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Preface

The generation, delivery, and utilization of electric power and energy remain among the most challenging
and exciting fields of electrical engineering. The astounding technological developments of our age are
highly dependent upon a safe, reliable, and economic supply of electric power. The objective of The
Electric Power Engineering Handbook is to provide a contemporary overview of this far-reaching field as
well as a useful guide and educational resource for its study. It is intended to define electric power
engineering by bringing together the core of knowledge from all of the many topics encompassed by the
field. The articles are written primarily for the electric power engineering professional who is seeking
factual information and secondarily for the professional from other engineering disciplines who wants
an overview of the entire field or specific information on one aspect of it.

The book is organized into 15 sections in an attempt to provide comprehensive coverage of the
generation, transformation, transmission, distribution, and utilization of electric power and energy as
well as the modeling, analysis, planning, design, monitoring, and control of electric power systems. The
individual articles within the 15 sections are different from most technical publications. They are not
journal type articles nor are they textbook in nature. They are intended to be tutorials or overviews
providing ready access to needed information, while at the same time providing sufficient references to
more in-depth coverage of the topic. This work is a member of the Electrical Engineering Handbook
Series published by CRC Press. Since its inception in 1993, this series has been dedicated to the concept
that when readers refer to a handbook on a particular topic they should be able to find what they need
to know about the subject at least 80% of the time. That has indeed been the goal of this handbook.

In reading the individual articles of this handbook, I have been most favorably impressed by how well
the authors have accomplished the goals that were set. Their contributions are, of course, most key to
the success of the work. I gratefully acknowledge their outstanding efforts. Likewise, the expertise and
dedication of the editorial board and section editors have been critical in making this handbook possible.
To all of them I express my profound thanks. I also wish to thank the personnel at CRC Press who have
been involved in the production of this book, with a special word of thanks to Nora Konopka and Ron
Powers. Their patience and perseverance have made this task most pleasant.

Leo Grigsby
Editor-in-Chief

© 2001 CRC PressLLC
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contributions to electrical engineering.
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1.1 Wind Power

Gary L. Johnson

The wind is a free, clean, and inexhaustible energy source. It has served humankind well for many
centuries by propelling ships and driving wind turbines to grind grain and pump water. Denmark was
the first country to use wind for generation of electricity. The Danes were using a 23-m diameter wind
turbine in 1890 to generate electricity. By 1910, several hundred units with capacities of 5 to 25 kW were
in operation in Denmark (Johnson, 1985). By about 1925, commercial wind-electric plants using two-
and three-bladed propellers appeared on the American market. The most common brands were Win-
charger (200 to 1200 W) and Jacobs (1.5 to 3 kW). These were used on farms to charge storage batteries
which were then used to operate radios, lights, and small appliances with voltage ratings of 12, 32, or
110 volts. A good selection of 32-VDC appliances was developed by the industry to meet this demand.
In addition to home wind-electric generation, a number of utilities around the world have built larger
wind turbines to supply power to their customers. The largest wind turbine built before the late 1970s was
a 1250-kW machine built on Grandpa’s Knob, near Rutland, Vermont, in 1941. This turbine, called the
Smith-Putnam machine, had a tower that was 34 m high and a rotor 53 m in diameter. The rotor turned
an ac synchronous generator that produced 1250 kW of electrical power at wind speeds above 13 m/s.
After World War II, we entered the era of cheap oil imported from the Middle East. Interest in wind
energy died and companies making small turbines folded. The oil embargo of 1973 served as a wakeup
call, and oil-importing nations around the world started looking at wind again. The two most important
countries in wind power development since then have been the U.S. and Denmark (Brower et al., 1993).
The U.S. immediately started to develop utility-scale turbines. It was understood that large turbines
had the potential for producing cheaper electricity than smaller turbines, so that was a reasonable
decision. The strategy of getting large turbines in place was poorly chosen, however. The Department of
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TABLE 1.1 Wind Power Installed Capacity

Canada 83
China 224
Denmark 1450
India 968
Ireland 63
Italy 180
Germany 2874
Netherlands 363
Portugal 60
Spain 834
Sweden 150
U.K. 334
U.S. 1952
Other 304
Total 9839

Energy decided that only large aerospace companies had the manufacturing and engineering capability
to build utility-scale turbines. This meant that small companies with good ideas would not have the
revenue stream necessary for survival. The problem with the aerospace firms was that they had no desire
to manufacture utility-scale wind turbines. They gladly took the government’s money to build test
turbines, but when the money ran out, they were looking for other research projects. The government
funded a number of test turbines, from the 100 kW MOD-0 to the 2500 kW MOD-2. These ran for brief
periods of time, a few years at most. Once it was obvious that a particular design would never be cost
competitive, the turbine was quickly salvaged.

Denmark, on the other hand, established a plan whereby a landowner could buy a turbine and sell
the electricity to the local utility at a price where there was at least some hope of making money. The
early turbines were larger than what a farmer would need for himself, but not what we would consider
utility scale. This provided a revenue stream for small companies. They could try new ideas and learn
from their mistakes. Many people jumped into this new market. In 1986, there were 25 wind turbine
manufacturers in Denmark. The Danish market gave them a base from which they could also sell to
other countries. It was said that Denmark led the world in exports of two products: wind turbines and
butter cookies! There has been consolidation in the Danish industry since 1986, but some of the com-
panies have grown large. Vestas, for example, has more installed wind turbine capacity worldwide than
any other manufacturer.

Prices have dropped substantially since 1973, as performance has improved. It is now commonplace
for wind power plants (collections of utility-scale turbines) to be able to sell electricity for under four
cents per kilowatt hour.

Total installed worldwide capacity at the start of 1999 was almost 10,000 MW, according to the trade
magazine Wind Power Monthly (1999). The countries with over 50 MW of installed capacity at that time
are shown in Table 1.1.

Applications
There are perhaps four distinct categories of wind power which should be discussed. These are

1. small, non-grid connected
2. small, grid connected
3. large, non-grid connected
4. large, grid connected

By small, we mean a size appropriate for an individual to own, up to a few tens of kilowatts. Large
refers to utility scale.
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Small, Non-Grid Connected

If one wants electricity in a location not serviced by a utility, one of the options is a wind turbine, with
batteries to level out supply and demand. This might be a vacation home, a remote antenna and
transmitter site, or a Third-World village. The costs will be high, on the order of $0.50/kWh, but if the
total energy usage is small, this might be acceptable. The alternatives, photovoltaics, microhydro, and
diesel generators, are not cheap either, so a careful economic study needs to be done for each situation.

