. Nearly every
imaginable configuration of AC and DC power, including 16-2/3 Hz,
was used for traction somewhere in the world. Except for commuter
lines and special installations, most of the electric locomotives have
been replaced by diesel electrics that offer lower operating costs and
less overhead.

1.5. Electric Utilities

Utility operations are usually considered in the three classes of gen-
eration, transmission, and distribution, although recent deregulation
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has separated generation from the latter two. Figure 1.2 shows a typ-
ical hierarchy of voltages and loads. Transmission lines carry the
power over the longer distances to substations that step the transmis-
sion voltage down to a sub-transmission level. Some high-voltage
transmission lines are also the interconnect points between utilities
in a regional grid. High-power loads, such as electric arc furnaces
and electrochemical plants, may be fed directly from the transmis-
sion system. Others are fed from the subtransmission system or from
distribution feeders that supply small industries as well as commer-
cial and residential loads. The electric utility systems in this country
have grown to a generation capacity of more than 1000 GW at this
date. Steam turbines, coal or nuclear powered, and hydraulic tur-
bines supply the vast majority of the motive power for generators,
but natural gas fired combustion turbines are growing rapidly as
environmental concerns limit additional coal and nuclear power.
Much lower levels of power are produced by wind farms, although
this area is expanding as the art progresses. Still lesser amounts of
power are produced by reciprocating diesel engines in small munici-
pal utilities.

TRANSMISSION SYSTEM - 69-345 kV

o Y

50-500 MVA S5 2 20-100 MVA S 50-100 MVA
Y " SUB-TRANSMISSION LINE- 1269 kv 7Y
12-27 kV | EAF
L 210 MVA IND
GENERATION “Y™ " DISTRIBUTION FEEDER - 4-22 kV
IND Q 100-5000 KVA ——\L— 10-100 kVA
: 1 ' 480 V Y w20 v
302 40-100 kva NP .
120/208 V RES RES COM
IND/COM

FIGURE 1.2 Typical section of a utility.
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The national transmission system is operated cooperatively by
regional power pools of interconnected utilities, whereas generation,
because of government regulation, is now in the hands of many inde-
pendent operators. Transmission voltages increased over the years and
topped at around 230 kV for some time. The construction of the
Hoover Dam, however, made it possible to augment the Los Angeles
energy supply with hydroelectric power. When installed in the late
1930s, this line was the longest and, at 287 kV, the highest voltage
line in this country. A considerable amount of research went into the
insulation system and the conductor design to minimize corona
losses. Progressively higher transmission voltages have been intro-
duced until switchgear standards have now been developed for
800 kV service. Transmission lines at or above 500 kV are termed
EHV for extra high voltage. A major EHV project in the U.S. is the
905-mile Pacific Intertie from the Bonneville Power Administration in
Washington to the Los Angeles area. Two 500-kV transmission lines
supply some 2500 MW, bringing hydroelectric power from installa-
tions on the Columbia River to the major load centers in Southern
California. Hydro-Québec operates a large system of 765-kV trans-
mission lines to bring hydroelectric power from northern Québec to
load centers in Canada and the U.S.

Although most transmission lines are referred to by their nominal
transmission voltage, they are designed for a given basic insulation
level (BIL) in consideration of lightning strokes and switching tran-
sients. Lightning strokes have been measured at voltages of 5 MV,
currents of 220 kA, and a maximum dv/dt of 50 kA/us, so they have
the potential for doing serious damage. Lightning arresters are dis-
cussed in Chapter 2.

High-voltage DC (HVDC) transmission lines have come into ser-
vice through the advent of power electronics. These have an advan-
tage over AC lines in that they are free from capacitive effects and
phase shifts that can cause regulation problems and impair system
stability on faults. An early HVDC transmission line ran from BPA
sites in Washington to Sylmar, CA, a few miles north of Los Ange-
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les, to supplement the AC Pacific Intertie. It is rated 1200 MW at
+400 kVdc. The converter station at Sylmar was originally built with
mercury vapor controlled rectifiers but was destroyed by an earth-
quake. It was rebuilt as one of the early silicon controlled rectifier
(SCR) converters used in HVDC service. Some other large HVDC
installations are in Japan from Honshu to Hokkaido; in Italy from the
mainland to Sardinia; and between North Island and South Island in
New Zealand. Hydro-Québec operates an HVDC system, +450 kV,
2250 MW, from Radisson station near James Bay 640 miles to a
1200-MVA converter station at Nicolet, then 66 miles to a 400-MVA
converter station at Des Cantons, an interchange point to the New
England Power Pool in Vermont. From there, it continues through
Comerford, NH, and finally terminates in the last converter station at
Ayer (Sandy Pond), MA, northwest of Boston. In a sense, we have
come full circle on DC power.

Residential customers of electric utilities are generally billed on the
basis of kilowatt hours, independent of the power factor of their loads.
Many industrial customers, however, are billed in two parts. First,
they are billed for energy consumed on the basis of kilowatt hours for
the billing period. Such charges are in the vicinity of 3 to 5 cents per
kilowatt-hour at this time. They basically pay for the utility fuel cost
of coal, gas, or oil and some of the generation infrastructure. Even
hydroelectric power is not free!

The other portion of most bills is a demand charge based, typically,
on the maximum half-hour average kilowatt load for the billing
period. This is recorded by a demand register on the kWhr meter that
retains the maximum value. Then, this kilowatt demand is adjusted
upward, roughly by the reciprocal of the average power factor over
the month. A typical metropolitan demand charge is $5 to $15 per
month per power factor adjusted peak kilowatt demand. This charge
supports the transformers, transmission lines, and distribution system
necessary to deliver the power. The power factor adjustment recog-
nizes the fact that it is amperes that really matter to the delivery sys-
tem. Demand charges often provide a powerful incentive for industrial
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customers to improve their power factor, since the installation of
capacitors may result in a rapid payoff. This example is merely illus-
trative, however, and there are many variations in billing practices
among the electric utilities in this country. Utility representatives are
generally helpful in providing advice to minimize a power bill. This
matter is further discussed in Chapter 14.

A growing problem in the U.S. is the increasing demands being
placed on the transmission system. Prior to deregulation by the gov-
ernment, most utilities generated and transmitted their own power
with interconnections to other utilities for system stability and emer-
gency sources. The freewheeling market now present for generation
has often resulted in the remote generation of power to loads that
would have been supplied by local generation. The result is over-
loaded transmission lines and degraded system stability. Building
additional transmission lines has been made increasingly difficult by
not in my back yard (NIMBY) reactions by the public. Also, there is
little incentive for utilities to install transmission lines to carry power
that they cannot bill to their customers. Despite these problems, addi-
tional transmission capacity is vital to maintaining a high level of reli-
ability in the interconnected systems.

The entire northeast portion of the U.S. was darkened by a major
power outage on 14 August 2003 that cost billions of dollars in lost
production and revenue. The problem turned out to be simply poor
maintenance of the right of way under some major transmission lines
by an Ohio utility. A large hue and cry was raised about the “anti-
quated” transmission system, but the fact of the matter is that the elec-
tric utility industry has achieved a remarkable record of reliability in
view of the changed conditions resulting from deregulation. However,
the challenge for the future is to do even better.

A significant advance in system stability has come from the devel-
opment of FACTS converter systems. This acronym for flexible AC
transmission systems describes power electronics control systems that
are able to effect very rapid changes in system voltages and phase
angles. Voltages can be maintained through fault swings, and power
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oscillations can be damped. System stability can be maintained even
with increased transmission line loadings. FACTS installations can
defer or eliminate the need for additional transmission lines that are
difficult to install because of environmental concerns, permitting pro-
cesses and right-of-way costs.

1.6. In-Plant Distribution

Power distribution systems in industrial plants vary widely. Some of
the more popular systems follow. At the bottom of the power ratings,
distribution will be at 120/240-V single-phase, lighting loads being
connected at 120 V and small motors at 240 V. Three-phase 120/208-V
distribution, widely used for lighting at 120 V, can also supply three-
phase motors at 208 V, since many induction motors are dual rated
for 208/240 V. The 120/208-V neutral is usually solidly grounded for
safety of lighting circuits. A 277/480-V distribution system is proba-
bly the most popular one for medium-sized industrial plants. The
wye secondary neutral is usually solidly grounded, although a resis-
tance or reactance ground is sometimes used. The most common dis-
tribution voltage in Canada is 600 V.

Older plants often have a 2300-V, three-phase system, delta con-
nected with no ground. Some, however, may ground one corner of the
delta. Distribution at 2400/4160 V is the most popular system at the
next higher power level. At still higher powers, older plants often have
6900 V or 7200 V distribution, although the trend is toward 13.8 kV in
newer plants. The supplying utility usually installs a fused distribution
transformer for lower powers, but the higher-power installations will
utilize padmount transformers with circuit breakers and protective
relays.

The typical distribution arrangement of a medium-size plant is to
bring the incoming power to a number of distribution centers known
as load centers or motor control centers. These consist of a series of
circuit breakers or load break switches in metal cabinet sections, some
containing the control for a motor circuit. The center may also provide
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protective relays and instrumentation. It may have one or more break-
ers to serve lighting circuit transformers scattered throughout the
building. Lighting circuits at 120/208 V are collected in panel boards,
with a master breaker serving a multiplicity of molded case circuit
breakers. A lighting panelboard may be rated at 100 to 400 A with
individual lighting circuits of 20 to 30 A and air conditioning or simi-
lar loads at higher currents.

Internal wiring practices use either plastic or metal conduit or cable
trays. Conduit is used for the lower power levels with conductors
pulled through the rigid tubing. An advantage of conduit is that it pro-
tects the conductors from dripping water and mechanical injury. More
common at the higher power levels are cable trays. Here, the sizes of
conductors are almost unlimited, since they are simply tied down in the
trays to prevent movement on faults. The trays themselves are simple
angles and cross braces with open construction to aid ventilation. If
high- and low-voltage circuits are run together in either conduit or
cable trays, all conductors must be rated for the maximum voltage.

1.7. Emergency Power

There are three levels of reliability to consider for emergency power.
First, there is the power required for mandatory emergency exit signs
and interior lighting in the event of a power outage. This is often sup-
plied from an engine generator set powered by natural gas with auto-
matic starting in the event of an external power failure. Battery
backup may be used. Larger installations may have diesel engine-gen-
erator sets. A short loss of power is acceptable for these purposes. It is
important to test these systems periodically to ensure their availability
when needed.

The second reliability level of emergency power is the maintenance
of operations in an industrial plant where loss of production is expen-
sive. The usual procedure is to provide two separate power feeders to
the plant from separate utility lines. Transfer breakers are used to
switch from an ailing circuit to a live one. A momentary power inter-
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ruption may be acceptable with only a minor inconvenience to pro-
duction. Diesel engines or combustion turbines and generators may
also be used for plant generation where warranted. If a momentary
outage cannot be tolerated, solid-state transfer switches can be used
for subcycle switching.