Small, Grid Connected

The small, grid connected turbine is usually not economically feasible. The cost of wind-generated elec-
tricity is less because the utility is used for storage rather than a battery bank, but is still not competitive.

In order for the small, grid connected turbine to have any hope of financial breakeven, the turbine
owner needs to get something close to the retail price for the wind-generated electricity. One way this is
done is for the owner to have an arrangement with the utility called net metering. With this system, the
meter runs backward when the turbine is generating more than the owner is consuming at the moment.
The owner pays a monthly charge for the wires to his home, but it is conceivable that the utility will
sometimes write a check to the owner at the end of the month, rather than the other way around. The
utilities do not like this arrangement. They want to buy at wholesale and sell at retail. They feel it is
unfair to be used as a storage system without remuneration.

For most of the twentieth century, utilities simply refused to connect the grid to wind turbines. The
utility had the right to generate electricity in a given service territory, and they would not tolerate
competition. Then a law was passed that utilities had to hook up wind turbines and pay them the avoided
cost for energy. Unless the state mandated net metering, the utility typically required the installation of
a second meter, one measuring energy consumption by the home and the other energy production by
the turbine. The owner would pay the regular retail rate, and the utility would pay their estimate of
avoided cost, usually the fuel cost of some base load generator. The owner might pay $0.08 to $0.15 per
kWh, and receive $0.02 per kWh for the wind-generated electricity. This was far from enough to eco-
nomically justify a wind turbine, and had the effect of killing the small wind turbine business.

Large, Non-Grid Connected

These machines would be installed on islands or in native villages in the far north where it is virtually
impossible to connect to a large grid. Such places are typically supplied by diesel generators, and have a
substantial cost just for the imported fuel. One or more wind turbines would be installed in parallel with
the diesel generators, and act as fuel savers when the wind was blowing.

This concept has been studied carefully and appears to be quite feasible technically. One would expect
the market to develop after a few turbines have been shown to work for an extended period in hostile
environments. It would be helpful if the diesel maintenance companies would also carry a line of wind
turbines so the people in remote locations would not need to teach another group of maintenance people
about the realities of life at places far away from the nearest hardware store.

Large, Grid Connected

We might ask if the utilities should be forced to buy wind-generated electricity from these small machines
at a premium price which reflects their environmental value. Many have argued this over the years. A
better question might be whether the small or the large turbines will result in a lower net cost to society.
Given that we want the environmental benefits of wind generation, should we get the electricity from
the wind with many thousands of individually owned small turbines, or should we use a much smaller
number of utility-scale machines?

If we could make the argument that a dollar spent on wind turbines is a dollar not spent on hospitals,
schools, and the like, then it follows that wind turbines should be as efficient as possible. Economies of scale
and costs of operation and maintenance are such that the small, grid connected turbine will always need to
receive substantially more per kilowatt hour than the utility-scale turbines in order to break even. There is
obviously a niche market for turbines that are not connected to the grid, but small, grid connected turbines
will probably not develop a thriving market. Most of the action will be from the utility-scale machines.
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Sizes of these turbines have been increasing rapidly. Turbines with ratings near 1 MW are now common,
with prototypes of 2 MW and more being tested. This is still small compared to the needs of a utility,
so clusters of turbines are placed together to form wind power plants with total ratings of 10 to 100 MW.

Wind Variability

One of the most critical features of wind generation is the variability of wind. Wind speeds vary with
time of day, time of year, height above ground, and location on the earth’s surface. This makes wind
generators into what might be called energy producers rather than power producers. That is, it is easier
to estimate the energy production for the next month or year than it is to estimate the power that will
be produced at 4:00 pm next Tuesday. Wind power is not dispatchable in the same manner as a gas turbine.
A gas turbine can be scheduled to come on at a given time and to be turned off at a later time, with full
power production in between. A wind turbine produces only when the wind is available. At a good site,
the power output will be zero (or very small) for perhaps 10% of the time, rated for perhaps another
10% of the time, and at some intermediate value the remaining 80% of the time.

This variability means that some sort of storage is necessary for a utility to meet the demands of its
customers, when wind turbines are supplying part of the energy. This is not a problem for penetrations
of wind turbines less than a few percent of the utility peak demand. In small concentrations, wind turbines
act like negative load. That is, an increase in wind speed is no different in its effect than a customer
turning off load. The control systems on the other utility generation sense that generation is greater than
load, and decrease the fuel supply to bring generation into equilibrium with load. In this case, storage
is in the form of coal in the pile or natural gas in the well.

An excellent form of storage is water in a hydroelectric lake. Most hydroelectric plants are sized large
enough to not be able to operate full-time at peak power. They therefore must cut back part of the time
because of the lack of water. A combination hydro and wind plant can conserve water when the wind is
blowing, and use the water later, when the wind is not blowing.

When high-temperature superconductors become a little less expensive, energy storage in a magnetic
field will be an exciting possibility. Each wind turbine can have its own superconducting coil storage
unit. This immediately converts the wind generator from an energy producer to a peak power producer,
fully dispatchable. Dispatchable peak power is always worth more than the fuel cost savings of an energy
producer. Utilities with adequate base load generation (at low fuel costs) would become more interested
in wind power if it were a dispatchable peak power generator.

The variation of wind speed with time of day is called the diurnal cycle. Near the earth’s surface, winds
are usually greater during the middle of the day and decrease at night. This is due to solar heating, which
causes “bubbles” of warm air to rise. The rising air is replaced by cooler air from above. This thermal
mixing causes wind speeds to have only a slight increase with height for the first hundred meters or so
above the earth. At night, however, the mixing stops, the air near the earth slows to a stop, and the winds
above some height (usually 30 to 100 m) actually increase over the daytime value. A turbine on a short
tower will produce a greater proportion of its energy during daylight hours, while a turbine on a very
tall tower will produce a greater proportion at night.

As tower height is increased, a given generator will produce substantially more energy. However, most
of the extra energy will be produced at night, when it is not worth very much. Standard heights have
been increasing in recent years, from 50 to 65 m or even more. A taller tower gets the blades into less
turbulent air, a definite advantage. The disadvantages are extra cost and more danger from overturning
in high winds. A very careful look should be given the economics before buying a tower that is significantly
taller than whatever is sold as a standard height for a given turbine.