The highest level of reliability is required for critical operations that
cannot stand any interruption of power whatsoever. These may be
computers in a data processing center or wafer fabrication in a semi-
conductor plant where even a momentary outage can cost millions of
dollars. It is necessary to provide absolutely uninterrupted power to
these facilities. One system that is gaining acceptance is to utilize fuel
cells operating on natural gas to generate DC power. This power can
then be converted to AC with power electronics and used to supply the
plant. Critical loads can be powered from two directions as with a util-
ity supply and controlled with solid-state transfer switches. In some
cases, excess generation is available from the fuel cells, and the power
can be sold to the utility. Many variations on this scheme are being
used at this time.
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Chapter 2

Power Apparatus

Much of the design work in power electronics involves specification
of ancillary apparatus in a system. It is essential to a successful design
that the engineer knows the general characteristics of these compo-
nents well enough to permit selection of a suitable device for the
intended application. The components in this chapter are usually
described in detail in vendor catalog information, but the designer
must know the significance of the ratings and how they apply to the
job at hand. Competent vendors can be valuable partners in the design
process.

Commonly used symbols in power electronics diagrams are shown
in Fig. 2.1. The utility breaker symbol is generally used in single line
drawings of power sources, whereas the industrial symbol is used on
schematics. There are no hard and fast rules, however, and there are a
number of variations on this symbol set.

2.1. Switchgear

The equipments intended to connect and disconnect power circuits are
known collectively as switchgear (please—not switchgears and not
switch-gear). Switchgear units range from the small, molded-case cir-
cuit breakers in a household panelboard to the huge, air break

15
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FIGURE 2.1 Power electronics symbols.

switches on 750-kV transmission lines. They are generally divided
into the four groups of disconnect or isolator switches, load break
switches, circuit breakers, and contactors.

Disconnect or isolator switches are used to connect or disconnect
circuits at no load or very light loads. They have minimum arc-
quenching capability and are intended to interrupt only transmission
line charging currents or transformer exciting currents at most. They
are usually the least expensive type of switch. Mechanically, they are
designed to provide sufficient contact pressure to remain closed
through fault currents despite the high mechanical forces these cur-
rents may cause. Simple knife switches rely on multiple leaves for
contact and frictional forces to maintain contact. Others types have
over-center latches, while still others have clamping locks that toggle
toward the end of the closing cycle. All operate in air and have visible
contacts as a safety provision, although low-voltage safety switches
rely on handle position. All have provisions for lockout.

Medium- and high-voltage disconnect switches are available as
indoor designs that are typically mounted in metal switchgear enclo-
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sures or as outdoor switches incorporated into elevated structures.
Both horizontally and vertically operating switches are available in
outdoor designs, and most are available with motor operators. Some
have optional pneumatic operators.

Load break switches generally follow the basic design arrange-
ments of disconnect switches except that they are equipped with arc
chutes that enable them to interrupt the current they are designed to
carry. They are not designed to interrupt fault currents; they must
remain closed through faults. Again, motor operators are available in
most designs. Motor-operated load break switches can be a lower-cost
alternative to circuit breakers in some applications where remote con-
trol is required.

Circuit breakers are the heavy-duty members of the switchgear fam-
ily. They are rated thermally for a given continuous load current as
well as a maximum fault current that they can interrupt. The arcing
contacts are in air with small breakers, but the larger types have con-
tacts in a vacuum or in oil. High-voltage utility breakers may utilize
sulfur hexafluoride (SF¢) gas. Most breakers have a stored energy
operating mechanism in which a heavy spring is wound up by a motor
and maintained in a charged state. The spring energy then swiftly
parts the contacts on a trip operation. Typically, the circuit is cleared
in 3 to 5 cycles, since rapid interruption is essential to minimize arc
heating and contact erosion. Indoor breakers are usually in metal cab-
inets as part of a switchgear lineup, whereas outdoor breakers may be
stand-alone units.

Some caution should be used when specifying vacuum -circuit
breakers. When these breakers interrupt an arc, the voltage across the
contacts is initially quite low. As the current drops to a low value,
however, it is suddenly extinguished with a very high di/dt. This cur-
rent is termed the chop current, and it can be as high as 3 to 5 A. If the
breaker is ahead of a transformer, the high di/dt level can generate a
high voltage through the exciting inductance of the transformer, and
this can be passed on to secondary circuits. The required voltage con-
trol can be obtained with arresters on the primary or metal oxide
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varistors (MOVs) on the secondary of the transformer. The MOV
should be rated to dissipate the transformed chop current at the
clamping voltage rating of the MOV. It also must be rated for
repeated operations while dissipating the 1/2 LI energy of the pri-
mary inductance where I is the chop current.

Molded case breakers are equipped with thermal and magnetic
overload elements that are self-contained. They are rated by maxi-
mum load current and interrupt capacity. Thermal types employ
selectable heaters to match the load current for overload protection.
Larger breakers are operated from external protective relays that can
provide both overload and short circuit protection through time over-
current elements and instantaneous elements. Nearly all relays are
operated from current transformers and most are now solid-state.

Because of their heavy operating mechanisms, circuit breakers are
not rated for frequent operation. Most carry a maximum number of
recommended operations before being inspected and repaired if nec-
essary. Also, after clearing a fault, breakers should be inspected for
arc damage or any mechanical problems.

The real workhorses of switchgear are the contactors. These are
electromagnetically operated switches that can be used for motor
starting and general-purpose control. They are rated for many thou-
sands of operations. Contactors can employ air breaks at low voltages
or vacuum contacts at medium voltages. Most have continuously
energized operating coils and open when control power is removed.
Motor starters can handle overloads of five times rated or more, and
lighting contactors also have overload ratings for incandescent lamps.
The operating coils often have a magnetic circuit with a large air gap
when open and a very small gap when closed. The operating coils
may have a high inrush current when energized, and the control power
source must be able to supply this current without excessive voltage
drop. Some types have optional DC coils that use a contact to insert a
current reducing resistor into the control circuit as the contactor
closes.


http://engineeringbookslibrary.com/

2.2.  Surge Suppression 19

Any piece of electrically operated switchgear, whether breaker or
contactor, has inductive control circuits that can develop high volt-
ages in control circuits when interrupted. Good design practice calls
for R/C transient suppressors on operating coils or motors. MOV
will limit the developed voltage on opening but will be of no help in
limiting the di/dt that may interfere with other circuits. Contactors
may be mounted within equipment cabinets or as standalone items.

2.2. Surge Suppression

Transient overvoltages can arise from a number of sources. Power dis-
turbances result from lightning strokes or switching operations on
transmission and distribution lines. Switching of power factor correc-
tion capacitors for voltage control is a major cause of switching tran-
sients. All utility lines are designed for a certain basic insulation level
(BIL) that defines the maximum surge voltage that will not damage
the utility equipment but which may be passed on to the customer.
Some consideration should be given to the supply system BIL in high-
power electronics with direct exposure to medium-voltage utility
lines. Such information is generally available from the utility repre-
sentative. The standard test waveform for establishing BIL capability
is a voltage that rises to the instantaneous BIL value in 1.2 ps and
decays to half that value in another 50 ps.

Other sources of transient overvoltages may lie within power elec-
tronics equipment itself. Interrupting contactor coils has already been
mentioned. Diode and SCR reverse recovery current transients can
also propagate within equipment. Arcing loads may require shielding
of control circuits. In general, a solid grounding system will minimize
problems.

Apparatus for surge protection covers the range from the little discs
in 120-V power strips for computers to the giant lightning arresters on
765-kV transmission lines. Many types now utilize the nonlinear
characteristics of MOVs. These ZnO ceramic elements have a low
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leakage current as the applied voltage is increased until a threshold is
reached at which the current will increase rapidly for higher voltages.
The operating voltage is controlled by the thickness of the ceramic
disk and the processing. MOVs may be stacked in series for higher
voltages and in parallel for higher currents.

Lightning arresters are classified by their current rating at a given
clamping voltage. Station-class arresters can handle the highest cur-
rents and are the type used by utilities on transmission and subtrans-
mission lines. Intermediate-class arresters have a lesser clamping
ability and are used on substations and some power electronics that
are directly connected to a substation. The lowest clamping currents
are in distribution-class arresters that are used on distribution feeders
and the smaller power electronics equipment. The cost, of course, is
related to the clamping current. Arresters are rated for their clamping
voltage by class and for their maximum continuous operating voltage,
MCOV. They are typically connected line-to-ground. Lightning arrest-
ers are often used to protect dry-type transformers in power electronic
equipment, because such transformers may have a lower BIL rating
than the supply switchgear. In 15-kV-class equipment, for example,
the switchgear may be rated for 95 or 110 kV BIL, whereas the trans-
former may be rated for only 60 kV.

As a design rule, MOVs used for the protection of power electronics
will limit peak voltage transients to 2 1/2 times their maximum con-
tinuous rated rms voltage. They may be connected either line-to-line
or line-to-ground in three-phase circuits. Line-to-line connections
limit switching voltage transients best but do not protect against com-
mon-mode (all three lines to ground) transients. On the other hand,
the line-to-ground connection that protects against common-mode
transients does not do as good a job on applied line transients. For
optimum protection in equipments with exposure to severe lightning
or switching transients, both may be appropriate. The volt-ampere
curves for a MOV should be checked to be sure the device can sink
sufficient current at the maximum tolerable circuit voltage to handle
the expected transient energies. This current will be a function of the
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MOV size, and a wide range of diameters is available to handle nearly
any design need. Small units are supplied with wire leads, whereas the
larger units are packaged in molded cases with mounting feet and
screw terminals for connections.

Another device in the protection arsenal is the surge capacitor.
Transient voltages with fast rise times, high dv/dt, may not distribute
the voltage evenly among the turns on a transformer or motor wind-
ing. This effect arises because of the turn-to-turn and turn-to-ground
capacitance distributions in the winding, an effect described in Chap-
ter 7. Surge capacitors can be used to slow the dv/dt and minimize the
overvoltages on the winding ends. These are generally in the range of
0.5 to 1.0 pF for medium-voltage service. Some care should be exer-
cised when these are used with SCR circuits because of the possibility
of serious overvoltages from ringing. Damping resistors may be
required.

2.3. Conductors

Current-carrying conductors range from the small wires of home cir-
cuits to massive bus bar sets that may carry several hundred kiloam-
peres. Copper is the primary conductor, with aluminum often used for
bus bars and transformer windings. Conductor cross-sectional areas
are designated by American Wire Gauge (AWG) number in the
smaller sizes, with a decrease of three numbers representing a dou-
bling of the cross-sectional area. Numbered sizes go up to #0000, 40
(four aught). For larger conductors, the cross sections are expressed
directly in circular mils, D2, where D is the conductor diameter in
thousandths of an inch. For example, a conductor 1/2 inch in diameter
would be 250,000 circular mils. This would usually be expressed as
250 kem, although older tables may use 250 mcm. For noncircular
conductors, the area in circular mils is the area in square inches times
(/1) x 100,

High-current conductors are usually divided into a number of
spaced parallel bus bars to facilitate cooling. A rough guide to current
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capacity for usual conditions is 1000 A/in? of cross section. Connec-
tions between bus bar sections should be designed to avoid problems
from differential expansion between the conductors and the bolts that
fasten them, as both heat up from current or ambient temperature. Sil-
icon bronze bolts are a good match for the temperature coefficient of
expansion of copper, and they have sufficient strength for good con-
nections. However, highly reliable connections can be made between
copper or aluminum bus sections with steel bolts and heavy Belleville
washers on top of larger-diameter steel flat washers. The joint should
be tightened until the Belleville washer is just flat. Ordinary split
washers are not recommended. If the bus is subjected to high mag-
netic fields, stainless steel hardware should be used, but the field from
the bus itself does not usually require this. Environmental conditions,
however, may favor stainless.

All joints in buswork must be clean and free of grease. Joints can be
cleaned with fine steel wool and coated with a commercial joint com-
pound before bolting. Aluminum bus must be cleaned free of all oxide
and then immediately protected with an aluminum-rated joint com-
pound to prevent oxide formation.

Most control wiring is made with bare copper stranded conductors
having 300- or 600-V insulation, much of which is polyvinyl chlo-
ride (PVC). These conductors are generally listed by Underwriter’s
Laboratories, the Canadian Standards Association, or both. Most
equipment standards require labeled wire that carries a UL or CSA
printed listing number along with AWG gauge and insulation tem-
perature rating (see Fig. 2.2). The National Electric Code should be
followed for the required current rating of the conductors. Power
wiring is similar to control wiring except, of course, for being much
larger. Cabinet wiring is often limited to about 250 kcm because of
the necessary tight bending radii, although there are no hard rules on
this.

ROME AWM 20 AWG 600 V FR-1 105°C (UL) AWM E-11755 CSA TEW 105°C ZZ 15213

FIGURE 2.2 Typical wire labeling.
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In sequence, these identify the vendor, appliance wire, wire size,
voltage rating, fire retardant class, insulation temperature, Under-
writer’s Laboratories as a listing agency, appliance wire listing num-
ber, CSA as a listing agency, alternate use as control circuit wire,
maximum operating temperature, and listing identification.

Stranded conductors should be terminated in pressure-swaged
crimp connectors that then can be bolted to bus work or terminal
blocks. Circuit breakers and other power devices often have provi-
sions for fastening stranded conductors with clamp plates or pressure
bolts with rounded ends. Swaged connectors should not be used on
these terminals. Fine-strand, extra-flexible welding cable should never
be used with clamp plates. Pressure-crimped connectors are impera-
tive.

Medium-voltage conductors rated to 7.5 kV are available either
shielded or unshielded, but higher-voltage cables must be shielded
unless air spaced from other conductors and ground. Spacings must
follow standards. Shielded conductors have a center current-carrying
conductor, a layer of insulation, and then a conductive shield covered
by an insulated protective layer. The shield is grounded. This arrange-
ment assures that the radial electrostatic field is uniform along the
length and that there are no voids in the insulation to cause corona
deterioration. Terminations are made with stress cones, devices of
several types that gradually increase the insulation radius to an
extended shield while maintaining void-free conditions. When the
radius is sufficient to reduce the voltage stress to allowable levels, the
shield can be ended and conventional terminal lugs attached to the
extended insulated conductor. Some stress cones have shrink-fit tub-
ing and others a silicone grease to eliminate voids. Figure 2.3 shows a
typical arrangement.

The forces between current-carrying conductors vary as the square
of the current, so bracing for fault currents becomes a serious issue in
high-power equipment. Electronic systems such as motor starters that
are connected directly to a power line may face especially high fault
currents. Circuit breakers require several cycles to trip and are of no
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FIGURE 2.3 Stress cone termination for shielded cable.

use in limiting initial fault currents. Ordinary fuses also have rela-
tively long melting times and do not help. On the other hand, semi-
conductor-type fuses will melt subcycle and limit fault current, the
magnitude of which is a function of the prospective fault current with-
out a fuse. The force in pounds per linear foot developed between two
parallel round conductors with spacing d in inches is

F=541 P x107/d

where [ is the rms fault current in each. The force is dependent on the
conductor geometry. Forces are attractive for currents in the same
direction and repulsive for opposite polarities.

When equipment is supplied from an internal transformer rated for
the load current, the steady-state fault current will seldom exceed
twenty times rated current (1/Xpu). However, an inductive source
causes an asymmetric fault current that theoretically may reach a
maximum of twice the steady-state peak value. Although L/R current
decay makes a peak of around 1.5 times steady-state peak more likely,
this still allows more than twice the steady-state peak force, since the
force is proportional to current squared. Circuit breakers are rated for
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a maximum peak current that will allow them to close and latch the
mechanism.

High-current conductors are sometimes made with liquid cooling,
one form utilizing copper tubing soldered or brazed into grooves that
are milled into the edge of the bus. An advantage of liquid cooling in
general is that most of the heat generated in the equipment can be
transferred to the water, thus minimizing heating of the air in cabinets
with power electronics. Liquid cooling also saves on copper.

Buswork carrying high levels of AC currents, especially with a high
harmonic content, may cause parasitic heating of adjacent steel cabi-
net parts due to induced eddy currents. One solution to the problem is
to replace the cabinet sections with stainless steel, aluminum, or fiber-
glass sheet and structural members. Another solution is to interpose a
copper plate between the bus and the offending cabinet member. The
plate will have high eddy currents, but the low resistance of the copper
will minimize losses. Eddy currents in the copper will generate a flux
in opposition to the incident flux to shield the cabinet steel.

2.4. Capacitors

The three major dielectric types of capacitors are those with various
types of film dielectrics used mostly for power factor correction and
R/C snubbers, electrolytic types used for filters, and ceramic types in
the smaller ratings. The electrolytics have a much higher energy stor-
age for a given volume, but they are not available in voltages above
about 500 V and are generally rated for DC service only. They further
have leakage currents and limited ratings for ripple current. Still, their
high energy density makes them popular for filters on DC power sup-
plies. Even when operated at rated conditions, electrolytic capacitors
have a definite lifetime, because the electrolyte will evaporate over
time, especially if the capacitors are operated at high ripple currents
or in high ambient temperatures. Design consideration should be
given to adequate ventilation or heat sinking.
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Film dielectric power factor correction capacitors have replaced
most of the earlier types made with paper dielectric. These capacitors
are rated by kilovar (kvar) at rated voltage and are available both as
single units and three-phase assemblies in one can. Power factor cor-
rection capacitors are always fused, either with standard medium-
voltage fuses or with expulsion fuses in outdoor installations. The lat-
ter discharge a plume of water vapor when ablative material in the
fuse tube is evaporated as the fuse clears a fault.

Capacitors applied to a power system can create problems in the
presence of harmonics generated by nonlinear loads. The capacitor
bank will form a parallel resonance with the source inductance of the
utility supply, and if this resonance falls on a harmonic of the line fre-
quency at which harmonic currents are present, the result can be seri-
ous overvoltages and/or overcurrents. Good engineering practice is to
make a harmonic voltage survey before installing power factor correc-
tion capacitors.

Power factor capacitor ratings are described in IEEE 18-2002, [EEE
Standard for Shunt Power Capacitors. In summary, they may be oper-
ated at maximum conditions of 110% rated rms voltage, 120% of
rated peak voltage, 135% of rated kvar, and 180% of rated rms cur-
rent. Each of these ratings must include any harmonic voltages or cur-
rents. When a capacitor is used with a series inductor to form a series
resonant harmonic current trap, the increase in voltage at power fre-
quency caused by the inductor must be considered. Most third-har-
monic filters and some fifth-harmonic filters may require capacitors
rated above the nominal circuit voltage.

Energizing a section of a capacitor bank when the remainder of the
bank is on line can result in damaging transient currents. When a sin-
gle capacitor is connected to a power line, the surge current is limited
by the impedance of the source. Within a capacitor bank, however, the
only impedance limiting switching current is the small inductance and
resistance of the buswork between sections. The charged capacitors
will discharge into the incoming capacitor with little current limiting.
Each switched section within a capacitor bank should be protected
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with a current-limiting reactor. Surge currents should be kept within
the instantaneous ratings of the capacitors and switchgear.

Some capacitors designed for DC operation are made with a very
long sandwich of conductive and dielectric strips rolled into a cylin-
der. Connections are made at one end of the two conductive strips, a
“tab foil” design. Other types are made from a dielectric strip with a
foil or deposited film of metal on one side. The film type can evapo-
rate a small area of the metal on an internal failure without damage,
and they are advertised as being self-healing. Capacitors designed for
R/C snubber circuits, however, are often required to carry high rms
currents and must be so rated. These capacitors are also formed from a
sandwich of aluminum foil strips and film dielectric rolled into a cyl-
inder, but the foil layers are offset axially so that the connections to
the two foil windings can be made all along the two edges of the
winding. This arrangement, known as extended foil, lowers the induc-
tance of the capacitor, and the resistive losses are much lower because
the current does not have to flow in from one end of the winding,. The
two constructions are shown in Fig. 2.4. In general, DC-rated capaci-
tors should not be used for AC service or R/C snubbers unless they
also have an acceptable AC voltage and current rating. Note that snub-
ber capacitors are subjected to repetitive charge and discharge that
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FIGURE 2.4 Capacitor construction.
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results in much higher rms currents than would be expected from their
capacitance and applied voltage.

All capacitors can be connected in series or parallel for higher volt-
ages or capacitances. They may be freely paralleled, but series con-
nections may require the use of a voltage-sharing resistor connected
in parallel with each capacitor. Film types operated on AC circuits
may not require sharing resistors for series operation, but resistors are
required if DC voltage components are present. Without sharing resis-
tors, the DC voltage will distribute in proportion to the highly variable
leakage resistances. Sharing resistors must have a resistance low
enough to swamp out the leakage resistance variations to a sufficient
degree of voltage uniformity. Design guidance is available from ven-
dors.

Yet another version of capacitors is the ceramic type. Made from
ceramic material with a high dielectric constant, ceramic capacitors
generally have smaller capacitances but are available in high voltage
ratings. Such capacitors have a very low self-inductance and may be
desirable for some types of snubbers.