Wind speeds also vary strongly with time of year. In the southern Great Plains (Kansas, Oklahoma,
and Texas), the winds are strongest in the spring (March and April) and weakest in the summer (July
and August). Utilities here are summer peaking, and hence need the most power when winds are the
lowest and the least power when winds are highest. The diurnal variation of wind power is thus a fairly
good match to utility needs, while the yearly variation is not.
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TABLE 1.2 Monthly Average Wind Speed in MPH and Projected Energy
Production at 65 m, at a Good Site in Southern Kansas

10 m 60 m Energy 10 m 60 m Energy

Month  Speed  Speed (MWh) Month  Speed  Speed (MWh)
1/96 14.9 20.3 256 1/97 15.8 21.2 269
2/96 16.2 22.4 290 2/97 14.7 19.0 207
3/96 17.6 22.3 281 3/97 17.4 22.8 291
4/96 19.8 25.2 322 4/97 15.9 20.4 242
5/96 18.4 23.1 297 5/97 15.2 19.8 236
6/96 13.5 18.2 203 6/97 11.9 16.3 167
7/96 12.5 16.5 169 7197 13.3 18.5 212
8/96 11.6 16.0 156 8/97 11.7 16.9 176
9/96 12.4 17.2 182 9/97 13.6 19.0 211
10/96 17.1 23.3 320 10/97 15.0 21.1 265
11/96 15.3 20.0 235 11/97 14.3 19.7 239
12/96 15.1 20.1 247 12/97 13.6 19.5 235

The variability of wind with month of year and height above ground is illustrated in Table 1.2. These
are actual wind speed data for a good site in Kansas, and projected electrical generation of a Vestas turbine
(V47-660) at that site. Anemometers were located at 10, 40, and 60 m above ground. Wind speeds at
40 and 60 m were used to estimate the wind speed at 65 m (the nominal tower height of the V47-660)
and to calculate the expected energy production from this turbine at this height. Data have been nor-
malized for a 30-day month.

There can be a factor of two between a poor month and an excellent month (156 MWh in 8/96 to
322 MWh in 4/96). There will not be as much variation from one year to the next, perhaps 10 to 20%.
A wind power plant developer would like to have as long a data set as possible, with an absolute minimum
of one year. If the one year of data happens to be for the best year in the decade, followed by several
below average years, a developer could easily get into financial trouble. The risk gets smaller if the data
set is at least two years long.

One would think that long-term airport data could be used to predict whether a given data set was
collected in a high or low wind period for a given part of the country, but this is not always true. One
study showed that the correlation between average annual wind speeds at Russell, Kansas, and Dodge
City, Kansas, was 0.596 while the correlation between Russell and Wichita was 0.115. The terrain around
Russell is very similar to that around Wichita, and there is no obvious reason why wind speeds should
be high at one site and low at the other for one year, and then swap roles the next year.

There is also concern about long-term variation in wind speeds. There appears to be an increase in global
temperatures over the past decade or so, which would probably have an impact on wind speeds. It also
appears that wind speeds have been somewhat lower as temperatures have risen, at least in Kansas. It appears
that wind speeds can vary significantly over relatively short distances. A good data set at one location may
underpredict or overpredict the winds at a site a few miles away by as much as 10 to 20%. Airport data
collected on a 7-m tower in a flat river valley may underestimate the true surrounding hilltop winds by a
factor of two. If economics are critical, a wind power plant developer needs to acquire rights to a site and
collect wind speed data for at least one or two years before committing to actually constructing turbines there.

Land Rights

Spacing of turbines can vary widely with the type of wind resource. In a tradewind or a mountain pass
environment where there are only one or two prevailing wind directions, the turbines can be located
“shoulder to shoulder” crossways to the wind direction. A downwind spacing of ten times the rotor
diameter is usually assumed to be adequate to give the wind space to recover its speed. In open areas, a
crosswind spacing of four rotor diameters is usually considered a minimum. In the Great Plains, the
prevailing winds are from the south (Kansas, Oklahoma, and Texas) or north (the Dakotas). The energy
in the winds from east and west may not be more than 10% of the total energy. In this situation, a spacing
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of ten rotor diameters north—south and four rotor diameters east—west would be minimal. Adjustments
would be made to avoid roads, pipelines, power lines, houses, ponds, and creeks.

The results of a detailed site layout will probably not predict much more than 20 MW of installed
capacity per square mile (640 acres). This figure can be used for initial estimates without great error.
That is, if a developer is considering installing a 100-MW wind plant, rights to at least five square miles
should be acquired.

One issue that has not received much attention in the wind power community is that of a fair
compensation to the land owner for the privilege of installing wind turbines. The developer could buy
the land, hopefully with a small premium. The original deal could be an option to buy at some agreed
upon price, if two years of wind data were satisfactory. The developer might lease the land back to the
original landowner, since the agricultural production capability is only slightly affected by the presence
of wind turbines. Outright purchase between a willing and knowledgeable buyer and seller would be as
fair an arrangement as could be made.

But what about the case where the landowner does not want to sell? Rights have been acquired by a
large variety of mechanisms, including a large one-time payment for lease signing, a fixed yearly fee, a
royalty payment based on energy produced, and combinations of the above. The one-time payment has
been standard utility practice for right-of-way acquisitions, and hence will be preferred by at least some
utilities. A key difference is that wind turbines require more attention than a transmission line. Roads are
not usually built to transmission line towers, while they are built to wind turbines. Roads and maintenance
operations around wind turbines provide considerably more hassle to the landowner. The original owner
got the lease payment, and 20 years later the new owner gets the nuisance. There is no incentive for the
new landowner to be cooperative or to lobby county or state officials on behalf of the developer.

A one-time payment also increases the risk to the developer. If the project does not get developed, there
has been a significant outlay of cash which will have no return on it. These disadvantages mean that the
one-time payment with no yearly fees or royalties will probably not be the long-term norm in the industry.

To discuss what might be a fair price for a lease, it will be helpful to use an example. We will assume
the following:

+ 20 MW per square mile

+ Land fair-market value $500/acre

+ Plant factor 0.4

+ Developer desired internal rate of return 0.2
+ Electricity value $0.04/kWh

+ Installed cost of wind turbine $1000/kW

A developer that purchased the land at $500/acre would therefore want a return of $(500)(0.2) =
$100/acre. America’s cheap food policy means that production agriculture typically gets a much smaller
return on investment than the developer wants. Actual cash rent on grassland might be $15/acre, or a
return of 0.03 on investment. We see an immediate opportunity for disagreement, even hypocrisy. The
developer might offer the landowner $15/acre when the developer would want $100/acre if he bought
the land. This hardly seems equitable.