2.5. Resistors

Power electronic systems employ a large variety of resistor types and
ratings. At the low-power end, they are used in R/C snubber circuits,
in voltage dividers, and as damping elements for various resonant cir-
cuits. The two general resistor classes in the lower power ranges are
wirewound and metallized film. Wirewound resistors are wound from
a resistance alloy wire, usually on a cylindrical ceramic body. Termi-
nal connections are welded at each end of a solenoidal winding. Non-
inductive wirewound resistors are made with two paralleled windings
wound in opposite directions around the body so that their magnetic
fields tend to cancel. Another construction technique is to wind the
resistor from an elongated hairpin with the loop anchored to one end
of the body and the leads brought out at the other end, the two wires
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being insulated from each other. There are many variations on these
basic construction techniques. Resistors for snubber use, especially
with fast switching semiconductors, must have an inductance as low
as possible to minimize transient voltages. Metallized film resistors
utilize a vacuum deposited resistance metal film on a ceramic sub-
strate. Such metal film resistors have little transient heat storage
capacity and are not generally recommended for snubber use. The
same is true for carbon film resistors. Carbon composition types are
preferred for low-power snubbers. These are made from a bulk carbon
cylinder within a ceramic tube.

Ceramic resistors are formed in various configurations from any of
a number of conductive ceramics. Metallized sections made by spray-
ing a conductive metal onto the ceramic allow for terminal connec-
tions. These resistors tend to have a low inherent inductance that
makes them useful for snubbers. Some are housed in cast metal bodies
that provide an insulated heat sink for power dissipation.

High-power resistors take on several forms, all of which are
designed to permit efficient cooling (see Fig. 2.5). Some in the power
ranges up to a few kilowatts are made with rectangular conductors of
resistance alloy wound into an air core cylinder with appropriate insu-
lators and supports. Resistors with still higher power ratings are made
from stamped sheet metal resistance alloys, sometimes stainless steel,
assembled into stacks with series, parallel, or series/parallel connec-
tions for the desired resistance. The general description is grid resis-
tor. Tron grid castings preceded this type of construction, and such
resistors were often used for starting DC motors on trolley cars.

Water-cooled resistors are useful in equipment with water-cooled
semiconductors or for the manufacture of compact testing loads for
power electronic systems. Many are made from stainless steel or
monel tubing with water flowing inside. In going through such a resis-
tor from end to end, the cooling water may be expected to rise 3.8°C
for a dissipation of 1 kW with water flow at 1 gal/min. Exit water tem-
perature should be kept below about 70°C to minimize leaching mate-
rial from the resistor interior wall.
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FIGURE 2.5 Power resistor types.

Resistors are also used for heating in many of the process indus-
tries. Globar® silicon carbide resistors are long cylindrical elements,
operating at a few hundred volts, that can create temperatures in
excess of 1200°C. Sheathed wires similar to an electric stove element
with grounded surfaces are also used for annealing, drying, and simi-
lar processes. Although not a resistor per se, molten glass is highly
conductive and is held at temperature electrically in melters to supply
fiberglass nozzles, bottling lines, float glass, and many other glass fab-
rication industries. Connections are made with silicon carbide rods.
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Electric melters are more environmentally friendly than gas-fired
units.

2.6. Fuses

These protective elements are integral components of power electron-
ics design. They range from the tiny glass cartridge fuses for control
circuits to long, medium-voltage types. Each has characteristics that
are tailored for the particular applications. Control fuses should be
rated for about 125% of the expected load current. Standard types can
be used for most control circuits, but slo-blo fuses should be used for
loads such as small motors and contactor coils that may draw inrush
currents.

Semiconductor fuses are a special type that can limit the fault cur-
rent by clearing subcycle, and they often protect power semiconduc-
tors from load faults. Made with multiple thin, silver links embedded
in sand with a binder, they melt very quickly on faults and extinguish
the arc by evaporating the binder and melting the sand. They are avail-
able in a wide range of currents, voltages, and case styles. Most have a
ceramic case, and many are designed to fit directly into buswork.
Some high-current types are built as matched units, paralleled by the
vendor. In pulsed applications, they should not be loaded with an rms
pulse current more than 60 to 70% of the melting current for the pulse
duration. Steady-state current should not exceed 80% of rated.

If protection of semiconductors is a design objective, the fuse 1%t
rating should be well under the 1’t rating of the semiconductor. Better
coordination can be obtained in SCR converters if each SCR path is
fused rather than the supply lines. This arrangement also offers pro-
tection from internal bus-to-bus faults when the load can source
power.

Medium-voltage fuses are available as “E” rated for transformers
and general-purpose applications, and “R” rated for use with applica-
tions such as motors with high starting currents. Most mount in clip
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assemblies. These fuses may be matched in resistance and paralleled
by the vendor for higher currents.

All high-current fuses should be bolted into sanded buswork with
joint compound and sufficient pressure to ensure a minimum resis-
tance. Fuses are rated under the assumption that the buswork to which
they are mounted will sink heat from the fuse and not source heat into
it.

2.7. Supply Voltages

The primary operating voltage for most power electronics is divided
into two general classes: low-voltage, service voltages of 600 V or
less, and medium-voltage, service voltages of 601 V through 34.5 kV.
The vast majority of power electronics will wind up on either 600-V,
5-kV, or 15-kV-class supplies in the U.S., but there are applications at
2400 V and 6900 V, especially in older plants. Overseas, many other
voltages may be encountered, with 400 V, 3300 V, and 11 kV being
popular, all at 50 Hz.

2.8. Enclosures

Equipment enclosures are described in NEMA standard ICS 1-110.
Briefly, the designer may be expected to encounter Type 1, Type 4,
and Type 12 enclosures most often. Type 1 is a general-purpose
indoor, ventilated enclosure that protects personnel from accidental
exposure to high voltages and protects equipment from dripping
water. Type 4 is a watertight, dusttight, nonventilated indoor or out-
door enclosure. Type 12 is a dusttight, driptight indoor enclosure.
Type 12 may have nonventilated sections that are dusttight and venti-
lated sections that are not.

Most enclosures are made with 10 to 12 ga steel, although smaller
wall mount cabinets may be 14 ga. Corners and seams are welded,
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and free-standing enclosures are equipped with three-point door
latches. The rear wall of a cabinet has welded studs that support a
removable panel so that component assembly can be done outside the
cabinet. All doors should be connected to the enclosure frame with
flexible grounding straps for safety. The industry standard for free
standing enclosures is 90 inches in height.

2.9. Hipot, Corona, and BIL

Any insulation system must be able to tolerate a continually applied
voltage, a transient overvoltage, and a surge voltage. Furthermore, it
must be free of partial discharge (corona) under the worst-case operat-
ing conditions. The hipot test is typically a 1-min application of a 50-
or 60-Hz voltage between all conductors and ground, during which
the system must not fail shorted or show a fluctuating leakage current.
There may, of course, be displacement currents from the capacitance
to ground.

Absent a specific high-potential test specification, a rule of thumb is
a 1-min, 60-Hz applied sinusoidal voltage of twice rated rms voltage
plus 1000 V for equipment rated 600 V or less and 2.25 times rated
voltage plus 2000 V for ratings of 601 V and above.

The ability to withstand surge voltages is defined by a test wave
with a 1.2 ps rise time to peak and a 50 ps fall to half voltage. This test
approximately defines a basic insulation level (BIL) for the system.
The test is a single application of this wave, and the requirement to
pass is simply freedom from breakdown.

Yet another test is the voltage at which a certain level of corona
begins. This is detected by the appearance of impulse discharge cur-
rents on an oscilloscope as the applied voltage is slowly raised. The
voltage at which these currents appear is the onset or inception level,
and the cessation of the impulses as the voltage is reduced is the offset
or extinction voltage. Standardized metering circuits in commercial
corona testers allow these impulse currents to be quantified in micro-
coulombs of current-time integral.
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A simple corona tester can be made that is sufficient for most pur-
poses with only a hipot tester, a filter, and a coupling circuit as shown
in Fig. 2.6. The noise filter can be made with a high-voltage resistor
and capacitor, and the current demand should be kept below the maxi-
mum rating of the hipot tester. The RF choke (RFC) can be any small
inductor of from 1 to 100 mH inductance, and the low-pass R/C filter
can be used to eliminate the fundamental current from the oscillo-
scope. Some tinkering of these components can be expected. In opera-
tion, corona will be indicated by the appearance of noise spikes as the
voltage is raised. The unit can be tested with some twisted hookup
wire.

2.10. Spacings

Even the lowest-voltage systems require some consideration for the
electrical clearances between conductors of different voltage. Stan-
dards have been developed by the Canadian Standards Association
(CSA), Institute of Electrical and Electronics Engineers (IEEE),
National Electrical Manufacturers Association (NEMA), and Under-
writer’s Laboratories (UL). These standards cover everything from PC
boards to high-voltage switchgear.

Spacings are generally considered in two classes: strike, the clear-
ance through air paths, and creep, the clearance along insulating sur-
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FIGURE 2.6 Simple corona tester.
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faces. Whereas the strike capability of an air path between spherical
conductors may be much larger then the standards allow, the stan-
dards recognize the imperfect world of sharp-edged conductors, con-
ductor movement on faults, voltage transients, and safety margins.
Similarly, the creep standards recognize that insulating surfaces may
become contaminated by conductive dust or moisture.

Understanding these standards is especially important in applying
medium-voltage transformers that are directly connected to customer
switchgear. The switchgear is the first line of defense and must cope
with lightning and switching transient voltages, but it will pass along
these transients to connected equipment. Unless equipment connected
to customer switchgear is protected by auxiliary arresters and/or surge
capacitors, it must meet the same standards as the switchgear itself.
Table 2.1 is taken from the Westinghouse document, “Electrical
Clearances for Switchgear,” and, although some years old, it is typical
of the several extant standards.

TaBLE 2.1 Switchgear Electrical Clearance Standards

Clearances for Insulated Conductors

5-kV strike  15-kV strike  5-kV creep ~ 15-kV creep
2in 3in 3.5in 5.5in

Clearances for Uninsulated Conductors

5-kV strike  15-kV strike  5-kV creep ~ 15-kV creep
3in 6in 4in 6.51in

The insulated conductors include extruded insulations, insulating
boots, and high-voltage taping. The standards recognize that these
insulating materials may degrade with continued exposure to high
voltages.

2.11. Metal Oxide Varistors

Metal oxide varistors (MOVs) are components that have a nonlinear
V/I characteristic. In the case of varistors used for voltage protection,
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the voltage varies but little over a very wide range of current. The
types used for power electronics are made by pressing and sintering
wafers of zinc oxide ceramic with the characteristics determined by
the process, the diameter, and the thickness. These devices are avail-
able in sizes from those suitable for surface mounting on PC boards to
those for large station-type lightning arresters. The range spans sizes
from a few millimeters to 90 mm in diameter.

The V/I curve for a typical 60-mm dia., 480-V rated MOV is shown
in Fig. 2.7. Note that the current is only 1 A at 1000 V peak and virtu-
ally zero at the 680 V peak in a 480-V circuit. However, it will limit
the peak voltage to about 1200 V at 1000 A. This means it will protect
a 1200-V SCR or other semiconductor from peak transient currents as
high as 1000 A. MOVs are generally applied at their nominal rms
voltage rating and are expected to clamp transients to a peak voltage
of 2.5 times their rms rating.