The gross income per acre is

20,000 kW }(0.4) (8760 hours/ year) ($0.04
I=

=$4380/acre/ year (1.1)
640 acres / /Y
The cost of wind turbines per acre is
(20,000 kw) ($1000/ 10w
CT, = = $31,250/acre (1.2)

640 acres
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We see that the present fair-market value for the land is tiny compared with the installed cost of the
wind turbines. A lease payment of $100/acre/year is slightly over 2% of the gross income. It is hard to
imagine financial arrangements so tight that they would collapse if the landowner (either rancher or
developer) were paid this yearly fee. That is, it seems entirely reasonable for a figure like 2% of gross
income to be a starting point for negotiations.

There is another factor that might result in an even higher percentage. Landowners throughout the
Great Plains are accustomed to royalty payments of 12.5% of wholesale price for oil and gas leases. This
is determined independently of any agricultural value for the land. The most worthless mesquite in Texas
gets the same terms as the best irrigated corn ground in Kansas. We might ask if this rate is too high. A
royalty of 12.5% of wholesale amounts to perhaps 6% of retail. Cutting the royalty in half would have
the potential of reducing the price of gasoline about 3%. In a market where gasoline prices swing by
20%, this reduction is lost in the noise. If a law were passed which cut royalty payments in half, it is hard
to argue that it would have much impact on our gasoline buying habits, the size of vehicles we buy, or
the general welfare of the nation.

One feature of the 12.5% royalty is that it is high enough to get most oil and gas producing land under
lease. Would 6.25% have been enough to get the same amount of land leased? If we assumed that some
people would sign a lease for 12.5% that would not sign if the offer were 6.25%, then we have the
interesting possibility that the supply would be less. If we assume the law of supply and demand to apply,
the price of gasoline and natural gas would increase. The possible increase is shear speculation, but could
easily be more than the 6.25% that was “saved” by cutting the royalty payment in half.

The point is that the royalty needs to be high enough to get the very best sites under lease. If the best
site produces 10% more energy than the next best, it makes no economic sense to pay a 2% royalty for
the second best when a 6% royalty would get the best site. In this example, the developer would get 10%
more energy for 4% more royalty. The developer could either pocket the difference or reduce the price
of electricity a proportionate amount.
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1.2 Advanced Energy Technologies

Saifur Rahman

Storage Systems

Energy storage technologies are of great interest to electric utilities, energy service companies, and
automobile manufacturers (for electric vehicle application). The ability to store large amounts of energy
would allow electric utilities to have greater flexibility in their operation because with this option the
supply and demand do not have to be matched instantaneously. The availability of the proper battery at
the right price will make the electric vehicle a reality, a goal that has eluded the automotive industry thus
far. Four types of storage technologies (listed below) are discussed in this section, but most emphasis is
placed on storage batteries because it is now closest to being commercially viable. The other storage
technology widely used by the electric power industry, pumped-storage power plants, is not discussed
as this has been in commercial operation for more than 60 years in various countries around the world.

+ Flywheel storage

+ Compressed air energy storage

+ Superconducting magnetic energy storage
* Battery storage
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Flywheel Storage

Flywheels store their energy in their rotating mass, which rotates at very high speeds (approaching 75,000
rotations per minute), and are made of composite materials instead of steel because of the composite’s
ability to withstand the rotating forces exerted on the flywheel. In order to store enegy the flywheel is
placed in a sealed container which is then placed in a vacuum to reduce air resistance. Magnets embedded
in the flywheel pass near pickup coils. The magnet induces a current in the coil changing the rotational
energy into electrical energy. Flywheels are still in research and development, and commercial products
are several years away.

Compressed Air Energy Storage

As the name implies, the compressed air energy storage (CAES) plant uses electricity to compress air which
is stored in underground reservoirs. When electricity is needed, this compressed air is withdrawn, heated
with gas or oil, and run through an expansion turbine to drive a generator. The compressed air can be
stored in several types of underground structures, including caverns in salt or rock formations, aquifers,
and depleted natural gas fields. Typically the compressed air in a CAES plant uses about one third of the
premium fuel needed to produce the same amount of electricity as in a conventional plant. A 290-MW
CAES plant has been in operation in Germany since the early 1980s with 90% availability and 99% starting
reliability. In the U.S., the Alabama Electric Cooperative runs a CAES plant that stores compressed air in
a 19-million cubic foot cavern mined from a salt dome. This 110-MW plant has a storage capacity of 26 h.
The fixed-price turnkey cost for this first-of-a-kind plant is about $400/kW in constant 1988 dollars.

The turbomachinery of the CAES plant is like a combustion turbine, but the compressor and the
expander operate independently. In a combustion turbine, the air that is used to drive the turbine is
compressed just prior to combustion and expansion and, as a result, the compressor and the expander
must operate at the same time and must have the same air mass flow rate. In the case of a CAES plant,
the compressor and the expander can be sized independently to provide the utility-selected “optimal”
MW charge and discharge rate which determines the ratio of hours of compression required for each
hour of turbine-generator operation. The MW ratings and time ratio are influenced by the utility’s load
curve, and the price of off-peak power. For example, the CAES plant in Germany requires 4 h of
compression per hour of generation. On the other hand, the Alabama plant requires 1.7 h of compression
for each hour of generation. At 110-MW net output, the power ratio is 0.818 kW output for each kilowatt
input. The heat rate (LHV) is 4122 BTU/kWh with natural gas fuel and 4089 BTU/kWh with fuel oil.
Due to the storage option, a partial-load operation of the CAES plant is also very flexible. For example,
the heat rate of the expander increases only by 5%, and the airflow decreases nearly linearly when the
plant output is turned down to 45% of full load. However, CAES plants have not reached commercial
viability beyond some prototypes.

Superconducting Magnetic Energy Storage

A third type of advanced energy storage technology is superconducting magnetic energy storage (SMES),
which may someday allow electric utilities to store electricity with unparalled efficiency (90% or more).
A simple description of SMES operation follows.

The electricity storage medium is a doughnut-shaped electromagnetic coil of superconducting wire.
This coil could be about 1000 m in diameter, installed in a trench, and kept at superconducting temper-
ature by a refrigeration system. Off-peak electricity, converted to direct current (DC), would be fed into
this coil and stored for retrieval at any moment. The coil would be kept at a low-temperature supercon-
ducting state using liquid helium. The time between charging and discharging could be as little as 20 ms
with a round-trip AC-AC efficiency of over 90%.

Developing a commercial-scale SMES plant presents both economic and technical challenges. Due to
the high cost of liquiud helium, only plants with 1000-MW, 5-h capacity are economically attractive. Even
then the plant capital cost can exceed several thousand dollars per kilowatt. As ceramic superconductors,
which become superconducting at higher temperatures (maintained by less expensive liquid nitrogen),
become more widely available, it may be possible to develop smaller scale SMES plants at a lower price.

© 2001 CRC PressLLC



Battery Storage

Even though battery storage is the oldest and most familiar energy storage device, significant advances
have been made in this technology in recent years to deserve more attention. There has been renewed
interest in this technology due to its potential application in non-polluting electric vehicles. Battery
systems are quiet and non-polluting, and can be installed near load centers and existing suburban
substations. These have round-trip AC-AC efficiencies in the range of 85%, and can respond to load
changes within 20 ms. Several U.S., European, and Japanese utilities have demonstrated the application
of lead—acid batteries for load-following applications. Some of them have been as large as 10 MW with
4 h of storage.

The other player in battery development is the automotive industry for electric vehicle application. In
1991, General Motors, Ford, Chrysler, Electric Power Research Institute (EPRI), several utilities, and the
U.S. Department of Energy (DOE) formed the U.S. Advanced Battery Consortium (USABC) to develop
better batteries for electric vehicle (EV) applications. A brief introduction to some of the available battery
technologies as well some that are under study is presented in the following (Source:http://www.eren.
doe.gov/consumerinfo/refbriefs/fal/html).

Battery Types

Chemical batteries are individual cells filled with a conducting medium-electrolyte that, when connected
together, form a battery. Multiple batteries connected together form a battery bank. At present, there are
two main types of batteries: primary batteries (non-rechargeable) and secondary batteries (rechargeable).
Secondary batteries are further divided into two categories based on the operating temperature of the
electrolyte. Ambient operating temperature batteries have either aqueous (flooded) or nonaqueous elec-
trolytes. High operating temperature batteries (molten electrodes) have either solid or molten electrolytes.
Batteries in EV's are the secondary-rechargeable-type and are in either of the two sub-categories. A battery
for an EV must meet certain performance goals. These goals include quick discharge and recharge
capability, long cycle life (the number of discharges before becoming unserviceable), low cost, recycla-
bility, high specific energy (amount of usable energy, measured in watt-hours per pound [Ib] or kilogram
[kg]), high energy density (amount of energy stored per unit volume), specific power (determines the
potential for acceleration), and the ability to work in extreme heat or cold. No battery currently available
meets all these criteria.

Lead—Acid Batteries

Lead—acid starting batteries (shallow-cycle lead—acid secondary batteries) are the most common battery
used in vehicles today. This battery is an ambient temperature, aqueous electrolyte battery. A cousin to
this battery is the deep-cycle lead—acid battery, now widely used in golf carts and forklifts. The first
electric cars built also used this technology. Although the lead—acid battery is relatively inexpensive, it is
very heavy, with a limited usable energy by weight (specific energy). The battery’s low specific energy
and poor energy density make for a very large and heavy battery pack, which cannot power a vehicle as
far as an equivalent gas-powered vehicle. Lead—acid batteries should not be discharged by more than
80% of their rated capacity or depth of discharge (DOD). Exceeding the 80% DOD shortens the life of
the battery. Lead—acid batteries are inexpensive, readily available, and are highly recyclable, using the
elaborate recycling system already in place. Research continues to try to improve these batteries.

A lead—acid nonaqueous (gelled lead acid) battery uses an electrolyte paste instead of a liquid. These
batteries do not have to be mounted in an upright position. There is no electrolyte to spill in an accident.
Nonaqueous lead—acid batteries typically do not have as high a life cycle and are more expensive than
flooded deep-cycle lead—acid batteries.

Nickel Iron and Nickel Cadmium Batteries

Nickel iron (Edison cells) and nickel cadmium (nicad) pocket and sintered plate batteries have been in
use for many years. Both of these batteries have a specific energy of around 25 Wh/Ib (55 Wh/kg), which
is higher than advanced lead—acid batteries. These batteries also have a long cycle life. Both of these
batteries are recyclable. Nickel iron batteries are non-toxic, while nicads are toxic. They can also be
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discharged to 100% DOD without damage. The biggest drawback to these batteries is their cost. Depend-
ing on the size of battery bank in the vehicle, it may cost between $20,000 and $60,000 for the batteries.
The batteries should last at least 100,000 mi (160,900 km) in normal service.

Nickel Metal Hydride Batteries

Nickel metal hydride batteries are offered as the best of the next generation of batteries. They have a high
specific energy: around 40.8 Wh/Ib (90 Wh/kg). According to a U.S. DOE report, the batteries are benign
to the environment and are recyclable. They also are reported to have a very long cycle life. Nickel metal
hydride batteries have a high self-discharge rate: they lose their charge when stored for long periods of
time. They are already commercially available as “AA” and “C” cell batteries, for small consumer appliances
and toys. Manufacturing of larger batteries for EV applications is only available to EV manufacturers.
Honda is using these batteries in the EV Plus, which is available for lease in California.

Sodium Sulfur Batteries

This battery is a high-temperature battery, with the electrolyte operating at temperatures of 572°F
(300°C). The sodium component of this battery explodes on contact with water, which raises certain
safety concerns. The materials of the battery must be capable of withstanding the high internal temper-
atures they create, as well as freezing and thawing cycles. This battery has a very high specific energy: 50
Wh/Ib (110 Wh/kg). The Ford Motor Company uses sodium sulfur batteries in their Ecostar, a converted
delivery minivan that is currently sold in Europe. Sodium sulfur batteries are only available to EV
manufacturers.

Lithium Iron and Lithium Polymer Batteries

The USABC considers lithium iron batteries to be the long-term battery solution for EVs. The batteries
have a very high specific energy: 68 Wh/lb (150 Wh/kg). They have a molten-salt electrolyte and share
many features of a sealed bipolar battery. Lithium iron batteries are also reported to have a very long
cycle life. These are widely used in laptop computers. These batteries will allow a vehicle to travel distances
and accelerate at a rate comparable to conventional gasoline-powered vehicles. Lithium polymer batteries
eliminate liquid electrolytes. They are thin and flexible, and can be molded into a variety of shapes and
sizes. Neither type will be ready for EV commercial applications until early in the 21st century.