MOVs have little power dissipation capability, and they can be eas-
ily destroyed by repetitive transients such as produced by SCR com-
mutation. MOV catalogs show the lifetime characteristics as a
function of the current magnitude and duration. When used for sup-
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FIGURE 2.7 480-V, 60-mm MOV characteristic.
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pressing breaker chop, for example, the maximum lifetime exposure
should be calculated so that a suitably sized MOV can be specified.

2.12. Protective Relays

Utilities and large industrial plants use a variety of relay types to pro-
tect the system and its components against fault currents. The most
basic types are overcurrent relays, which are available in a number of
styles. All will trip a breaker on overcurrent, but the timing is widely
variable among the several types. Relays are available from inverse to
extremely inverse according to the design. All trip with a delay on
low-current faults but trip more quickly as the fault current rises.
Many are available with an auxiliary instantaneous element that will
trip subcycle. Nearly all types are now electronic, with power derived
from the protected circuit itself. They are usually cascaded with
decreasing trip current settings as the system branches out from
source to load through a succession of buses and circuit breakers. This
allows an overcurrent to be cleared as close to the fault as possible so
as to avoid disturbing other loads.

Another useful type is the differential relay. This relay has two sets
of current coils and will trip on current imbalance between the two
sets. When equipped with suitable current transformer ratios on the
two sets, it can protect a transformer or generator from internal faults
and distinguish between them and external faults. Most differential
relays have delay elements to allow for inrush currents in transform-
ers.

Electric utilities often use impedance or distance relays to protect
transmission and distribution circuits. Although computers now take
over many of these tasks, the principle remains the same. The imped-
ance relay has both current and voltage coils, with the voltage coils
used as restraint elements. If the voltage is high enough, the current
coils are inhibited from tripping the associated breaker. In a sense, this
relay measures the impedance and hence the distance to the fault, and
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it can decide whether a downstream breaker can clear the fault with
less disturbance to the system.

Relays are identified on system single-line diagrams as type 50 for
instantaneous overcurrent relays, 51 for time overcurrent relays, 64
for ground fault relays, 87 for differential relays, and 21 for imped-
ance or distance relays. The relay designations are usually shown
adjacent to the circuit breaker they trip, with instantaneous and time
overcurrent relays shown as 50/51. Undervoltage, phase balance,
phase sequence, directional power, and frequency relays are but a few
of the many other types available.

This essay has been a bit cavalier in equating, by implication,
impedance to reactance. In most power systems work, the resistive
losses are small enough to have little effect on fault currents or regula-
tion, so impedance is often considered as reactance in calculations.
The same is true of commutation in converters where resistance does
play a small role.
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Chapter 3

Analytical Tools

Several specialized analytical tools have been developed to aid in the
solution of power and power electronics circuits. Learning these tools
can make the design job easier, especially when studying the interac-
tion between a power electronics system and the supplying utility sys-
tem. Also, it is necessary to understand these analytical tools and their
nomenclature to converse with utility and vendor engineers associated
with the power electronics field.

3.1. Symmetrical Components

Analysis of a three-phase AC circuit with unbalanced currents or volt-
ages gets into some rather messy complex numbers. In 1918, Dr. C. L.
Fortesque delivered a paper before the AIEE, predecessor organiza-
tion to the IEEE, that laid the groundwork for symmetrical compo-
nents, a method of representing unbalanced voltage or current phasors
by symmetrical sets of phasors. These symmetrical components are
positive- and negative-sequence three-phase components as well as a
zero-sequence single-phase component. This latter phasor is involved
with four-wire systems, usually involving ground circuits. The net-
work can be solved in the usual fashion with each of the symmetrical

39
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components, and then the individual solutions combined to represent
the unbalanced system. Symmetrical components are universally used
by power company engineers for system parameters.

Symmetrical component analysis uses a complex operator, a, where
a=-0.5+; 0.866, a unit phasor at 120°. Then, a*=-05 —70.866, and
a® = 1.0.If a set of asymmetric phasors are given as x, y, and z, then

Ex():w
3

2

Ex] = Ytay+az
3
2

Ex) = Xta y+az
3

where all quantities are phasors. Ex0, Ex1, and Ex2 are referred to as
the zero-sequence, positive-sequence, and negative-sequence com-
ponents of x, respectively. Then, ExO = Ey0 = Ez0, Eyl = a? Ex1,
Ezl =a Exl, Ey2 = a Ex2 and Ez2 = a’ Ex2.

This process is shown in Fig. 3.8 where a (very) unbalanced set of
phasors are x = 6.0, y = —j2.0 and z = —0.707 + j0.707. The sequence
networks are shown at the right. In this case,

Ex0=1.764 —j0.431
Ex1 =2.899 +j0.419
Ex2 =1.337 +;0.011
The original asymmetric phasors may then be reconstituted as

x=Ex0+ Ex1 + Ex2
y:EyO+Ey1+Ey2:ExO+a2Ex1+aEx2

7= FEz0 + Ez1 + Ez2 = ExO + a Ex1 + a* Ex2
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X ~ Y0 X > X2
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ORIGINAL PHASORS SEQUENCE SETS

FIGURE 3.1 Symmetrical components.

If the set of phasors just resolved were to represent load imped-
ances, the line currents could be determined by impressing the bal-
anced line voltages onto the three sequence networks separately and
adding the three components of each line current.

Symmetrical components are often used to describe the characteris-
tics of overhead transmission lines. For example, the familiar set of
three conductors in a horizontal row has equal couplings from the two
outer lines to the center line, but they have a different coupling to each
other. Hence, the mutual inductances and capacitances of the set are
different. The use of symmetrical components of these impedances
allows the line to be analyzed as two balanced positive- and negative-
sequence networks. The resultant currents can then be combined.
Absent a grounded circuit, the zero-sequence network is not present.

The many circuit simulation software packages now available can
reduce the need for using symmetrical components for circuit solu-
tions, but they are still valuable for defining the unbalanced loading
and fault performances of synchronous machines.

3.2. Per Unit Constants

Per unit quantities greatly simplify comparisons between items of
power apparatus and aid in solving fault calculations. Per unit is a
method of normalizing the characteristics of elements in a power elec-
tronics system so they can be represented independent of the particu-
lar voltage at that point in the system. Their characteristics are


http://engineeringbookslibrary.com/

42 3 0 Analytical Tools

translated relative to a common base so that extended calculations can
be made easily.

In its simplest form, a per unit quantity is merely the percent quan-
tity divided by 100. It spares one the nonsense of 50% voltage times
50% current equals 2500% power. In per unit notation, 0.5 pu voltage
times 0.5 pu current equals 0.25 pu power as it should be. A trans-
former with 6% impedance would have a per unit impedance of
0.06 pu. Although not described as such, this impedance is based on
the rated voltage and current of the transformer. It accommodates the
differences in primary and secondary voltages by describing the per-
cent rated voltage in either winding required to produce rated current
in that winding with the other winding shorted. The regulation charac-
teristics of the transformer are completely described by this figure.
When other elements are added to a system, however, there will be a
whole set of different ratings of the various elements. A 500-kVA
transformer at 4160 V with 6% reactance may serve a 50-kVA trans-
former at 480 V with 4% reactance that, in turn, serves a 5-kVA light-
ing transformer at 120 V with 3% reactance. It is a real nuisance to
chase the various voltages and currents back through the system to
find, for example, the short circuit current at the final transformer. Per
unit quantities make it easy.

First, one must choose a particular power level as a base quantity.
The selection is completely arbitrary but is usually related to the rat-
ing of one of the component items. In this case, the 50-kVA trans-
former will be used as the base, and its leakage impedance will be 4%
on that base, 0.04 pu. To relate the 5-kVA lighting transformer to this
quantity, one simply multiplies the 5-kVA impedance of 0.03 pu on its
own base by the power ratio of 50 kVA/S kVA = 10. With the two in
cascade, the total impedance is now 0.04 + 0.03 x 10 = 0.34 pu. The
500-kVA transformer by the same procedure becomes 0.06 50/500 =
0.006 pu on the 50-kVA base. The series string impedance is then
0.006 + 0.04 + 0.30 = 0.346 pu on the 50 kVA base. This total series
impedance is 0.0346 pu on a 5-kVA base, and a fault on the secondary
of the 5-kVA transformer will result in 1/0.0346 = 28.9 times rated
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current, 28.9 pu on the 5-kVA base. At the 50-kVA transformer, this
fault will result in 1/0.346 pu = 2.89 pu current on a 50 kVA base, and
at the 500-kVA transformer the fault is 1/3.46 = 0.289 pu on a
500-kVA base. At any point in the system, one can define a base
impedance as Zbase = VLLZ/VA or Zbase = VLLZ/(IOOO X kVA) where
VA or kVA is a three-phase rating. Then, in ohms, Zohms = Zbase Zpu
at that base. The base impedance is the impedance that, when con-
nected to each line of a three-phase system at rated voltage, will draw
rated load current and develop rated voltamperes.

It is worth the effort to develop a familiarity with the per unit sys-
tem, because it greatly eases conversations with utility engineers,
motor designers, transformer designers, and others associated with
power electronics. It is universally used.

3.3. Circuit Simulation

Many power electronics circuits can be simulated and studied with
relatively simple computer programs. While many engineers prefer to
use commercial circuit simulation software packages, there is some
merit in being able to write simple code to study circuit operation
under transient conditions. The example that follows is written in
BASIC, but it can be easily translated to C or any other preferred pro-
gramming language. It is the concepts of handling the circuit that
count.

The schematic of Fig. 3.2 shows a circuit the author designed
some years ago. The circuit is an arc heater with a current regulator,
and the concern was to define the current overshoot when the arc
ignited from applied voltage. The converter was a 24-pulse system
that permitted a relatively fast current loop of 2000 rad/s. The sys-
tem had a nonlinear output inductor, a feedback filter, a transport lag
from the SCRs and serial optical links, a negative slew rate limit,
and an arc strike voltage. The BASIC program follows. It is heavily
annotated to illustrate the approach. Fig. 3.3 shows the output wave-
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FIGURE 3.2  Arc heater circuit.
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Horizontal 28 ms/div, V=288 Urdiv, 1=188 A-div
ARC HEATER STARTING CHARACTERISTIC

FIGURE 3.3  Circuit voltage and current waveforms.

form with a starting current transient of some 270% of initial set-
point, entirely acceptable in this case. Note that the current shows a
slight undershoot and then overshoot when falling to the command
level once the arc is ignited.

44
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3.3.1. Circuit Simulation Notes

Initial voltage:
Initial current:
Ignition voltage:
Equivalent arc
resistance:
Inductor:

Feedback:

Transport lag:
Regulator:
Negative slew rate:

Commanded
current:

0 — current integrator enabled at r =0
0.01 A (to get a finite inductance)
600 V

0.25Q

Inductance inversely proportional to current to
1.1 power, bounded by 10 mH maximum and
1.1 mH minimum

Three cascaded filter poles at 2000 rad/s. Filter
will handle both feedback and anti-aliasing in the
digital system.

I ms delay in SCRs and digital system, simulated
as an actual delay

Lead at 250 rad/s to match 4-ms load time con-
stant

—10%/ms to approximate 50-Hz sine wave

100 A, a low initial current setting to minimize
overshoot

This program will run in BASIC 4.5 or higher as well as

QuickBASIC.

'Arc heater starting program

SCREEN 12 ' set

640 x 480 screen

PALETTE 0,4144959 ' set reverse palette colors
PALETTE 15,0 'set background white

DIM ed(10000)

td = 100 'delay in 10 us increments

dt = .00001 ' time increment 10 us

icom = 100 ' current command level

ecom = icom / 300 ' current command = .33 v for 100A
rL = .25 ' load resistance

r3 = 40000 ' lead resistor

rd

10000 ' input resistor
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ra = 500 ' filter resistors

rb = 500

rc = 500

ca = .000001 ' filter capacitors

cb = .000001

cc = .000001

cd = .000001

c3 = .000001 ' integrator capacitor

i = .01 ' initial current

again:

IF i <= 0 THEN i = 1 ' clip undershoot

L = .01 * (250 / i ) ~ 1.1 ' inductor characteristic

IF L > .01l THEN L = .01 ' maximum inductance 10 mH

IF L < .0011 THEN L = .0011 ' minimum saturated
inductance 1.1 mH

ee = ecom - ef ' error signal of command minus
feedback

ia = (el - ea) / ra ' filter capacitor current for
Euler integration

ib = (ea - eb) / rb ' same, next stage

ic (eb - ec) / rc ' same, final stage

p =n - td ' digital system transport lag

IF p <1 THEN p = 1 ' initialize

ed(n) = ec ' last stage filter voltage

ef = ed(p) ' delay of td/100 ms

ec = ec + 1c * dt / cc ' three cascaded poles of filter
with poles at 2000 rad/s

eb = eb + ib * dt / cb ' sections are isolated

ea = ea + 1a * dt / ca ' Euler integration

ei = .0033 * i ' 1500 A = 5 V feedback from shunt

econ = 240 * eo ' converter gain, 5 v = 1200 V

IF econ < 0 THEN econ = 0 ' commutating diode prevents
negative voltage

IF econ > 1200 THEN econ = 1200 ' voltage ceiling

IF (i < icom) AND (econ > 650) THEN econ = 650 '
starting voltage limit

IF econx - econ > 1 THEN econ = econx - 1 ' negative
slew rate limit 10%/ms
i =1+ (econ - eL) * dt / L ' load current

IF econ > 600 THEN k = 1 ' flag to detect first current
above isetpoint
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IF k = 0 THEN i = 0 ' no current until econ> 600 V arc
ignition voltage

el = 1 * rLL ' load voltage

eo =ee * (r3 / rd ) + ecap ' output voltage of opamp

IF eo > 10 THEN eo = 10 ' opamp limit

ecap = ecap + (eo - ecap ) / ¥r3 * dt / c¢3 ' voltage on
integrator cap

PSET (n / 20 + 50 , 400 - i ) ' plot current

PSET (n / 20 + 50, 400 - .5 * econ ) ' plot voltage
n=n+1

IF n > 10000 GOTO quit: ' end of display

econx = econ ' set econx for prior voltage to set
negative slew rate maximum

GOTO again:

quit:

FOR n = 0 to 400 STEP 100

LINE ( 50 , n ) - ( 550 , n ) ' ordinate scale
NEXT

FOR n = 50 to 550 STEP 100

LINE (n , 0 ) - (n , 400 ) ' abscissa scale
NEXT

LOCATE 27 , 15: PRINT “ Horizontal 20 ms/div, V=200 V/
div, I=100 A/div”

LOCATE 28 , 20: PRINT “ ARC HEATER STARTING
CHARTERISTIC”

LOCATE 10,10: PRINT “Voltage”

LOCATE 15,50: PRINT “Current”

3.4. Simulation Software

A number of software packages are now available to simulate the
operation of nearly any power electronic circuit. Component charac-
teristics are included, and the programs are set up so that representa-
tion of a circuit is relatively easy. All are described on the Internet in
some detail, and most have student versions, limited-capability ver-
sions, limited-time versions, or introductory packages. The comments
that follow must be taken at a point in time, since the software evolves
rapidly.
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MATLAB—An interactive program for numerical computation and
data visualization that is used by control engineers for analysis and
design. Numerous “toolboxes” such as SIMULINK, a differential
equation solver, are available for simulation of dynamic systems. It
provides an interactive graphical environment and a customizable
set of block libraries that allow for the design, simulation, and
implementation of control, signal processing, communications, and
other time-varying systems.

MATHCAD—An equation-based program that allows one to docu-
ment, perform, and share calculation and design work. It can inte-
grate mathematical notation, text, and graphics in a single
worksheet. It allows capture of the critical methods and values of
engineering projects.

Spice—One of the early simulation programs, Spice allows a circuit
to be built directly on the display screen in schematic form. Librar-
ies are available for the various circuit elements. Both steady-state
and transient behavior can be analyzed. Many related programs are
also available—PSpice, Saber, and Micro-Cap to name just a few.
Some are directly compatible with Spice.

ElectroMagnetic Transients Program (EMTP)—Devoted primarily to
the solution of transient effects in electric power systems, variants
are available for circuit work. It is developed and maintained by a
consortium of international power companies and associated orga-
nizations. The core program is in the public domain.

The above is only a sampling of the more popular software avail-
able for circuit analysis. Most packages can be purchased on the Inter-
net and some have student versions that can be downloaded at no cost.
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Chapter 4

Feedback Control
Systems

Nearly all systems in power electronics rely on feedback control sys-
tems for their operation. This chapter presents the basic analog analy-
sis of such systems because, in this author’s opinion, it offers a more
intuitive understanding of their behavior than can be obtained from
modern control theory with digital techniques.

4.1. Basics
Fig. 4.1 shows the simplest feedback control system. A command sig-

nal is received by a summing junction and compared to a feedback
signal of opposite polarity. The difference signal is sent to an ampli-

AMPLIFIER
ec + e €0
COMMAND G(s) QUTPUT
ef H(s)
FEEDBACK

FIGURE 4.1 Basic feedback system.
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fier that produces the system output with a feedback signal derived
from the amplifier output. Both the amplifier characteristic and the
feedback characteristic are functions of frequency and are shown as
G(s) and H(s), respectively.

The performance of such system can be derived from an equation
that relates output to input. The equation is developed as follows:

e=ec—ef

eo=eXG(s)

ef =eo X H(s)

eo =G(s) X [ec —eo X H(s)]

eo/ec = G(s)/[1 + G(s) X H(s)]=A

A

where eo/ec is the closed-loop system gain as a function of frequency.
If the feedback is disconnected from the summing junction, then
A = G(s) x H(s), the open-loop gain. Simple systems such as the one
shown in Fig. 4.1 can be analyzed for stability and performance by an
examination of the open-loop gain characteristic as the frequency is
varied. For most purposes, the asymptotic response will suffice.

4.2. Amplitude Responses

Figure 4.2 shows the actual and asymptotic responses of a simple R/C
circuit consisting of a series 1 M2 resistor and a 3.3 pF shunt capaci-
tor. Such frequency response characteristics for systems are referred
to as Bode (bodey) plots.

The plot is in decibels (dB) equal to 20 X log;y(vo/vi) where vo and
vi are the output and input voltages, respectively. These may just as
easily be currents or currents translated to voltages through shunts or
CTs. The asymptotic response is useful, because it can be quickly
drawn and has a maximum error of only 3 dB at the break point. The
break point in radians per second is simply the reciprocal of the time
constant in seconds. Figure 4.3 shows a number of circuit elements
and their asymptotic frequency responses.
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Amplitude Responses
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The asymptotic response of cascaded circuit elements can be deter-
mined by simply adding their individual responses. Figure 4.4 shows

the process for two elements with different asymptotic responses, 1

when they are cascaded.

B

3
The time response of a closed-loop feedback system can be deduced

’

and 2, and the response

response. The primary factor affecting

from the open-loop frequency
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FIGURE 4.4 Composite response.

0

10

F(s)

the time response is the slope of the frequency response as it crosses
the zero-dB line, the line of unity gain, and its response in the fre-
quency decade before and after the crossover. Several normalized fre-
quency response characteristics are shown in Fig. 4.5 along with their
FIGURE 4.5 Frequency responses, F(s), and corresponding time responses, f(t).
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corresponding time responses. Frequency plots are in radians/sec and
time plots in seconds.

At upper left, the gain crosses the zero-dB axis with a slope of -2,
—40 dB per decade. The time response is dramatically unstable, and
the system takes off for the moon. At upper right, the gain curve
approaches the zero-dB axis with a slope of —1 then goes to —2. The
system is stable but with an overshoot. The lack of high-frequency
gain results in a poor rise time.

The curve at lower right shows a similar behavior with overshoot.
Now, however, the high-frequency gain is better, and the system has a
good rise time. Finally, at lower left, the system crosses with a slope
of —1, =20 dB per decade and is critically damped with a good rise
time and no overshoot. These response characteristics can yield some
insight into the behavior of more complex systems.

4.3. Phase Responses

The amplitude response with frequency is only part of the story, the
remainder being the phase response. The curves at lower left in
Fig. 4.5 result from a pure integrator, and the phase shift is a constant
90° lag independent of frequency. The characteristic at upper left is
equivalent to two integrators in cascade and has a phase shift of 180°.
The reason it is unstable is that the feedback voltage now adds directly
to the command voltage. Instead of being negative feedback, it is pos-
itive, and it makes the system regenerative. The output rises until
something saturates, and then the process repeats. The result is an
oscillator.

A low-pass filter such as shown at the lower right of Fig. 4.3 has a
phase lag of 45° at the break frequency, and the lag approaches 90°
for higher frequencies. Filtering signals will always result in a lagging
phase characteristic. The actual and asymptotic phase responses of an
R/C low-pass filter normalized to one radian per second are shown in
Fig. 4.6.
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FIGURE 4.6 Phase responses of an R/C low-pass filter.

Filters are not the only sources of phase lag. Any sort of a time
delay, termed a transport lag, also contributes to phase lag. In an SCR
bridge converter, for example, an SCR cannot respond immediately to
a command change unless it has a positive anode voltage. If the com-
mand is a sudden large decrease, the time delay may approach 240°,
11 ms in a 60-Hz system, if the previous SCR has just been fired. The
average delay will be 30° for a small change in command, 1.4 ms.
Phase shifts for such a 1.4-ms time delay are shown in Fig. 4.7.

Time delays also arise in sampled data systems. If the output of a
system is periodically sampled for feedback, there is a potential trans-
port lag of one sampling period and an average transport lag of one-
half a sampling period before the information is available. In a com-
plex system, these transport lags may become cumulative and consti-
tute a source of instability.