Zinc and Aluminum Air Batteries

Zinc air batteries are currently being tested in postal trucks in Germany. These batteries use either
aluminum or zinc as a sacrificial anode. As the battery produces electricity, the anode dissolves into the
electrolyte. When the anode is completely dissolved, a new anode is placed in the vehicle. The aluminum
or zinc and the electrolyte are removed and sent to a recycling facility. These batteries have a specific
energy of over 97 Wh/Ib (200 Wh/kg). The German postal vans currently carry 80 kWh of energy in their
battery, giving them about the same range as 13 gallons (49.2 liters) of gasoline. In their tests, the vans
have achieved a range of 615 mi (990 km) at 25 miles per hour (40 km/h).

Fuel Cells

In 1839, a British Jurist and an amateur physicist named William Grove first discovered the principle of
the fuel cell. Grove utilized four large cells, each containing hydrogen and oxygen, to produce electricity
and water which was then used to split water in a different container to produce hydrogen and oxygen.
However, it took another 120 years until NASA demonstrated its use to provide electricity and water for
some early space flights. Today the fuel cell is the primary source of electricity on the space shuttle. As
a result of these successes, industry slowly began to appreciate the commercial value of fuel cells. In
addition to stationary power generation applications, there is now a strong push to develop fuel cells for
automotive use. Even though fuel cells provide high performance characterisitics, reliability, durability,
and environmental benefits, a very high investment cost is still the major barrier against large-scale
deployments.
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Basic Principles

The fuel cell works by processing a hydrogen-rich fuel — usually natural gas or methanol — into
hydrogen, which, when combined with oxygen, produces electricity and water. This is the reverse elec-
trolysis process. Rather than burning the fuel, however, the fuel cell converts the fuel to electricity using
a highly efficient electrochemical process. A fuel cell has few moving parts, and produces very little waste
heat or gas.

A fuel cell power plant is basically made up of three subsystems or sections. In the fuel-processing
section, the natural gas or other hydrocarbon fuel is converted to a hydrogen-rich fuel. This is normally
accomplished through what is called a steam catalytic reforming process. The fuel is then fed to the power
section, where it reacts with oxygen from the air in a large number of individual fuel cells to produce
direct current (DC) electricity, and by-product heat in the form of usable steam or hot water. For a power
plant, the number of fuel cells can vary from several hundred (for a 40-kW plant) to several thousand
(for a multi-megawatt plant). In the final, or third stage, the DC electricity is converted in the power
conditioning subsystem to electric utility-grade alternating current (AC).

In the power section of the fuel cell, which contains the electrodes and the electrolyte, two separate
electrochemical reactions take place: an oxidation half-reaction occurring at the anode and a reduction
half-reaction occurring at the cathode. The anode and the cathode are separated from each other by the
electrolyte. In the oxidation half-reaction at the anode, gaseous hydrogen produces hydrogen ions, which
travel through the ionically conducting membrane to the cathode. At the same time, electrons travel
through an external circuit to the cathode. In the reduction half-reaction at the cathode, oxygen supplied
from air combines with the hydrogen ions and electrons to form water and excess heat. Thus, the final
products of the overall reaction are electricity, water, and excess heat.

Types of Fuel Cells

The electrolyte defines the key properties, particularly the operating temperature, of the fuel cell. Con-
sequently, fuel cells are classified based on the types of electrolyte used as described below.

Polymer Electrolyte Membrane (PEM)
Alkaline Fuel Cell (AFC)

Phosphoric Acid Fuel Cell (PAFC)
Molten Carbonate Fuel Cell (MCFC)
5. Solid Oxide Fuel Cell (SOFC)

=

These fuel cells operate at different temperatures and each is best suited to particular applications.
The main features of the five types of fuel cells are summarized in Table 1.3.

Fuel Cell Operation

Basic operational characteristics of the four most common types of fuel cells are discussed in the following.

Polymer Electrolyte Membrane (PEM)

The PEM cell is one in a family of fuel cells that are in various stages of development. It is being considered
as an alternative power source for automotive application for electric vehicles. The electrolyte in a PEM
cell is a type of polymer and is usually referred to as a membrane, hence the name. Polymer electrolyte
membranes are somewhat unusual electrolytes in that, in the presence of water, which the membrane
readily absorbs, the negative ions are rigidly held within their structure. Only the positive (H) ions
contained within the membrane are mobile and are free to carry positive charges through the membrane
in one direction only, from anode to cathode. At the same time, the organic nature of the polymer
electrolyte membrane structure makes it an electron insulator, forcing it to travel through the outside
circuit providing electric power to the load. Each of the two electrodes consists of porous carbon to
which very small platinum (Pt) particles are bonded. The electrodes are somewhat porous so that the
gases can diffuse through them to reach the catalyst. Moreover, as both platinum and carbon conduct
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TABLE 1.3 Comparison of Five Fuel Cell Technologies

Operating
Temperature
Type Electrolyte (°C) Applications Advantages
Polymer Solid organic polymer 60-100 Electric utility, Solid electrolyte reduces
Electrolyte poly-perflouro- transportation, corrosion, low temperature,
Membrane sulfonic acid portable power quick start-up
(PEM)

Alkaline (AFC)  Aqueous solution of 90-100 Military, space Cathode reaction faster in
potassium hydroxide alkaline electrolyte; therefore
soaked in a matrix high performance

Phosphoric Liquid phosphoric acid 175-200 Electric utility, Up to 85% efficiency in co-

Acid (PAFC) soaked in a matrix transportation, and generation of electricity
heat
Molten Liquid solution of 600-1000 Electric utility Higher efficiency, fuel flexibility,
Carbonate lithium, sodium, inexpensive catalysts
(MCFC) and/or potassium
carbonates soaked in a
matrix
Solid Oxide Solid zirconium oxide 600-1000 Electric utility Higher efficiency, fuel flexibility,
(SOFC) to which a small inexpensive catalysts. Solid
amount of yttria is electrolyte advantages like PEM
added

electrons well, they are able to move freely through the electrodes. Chemical reactions that take place
inside a PEM fuel cell are presented in the following.