4.4. PID Regulators

Many industrial controllers employ a proportional, integral, differen-
tial regulator arrangement that can be tailored by the customer to opti-
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FIGURE 4.7 Phase lag of a 1.4-ms transport lag.

mize a particular control system. The basic layout is shown in
Fig. 4.8. Three channels are summed with a variable gain on each.
The system response can be varied over a wide range of characteris-
tics. A system with only a proportional response has an error that is
inversely proportional to that gain. If an integrator is added, the error
can in principle be reduced to zero. The “in principle” must be added,
because there are always limits on accuracy in any system. The differ-
entiator can be used to compensate for lags in the system and to
improve the high-frequency response and rise time. However, the dif-
ferentiator amplifies noise, and there will be a limit to how much dif-
ferential control can be added.

PROPORTIONAL

ej INTEGRAL ec

DIFFERENTIAL

ec = eilky * ky/s + kys)

FIGURE 4.8 PID regulator.
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4.5. Nested Control Loops

Many systems require nested control loops to control several vari-
ables. One example is a DC motor drive that must have a very fast
current control loop to limit the armature current but also requires a
voltage loop for speed control. The voltage control cannot override
the current loop, but it will set the required current so long as it is
within the limits set by the current loop. In short, the voltage or speed
loop commands the current that is required to satisfy the voltage, but
the current loop sets the current limit. Both loops must be uncondi-
tionally stable. Figure 4.9 shows a typical system. The armature cur-
rent is regulated by feedback from a current shunt and isolator
amplifier. The frequency of such a current regulator using SCRs can
have a crossover as high as 1000 radians/sec, but 500 radians/sec is
easier to handle and less critical on feedback. If the current loop is set
up for 500 radians/sec, the voltage loop must, generally, crossover at a
decade lower in frequency, 50 radians/sec, for stability on a 50- or

60-Hz system.
SCR AMPLIFIER @

CURRENT FDBK
CURRENT LIMIT

VOLTAGE
COMMAND

VOLTAGE FDBK

FIGURE 4.9 Nested control loops.
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Chapter 5

Transients

Some aspects of transient voltages have been mentioned previously,
but a more detailed examination will be made in this chapter. The
long-term health of a power electronics system often hinges on its
ability to withstand transient voltages arising both inside and outside
of the equipment itself.

5.1. Line Disturbances

Lightning strikes and switching transients on power lines will propa-
gate down the line and eventually arrive at a substation. There, the
voltage will be clamped by lightning arresters to a level the substation
equipment can handle without damage. This voltage will be passed on
to the distribution lines in two forms: differential and common modes.
The differential-mode voltage is the voltage between the power line
conductors themselves, and it does not directly involve voltages to
ground. The common-mode voltages are the voltages of the several
conductors to ground.

Differential-mode voltages are passed directly through transformers
and appear on the secondaries as transformed by the turns ratio. Some
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attenuation may result from intrawinding capacitances, but interwind-
ing capacitances may actually increase the voltage. Common-mode
voltages are transferred to the secondary through the interwinding
capacitances and can be effectively stopped by an electrostatic shield
between the windings. Absent the shield, however, they can appear on
the secondaries with a magnitude close to that on the primary. This
can be a severe problem on medium-voltage systems where there is
the possibility of 10 kV or more being developed on secondaries to
ground.

The best protection from line-induced transients of all types on sec-
ondaries is a set of MOVs. Line-to-line MOVs on the secondary are
best for differential-mode voltages, and line-to-ground MOVs will
provide the best protection from common-mode voltages if a shield is
not used. An electrostatic shield (Faraday screen) is a relatively low-
cost addition to a transformer, and it is a good practice to specify a
shield on transformers with medium-voltage primaries. With a shield,
line-to-line MOV are likely to provide sufficient transient protection.
As mentioned in Chapter 3, dry-type transformers should be equipped
with at least distribution-class lightning arresters on medium-voltage
circuits.

5.2. Circuit Transients

Most gate drives for SCRs or insulated gate bipolar transistors
(IGBTs) are supplied in one way or another through transformers with
primaries at control circuit potential and secondaries at the cathode or
emitter voltage, which may be far above ground. The transformers
have interwinding capacitances that will couple the power voltage
transients on the semiconductors to the low-voltage control circuits.
Here, they may flow through printed circuit board traces and cause
improper operation or even component failure. The best protection is
to equip the gate drive transformers with electrostatic shields and to
be sure their primaries are tied directly to ground whenever possible.
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The use of multilayer PC boards has resulted in much lower-induc-
tance ground planes than earlier traces could provide. Still, it is not
wise to run grounds in on one end of a board and out on the other.
Ground and common leads entering and exiting a PC board should be
on the same end if possible, and the same is true for power leads.

The operating coils on contactors and power relays will generate
transient voltages when they are deenergized. R/C snubbers on the
coils will reduce the effect on other circuit elements, but it is good
practice to separate low-power control signals from higher-power
switching circuits by running them in separate wiring troughs. Power
circuits should never be run in control or signal circuit troughs.

Signal circuits should be further protected by using shielded wire.
The shields should be continuously connected, but they should be
grounded only at a single point that serves as an earth ground for all
signal commons. Figure 5.1 shows a problem that can arise with stray
pickup, even with shielded wire. The shielded signal lead between
boards A and B at top is run directly, while the control commons and
signal shield are connected to a common ground point at a distance.
This results in a large area that stray flux can penetrate and induce
spurious voltages into the signal. If the signal lead is routed along the
ground paths, the loop is eliminated. Shielding can eliminate electro-

BOARD A |=e==========p0ARD B
—3_ STRAY FLUX

PICKUP

LOOP

BOARD A BOARD B

FIGURE 5.1 Signal wire routing.
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static effects, but it does little to prevent electromagnetic couplings.
Twisted pairs are the answer here.

Switching currents in semiconductors can cause very high di/dt lev-
els, particularly in IGBTs, and these transients can couple to other cir-
cuitry. Gate drives and low-level circuitry should be kept away from
power switching circuits.

The commutation period in SCRs will drop the source voltage to
zero in a microsecond or so and hold it there until commutation is
completed. The effect is called notfching, and this disturbance can
propagate to other equipment in the area through common power
lines. One way to reduce this effect is to install R/C snubbers on the
power lines. Such filtering is also useful to control the maximum dv/dt
on SCRs from power line disturbances. Figure 5.2 shows a simple
input circuit where the source inductance per phase is shown as L. The
equivalent value for each R/C component as seen by a line-to-line
transient is Req = 2R/3 and Ceq = 3C/2 for the capacitor. For an
instantaneous line-to-line disturbance of V, the di/dt will be V/2L,
and the maximum dv/dt passed on to the power electronics will be
Req(di/dt). For critical damping, Ceq = Req2/8L. Any SCR turn-on
current limit must also be observed in sizing such a filter.

Although most transients are associated with rising voltages, falling
voltages can also interrupt operation. If a control transformer is sup-
plying power to large contactor coils or fan motors, the inrush current
may cause a voltage loss sufficient to drop relays or disrupt opera-
tions. The cure is to oversize the control transformer or use a low-
leakage reactance design so that the control voltage can be held above
the required minimum.

L
LINE N LOAD
aVa VN T
01010
°TI T T

FIGURE 5.2 R/C notch reduction filter.
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Signal processing electronic components, such as opamps, multipli-
ers, digital processors, and the like, have a limited ability to reject
common-mode noise on differential inputs. If noisy signals are
expected, it is good practice to attenuate the noise before it arrives at
the sensitive circuitry. Once inside, it is too late, and noise overloads
can cause anomalies that are difficult to analyze. Figure 5.3 shows a
multiplier chip as an example. The circuit is presumably immune to
high-frequency noise because of the common-mode rejection of the
multiplier. But if the noise level is not really known, it is a good idea
to install a pole of rolloff ahead of each multiplier input. The pole
should be located about a decade above the highest frequency that the
multiplier is expected to pass.

5.3. Electromagnetic Interference

Electromagnetic interference (EMI) is a double-acting problem. Espe-
cially in military usage, equipments must not radiate interference
beyond levels allowed by specifications nor be affected by defined
levels of external interference. These levels are defined for both radi-
ated and conducted levels. Radiated interference into and out of
equipment can usually be thwarted by good grounding techniques and
shielding of critical circuits. Interference conducted by supply, con-
trol, or load wiring may require the installation of low-pass traps such
as shown in Fig. 5.4. A “T” section of this sort will reduce conducted
noise in both directions, into and out of the equipment. Conducted
noise will be revisited in Chapter 14.

Ao—%}r
R /; X +—o AxB
° C
?I

FIGURE 5.3 Multiplier input filtering.
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NS I

FIGURE 5.4 T-section filter.

Local EMI can cause problems with instrumentation. Shunts are
often used to measure DC current levels and occasionally for AC. Iso-
lation amplifiers are used to amplify the shunt output voltage that is
usually in the 50 to 100 mV range. Difficulties may arise if care is not
taken with the lead dress to the shunt, especially if the power circuit
has a high ripple level. Figure 5.5 shows the nature of the problem.
The lead dress at left provides a large loop that magnetic fields can
penetrate and induce spurious voltages. At right, the leads have been
twisted to minimize the loop.

Even with twisted leads, there is a less obvious loop caused by the
thickness of the shunt itself. The shunt should be made such that the
terminals are symmetric about the geometric center of the shunt, and
this requires an even number of leaves and location of the terminals
on opposite sides of the shunt body and opposite ends of the leaves.
Figure 5.6 shows a recommended shunt construction that several ven-
dors are willing to make at a small premium in price.

Even with these precautions, it is not always possible to eliminate
all stray pickup in circuits with AC or high-ripple currents. However,
contaminating signals can be neutralized with an air core pickup coil
of a few turns connected in series with the shunt output. The location
and orientation of the pickup coil must be determined experimentally.

Cel e b e
STRAY

FLUX

PICKUP

S A AREA

FIGURE 5.5 Shunt wiring.
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O} ¥ =0
i {

FIGURE 5.6 Preferred shunt construction.

The precautions on shunt metering apply also to oscilloscope mea-
surements of low-level signals in the presence of interference. The
ground lead of the scope should be looped back and forth along the
probe to minimize the loop area and the resultant induced voltages.
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Chapter 6

Traveling Waves

Traveling wave effects were once the nearly exclusive domain of com-
munications engineers and electric utility transmission line engineers.
However, as variable frequency, pulse width modulated (PWM) motor
drives have gone to higher and higher PWM frequencies, standing-
wave phenomena have appeared in motor circuits. Traveling waves
are now of concern to many power electronics engineers, and an
understanding of their effects is necessary for motor protection in
installations with long cables or high PWM frequencies. In modern
terms, a transmission line is any set of parallel or coaxial conductors
of finite length, and they may be printed circuit conductors or miles of
overhead wires.