Anode

2H, —» 4H* + 4e-
Cathode

O, + 4H" + 4e- — 2H,0
Net reaction: 2H, + O, = 2H,0

Hydrogen gas diffuses through the polymer electrolyte until it encounters a Pt particle in the anode.
The Pt catalyzes the dissociation of the hydrogen molecule into two hydrogen atoms (H) bonded to two
neighboring Pt atoms. Only then can each H atom release an electron to form a hydrogen ion (H*) which
travels to the cathode through the electrolyte. At the same time, the free electron travels from the anode
to the cathode through the outer circuit. At the cathode the oxygen molecule interacts with the hydrogen
ion and the electron from the outside circuit to form water. The performance of the PEM fuel cell is
limited primarily by the slow rate of the oxygen reduction half-reaction at the cathode, which is 100
times slower than the hydrogen oxidation half-reaction at the anode.

Phosphoric Acid Fuel Cell (PAFC)

Phosphoric acid technology has moved from the laboratory research and development to the first stages
of commercial application. Turnkey 200-kW plants are now available and have been installed at more
than 70 sites in the U.S., Japan, and Europe. Operating at about 200°C, the PAFC plant also produces
heat for domestic hot water and space heating, and its electrical efficiency approaches 40%. The principal
obstacle against widespread commercial acceptance is cost. Capital costs of about $2500 to $4000/kW
must be reduced to $1000 to $1500/kW if the technology is to be accepted in the electric power markets.
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The chemical reactions occurring at two electrodes are written as follows:
At anode: 2H, —» 4H* + 4e-

At cathode: 0O, + 4H" + 4e- — 2H,0

Molten Carbonate Fuel Cell (MCFC)

Molten carbonate technology is attractive because it offers several potential advantages over PAFC.
Carbon monoxide, which poisons the PAFC, is indirectly used as a fuel in the MCFC. The higher operating
temperature of approximately 650°C makes the MCFC a better candidate for combined cycle applications
whereby the fuel cell exhaust can be used as input to the intake of a gas turbine or the boiler of a steam
turbine. The total thermal efficiency can approach 85%. This technology is at the stage of prototype
commercial demonstrations and is estimated to enter the commercial market by 2003 using natural gas,
and by 2010 with gas made from coal. Capital costs are expected to be lower than PAFC. MCECs are
now being tested in full-scale demonstration plants. The following equations illustrate the chemical
reactions that take place inside the cell.

At anode: 2H, + 2CO¥ — 2H,0 + 2CO, + 4e-
and 2CO + 2CO; — 4CO, + 4e-
At cathode: 0, + 2CO, + 4e- — 207

Solid Oxide Fuel Cell (SOFC)

A solid oxide fuel cell is currently being demonstrated at a 100-kW plant. Solid oxide technology requires
very significant changes in the structure of the cell. As the name implies, the SOFC uses a solid electrolyte,
a ceramic material, so the electrolyte does not need to be replenished during the operational life of the
cell. This simplifies design, operation, and maintenance, as well as having the potential to reduce costs.
This offers the stability and reliability of all solid-state construction and allows higher temperature
operation. The ceramic make-up of the cell lends itself to cost-effective fabrication techniques. The
tolerance to impure fuel streams make SOFC systems especially attractive for utilizing H, and CO from
natural gas steam-reforming and coal gasification plants. The chemical reactions inside the cell may be
written as follows:

At anode: 2H, + 20% + 2H,0 + 4e-
and 2CO + 20 — 2CO, + 4e-
At cathode: 0, + 4e- - 20*
Summary

Fuel cells can convert a remarkably high proportion of the chemical energy in a fuel to electricity. With
the efficiencies approaching 60%, even without co-generation, fuel cell power plants are nearly twice as
efficient as conventional power plants. Unlike large steam plants, the efficiency is not a function of the
plant size for fuel cell power plants. Small-scale fuel cell plants are just as efficient as the large ones,
whether they operate at full load or not. Fuel cells contribute significantly to the cleaner environment;
they produce dramtically fewer emissions, and their by-products are primarily hot water and carbon
dioxide in small amounts. Because of their modular nature, fuel cells can be placed at or near load centers,
resulting in savings of transmission network expansion.
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1.3 Photovoltaics

Roger A. Messenger

Types of PV Cells

Silicon Cells

Silicon PV cells come in several varieties. The most common cell is the single-crystal silicon cell. Other
variations include multicrystalline (polycrystalline), thin silicon (buried contact) cells, and amorphous
silicon cells.

Single-Crystal Silicon Cells

While single crystal silicon cells are still the most common cells, the fabrication process of these cells is
relatively energy intensive, resulting in limits to cost reduction for these cells. Since single-crystal silicon
is an indirect bandgap semiconductor (E, = 1.1 eV), its absorption constant is smaller than that of direct
bandgap materials. This means that single-crystal silicon cells need to be thicker than other cells in order
to absorb a sufficient percentage of incident radiation. This results in the need for more material and
correspondingly more energy involved in cell processing, especially since the cells are still produced
mostly by sawing of single-crystal silicon ingots into wafers that are about 200 pm thick. To achieve
maximum fill of the module, round ingots are first sawed to achieve closer to a square cross-section prior
to wafering.

After chemical etching to repair surface damage from sawing, the junction is diffused into the wafers.
Improved cell efficiency can then be achieved by using a preferential etch on the cell surfaces to produce
textured surfaces. The textured surfaces reflect photons back toward the junction at an angle, thus
increasing the path length and increasing the probability of the photon being absorbed within a minority
carrier diffusion length of the junction. Following the chemical etch, contacts, usually aluminum, are
evaporated and annealed and the front surface is covered with an antireflective coating.

The cells are then assembled into modules, consisting of approximately 33 to 36 individual cells
connected in series. Since the open-circuit output voltage of an individual silicon cell typically ranges
from 0.5 to 0.6 V, depending upon irradiance level and cell temperature, this results in a module open-
circuit voltage between 18 and 21.6 V. The cell current is directly proportional to the irradiance and the
cell area. A 4-ft? (0.372-m?) module (active cell area) under full sun will typically produce a maximum
power close to 55 W at approximately 17 V and 3.2 A.

Multicrystalline Silicon Cells

By pouring molten silicon into a crucible and controlling the cooling rate, it is possible to grow multi-
crystalline silicon with a rectangular cross-section. This eliminates the “squaring-up” process and the
associated loss of material. The ingot must still be sawed into wafers, but the resulting wafers completely
fill the module. The remaining processing follows the steps of single-crystal silicon, and cell efficiencies
in excess of 15% have been achieved for relatively large area cells. Multicrystalline material still maintains
the basic properties of single-crystal silicon, including the indirect bandgap. Hence, relatively thick cells
with textured surfaces have the highest conversion efficiencies. Multicrystalline silicon modules are
commercially available and are recognized by their “speckled” surface appearance.