6.1. Basics

Standing waves appear when a length of line is excited at a frequency
for which the electrical line length is a significant part of an electrical
wavelength. They result from the constructive and destructive inter-
ference of forward and reflected waves on the line. The behavior of
the line can be determined by solving the applicable differential equa-
tions relating the line parameters to the exciting frequency. The solu-
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tion of the equations for a line with losses is rather complex and adds
little to the practical considerations, so the lossless line will be ana-
lyzed instead.

In the lossless line, L is the series inductance per unit length, and C
is the shunt capacitance. If a differential length, dx, is considered,
the inductance for that length is L dx, and the voltage in that length is
e = —L dx(di/dt). Since e = (de/dx)dx, the equation can be written as
dx(de/dx) = —L dx(di/dt). Similarly, dx(di/dx) = —C dx(de/dt). Divid-
ing out the dx terms and substituting partial derivatives, the funda-
mental forms of transmission line equations result:

—del/dx = Ldi/dt and —9i/d/x = Cdeldt

By differentiating with respect to x and then with respect to ¢, these
equations can be solved simultaneously to yield second-order, ellipti-
cal, partial differential equations for both e and i individually with
respect to ¢ and x. The classical forms then result:

LC%i/0¢% — 9%i/dx? = 0 and LCO%e/02 — 92e/dx* =0

These equations can now be solved by transforms or classical meth-
ods. Explicit solutions can be developed with hyperbolic functions in
the complex plane, and these solutions were the only practical means
of line analysis until the digital computer was developed. Fortunately,
the computer offers an easier method of analysis by numerical inte-
gration, and line losses can be incorporated with relative ease. The
difference equations can be solved by simple Euler integration, so the
whole process is not nearly as daunting as in earlier years.

The difference equations for differential sections of line are shown
in Fig. 6.1. These equations allow numerical solutions for the voltages
and currents on the line as functions of distance and time. Although it
may not be immediately apparent, these difference equations, in the
limit, replicate the differential equations.

Before proceeding to typical solutions, several derived parameters
should be defined. First, the line has a surge, or characteristic, imped-
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FIGURE 6.1 Transmission line difference equations.

ance defined as Z; = (L/C)'? and, second, a velocity of propagation
V= 1/(LC)1/2. The characteristic impedance defines the relationship
between the line and its attached load, and the velocity of propagation
defines the speed of signal transmission along the line and conse-
quently its electrical length. The electrical length of the line, in terms
of wavelengths for any given exciting frequency, is A,/A, = v/c, where
kp is the physical line length, A, is the exciting frequency wavelength
in free space, v is the velocity of propagation, and c is the speed of
light. The parameters vary widely among the various types of trans-
mission lines and cables typically encountered in power electronics.
Figure 6.2 shows two examples of such lines.

The overhead line has a high series inductance and relatively low
shunt capacitance that leads to a high surge impedance. It also has a

Overhead line of 1/0 conductors with 6-ft spacing:
Zy=325Q,v = 83%

Shielded coaxial cable, 15 kV with 500 kcm conductor:
Zy=21Q,v =29%

. 8
Velocities are shown as percentages of ¢ = 3 x 10° m/s

FIGURE 6.2 Transmission line parameters.
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relatively high velocity of propagation because of the low capaci-
tance. In the cable, things are reversed. Shielded cable has a very high
capacitance that makes the surge impedance low, and the velocity of
propagation is also low. Note that the physical wavelength of a signal
in such shielded cable is less than one-third of the wavelength in free
space.

6.2. Transient Effects

The problems that can arise from traveling waves in motor circuits
can best be illustrated by examining the response of a transmission
line to applied transient voltages. Figure 6.3 shows the extreme case
of a transmission line with a zero source impedance and no load ter-
mination. The reflection coefficient, RC, is given by

re = 1~%0

Zr+Z,
where Z7 is the terminating impedance and Z, the surge impedance.
This parameter defines the reflected waves that are generated with a
given terminating impedance. RC = 1 for the unterminated line.

When a traveling wave reaches the end of a line, a reflected wave
will be developed unless the line is terminated in its surge impedance.
If RC is positive, the reflected wave will be positive and will add to
the incident wave. If RC is negative, the reflected wave is negative and
subtracts from the incident wave. In the limiting cases of open and
short circuit terminations, the open circuit termination doubles the
incident voltage and the short circuit brings it to zero. In either case,
however, the reflected wave continues in the reverse direction, and the
incident wave continues, in effect, in the forward direction. The pro-
cess is shown in Fig. 6.3 with a unit applied voltage. At any point on
the line, the voltage is the sum of the incident and reflected waves.

The receiving end voltage will continue the sequence of +2, +2,
0, 0, +2... as long as the voltage is supplied at the sending end. The


http://engineeringbookslibrary.com/

6.2. Transient Effects 69

SEND RECEIVE

INCIDENT | — NET V=0

INCIDENT
<« | Ri +

NET V =+2

INCIDENT
R + NET V = +2
R2 - |

<

INCIDENT

Ri+ .
R NET V =0

< | R3 -

INCIDENT
Ri +
R2 - NET V=20
R3 -
R4 + | —

INCIDENT
Ri +
R2 -
R3 -
R4 +
< | R5 +

NET V =+2

FIGURE 6.3 Transmission line reflections—open load.

sending end will continue to invert each reflected wave, and the
receiving end will return it with the same polarity. Although this
little exercise examined a lossless line with pure reflections, much
the same process obtains with typical shielded cable or conductors
in conduit.

Figure 6.4 shows the effects of shaping the voltage wavefront to
reduce the rate of rise. A unit voltage wave with various rise times is
applied and the receiving end voltage shown for each. Note that a rise
time of more then about ten times the transit time, 2 ps in this exam-
ple, will nearly eliminate the overshoot. Such shaping can be done
with low-pass filters on a drive output to protect a motor. Figure 6.5
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500" - 2/0 15 kV SHIELDED CABLE
ZERO RISE TIME - RECEIVING END VOLTAGE

2
1
) 1 | | |
0 5 10 15 20 %5 B
MICROSECONDS
4 uSEC RISE TIME - RECEIVING END VOLTAGE
2 -
1 -
0 | L | | |
0 5 10 15 0 25 %
MICROSECONDS
2( 500" - 2/0 15 kV SHIELDED CABLE
8 USEC RISE TIME - RECEIVING END VOLTAGE
1F
0 | | | | ! |
0 5 10 15 20 25
MICROSECONDS
oc
12 pSEC RISE TIME - RECEIVING END VOLTAGE
1 -
0 [ | L | | |
0 5 10 15 20 25
MICROSECONDS
2 —
25 uSEC RISE TIME - RECEIVING END VOLTAGE
1 -
0 | L | | |
0 5 10 15 20 25
MICROSECONDS

FIGURE 6.4 Front-of-wave shaping.
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FIGURE 6.5 Overshoot as a function of rise time.

quantifies the needed shaping for a given overshoot. The curve is the
maximum envelope of an oscillatory function.

When the exciting voltage is repetitive, there is theoretically no
limit to the magnitude of voltage overshoot at the receiving end of a
line. In reality, losses reduce the overshoot, but it can ratchet up well
beyond what a single pulse can produce.

6.3. Mitigating Measures

Reducing the load voltage overshoot means reducing the slope of the
wavefront at either the source end or at the load to control the
reflected waves. In principle, it is possible to match the line imped-
ance with a Z; termination, but this is not often practical because of
the unknown high-frequency characteristics of the load. The usual
measures are to install an inductor or low-pass filter on the source. If
an inductor alone is used, it should have an inductance on the order of
five times the line inductance to the load. A low-pass filter should be
simulated with the system on a computer to avoid possible resonance
problems.
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Installing a surge capacitor at the motor is valuable when the motor
terminals are accessible to the drive designer. The capacitor will tend
to reduce the end turn effects that can damage motor windings. How-
ever, the capacitor may need a series damping resistor and, again, a
computer simulation is suggested.
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Chapter 7

Transformers and
Reactors

Transformers form a special class of components in power electron-
ics. The design and performance of many systems are critically
dependent on the design and performance of their associated trans-
formers, and the transformer often forms the major cost item in the
system. It will often pay in performance, reliability, and economy if
the power electronics design engineer understands transformers and
has a technical dialog with the transformer vendor. It is also a good
idea to have the current IEEE C57 series of transformer standards
available. These standards may be purchased from the publications
department of the IEEE in a single, bound volume.

The author once served as an expert witness in a lawsuit in which a
drive manufacturer sued a transformer vendor for transformers that
failed in a foreign steel mill. The problem was caused by radial flux
generating eddy currents in an electrostatic shield. The transformer
had a full axial length primary and two axially stacked secondaries
that conducted alternately. The shield overheated, the insulation
failed, and the vendor was held responsible for a faulty design. Had
the customer explained the service conditions to the vendor rather
than relying on a standard specification, the problem might have been
avoided.
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7.1. Transformer Basics

A review of coupled circuit equations is a good starting point for a
discussion of transformers, because it is wise to keep them in mind
when examining transformer characteristics. First, we examine a sim-
ple pair of coupled coils. Figure 7.1 shows two coils in proximity with
instantaneous voltages and currents as indicated.

The magnetic fields of these two coils have common regions, and
the coils are therefore said to be coupled, and a coefficient of cou-
pling, k, defines the degree of coupling. If the coils have induc-
tances L; and L,, then a mutual inductance can be defined such that
M = k(L,L,)""?. The equations for voltages and currents can now be
written. For the two conditions of coil 2 open circuited and short cir-
cuited with coil 1 excited,

oc. ey =Lygr  scep =L -Mar
di,  di
1 2
= -M —+ L —
0 dar T dn

These can then be solved to yield Loc = L; and Lsc = L| — M2/L2
where Loc and Lsc are the open circuit and short circuit inductances,
respectively. Then,

) )

1 i Li<e-k =>>L2 i2 e

(]
no

FIGURE 7.1 Coupled coils.
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Figure 7.2 shows an equivalent circuit for an idealized transformer with
no losses. From the equations for Fig. 7.1, Loc = L, Lsc = L| — MZ/LZ,
A=L;—-M, and B=L, — M. A and B are defined as the primary and
secondary leakage inductances, respectively, and M is the magnetiz-
ing inductance. More usually, the inductances are replaced by their
reactances at the operating frequency. If the turns ratio is n:1, primary
and secondary quantities are related by Es = Ep/n and Is = Ip X n.

These quantities are often expressed in percentage or per unit quan-
tities, since they can then be used to compare transformers across all
ratings, designs, and leakages. The leakage reactance in percent is
equal to the full-load voltage drop as a percent of rated voltage for
that winding. Note that this is a vector voltage drop, and the effect of
this drop on the terminal voltage will depend on the current phase
angle. The exciting current is expressed as a fraction or percent of
rated load current which, in turn, is rated voltage divided by the mag-
netizing reactance.

Considering a typical transforme