Thin Silicon (Buried Contact) Cells

The current flow direction in most PV cells is between the front surface and the back surface. In the thin
silicon cell, a dielectric layer is deposited on an insulating substrate, followed by alternating layers of n-
type and p-type silicon, forming multiple pn junctions. Channels are then cut with lasers and contacts
are buried in the channels, so the current flow is parallel to the cell surfaces in multiple parallel conduction
paths. These cells minimize resistance from junction to contact with the multiple parallel conduction
paths and minimize blocking of incident radiation by the front contact. Although the material is not
single crystal, grain boundaries cause minimal degradation of cell efficiency. The collection efficiency is
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very high, since essentially all photon-generated carriers are generated within a diffusion length of a pn
junction. This technology is relatively new, but has already been licensed to a number of firms worldwide
(Green and Wenham, 1994).

Amorphous Silicon Cells

Amorphous silicon has no predictable crystal structure. As a result, the uniform covalent bond structure
of single-crystal silicon is replaced with a random bonding pattern with many open covalent bonds.
These bonds significantly degrade the performance of amorphous silicon by reducing carrier mobilities
and the corresponding diffusion lengths. However, if hydrogen is introduced into the material, its electron
will pair up with the dangling bonds of the silicon, thus passivating the material. The result is a direct
bandgap material with a relatively high absorption constant. A film with a thickness of a few micrometers
will absorb nearly all incident photons with energies higher than the 1.75 eV bandgap energy.

Maximum collection efficiency for a-Si:H is achieved by fabricating the cell with a pin junction. Early
work on the cells revealed, however, that if the intrinsic region is too thick, cell performance will degrade
over time. This problem has now been overcome by the manufacture of multi-layer cells with thinner
pin junctions. In fact, it is possible to further increase cell efficiency by stacking cells of a-SiC:H on top,
a-Si:H in the center, and a-SiGe:H on the bottom. Each successive layer from the top has a smaller
bandgap, so the high-energy photons can be captured soon after entering the material, followed by
middle-energy photons and then lower energy photons.

While the theoretical maximum efficiency of a-Si:H is 27% (Zweibel, 1990), small-area lab cells have
been fabricated with efficiencies of 14% and large-scale devices have efficiencies in the 10% range (Yang
etal., 1997).

Amorphous silicon cells have been adapted to the building integrated PV (BIPV) market by fabricating
the cells on stainless steel (Guha et al., 1997) and polymide substrates (Huang et al., 1997). The “solar
shingle” is now commercially available, and amorphous silicon cells are commonly used in solar calcu-
lators and solar watches.

Gallium Arsenide Cells

Gallium arsenide (GaAs), with its 1.43 eV direct bandgap, is a nearly optimal PV cell material. The only
problem is that it is very costly to fabricate cells. GaAs cells have been fabricated with conversion
efficiencies above 30% and with their relative insensitivity to severe temperature cycling and radiation
exposure, they are the preferred material for extraterrestrial applications, where performance and weight
are the dominating factors.

Gallium and arsenic react exothermically when combined, so formation of the host material is more
complicated than formation of pure, single-crystal silicon. Modern GaAs cells are generally fabricated
by growth of a GaAs film on a suitable substrate, such as Ge. A typical GaAs cell has a Ge substrate with
a layer of n-GaAs followed by a layer of p-GaAs and then a thin layer of p-GaAlAs between the p-GaAs
and the top contacts. The p-GaAlAs has a wider bandgap (1.8 eV) than the GaAs, so the higher energy
photons are not absorbed at the surface, but are transmitted through to the GaAs pn junction, where
they are then absorbed.

Recent advances in III-V technology have produced tandem cells similar to the a-Si:H tandem cell.
One cell consists of two tandem GaAs cells, separated by thin tunnel junctions of GalnP, followed by a
third tandem GalnP cell, separated by AlInP tunnel junctions (Lammasniemi et al., 1997). The tunnel
junctions mitigate voltage drop of the otherwise forward-biased pn junction that would appear between
any two tandem pn junctions in opposition to the photon-induced cell voltage. Cells have also been
fabricated of InP (Hoffman et al., 1997).

Copper Indium (Gallium) Diselenide Cells

Another promising thin film material is copper indium (gallium) diselenide (CIGS). While the basic
copper indium diselenide cell has a bandgap of 1.0 eV, the addition of gallium increases the bandgap to
closer to 1.4 eV, resulting in more efficient collection of photons near the peak of the solar spectrum.
CIGS has a high absorption constant and essentially all incident photons are absorbed within a distance
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of 2 pum, as in a-Si:H. Indium is the most difficult component to obtain, but the quantity needed for a
module is relatively minimal.

The CIGS cell is fabricated on a soda glass substrate by first applying a thin layer of molybdenum as
the back contact, since the CIGS will form an ohmic contact with Mo. The next layer is p-type CIGS,
followed by a layer of n-type CdS, rather than n-type CIGS, because the pn homojunction in CIGS is
neither stable nor efficient. While the cells discussed thus far have required metals to obtain ohmic front
contacts, it is possible to obtain an ohmic contact on CdS with a transparent conducting oxide (TCO)
such as ZnO. The top surface is first passivated with a thin layer (50 nm) of intrinsic ZnO to prevent
minority carrier surface recombination. Then a thicker layer (350 nm) of n* ZnO is added, followed by
an MgF, antireflective coating.

Efficiencies of laboratory cells are now near 18% (Tuttle et al., 1996), with a module efficiency of
11.1% reported in 1998 (Tarrant and Gay, 1998). Although at the time of this writing, CIGS modules
were not commercially available, the technology has been under field tests for nearly 10 years. It has been
projected that the cells may be manufactured on a large scale for $1/W or less. At this cost level, area-
related costs become significant, so that it becomes important to increase cell efficiency to maximize
power output for a given cell area.

Cadmium Telluride Cells

Of the II-VI semiconductor materials, CdTe has a theoretical maximum efficiency of near 25%. The
material has a favorable direct bandgap (1.44 eV) and a large absorption constant. As in the other thin
film materials, a 2-pm thickness is adequate for the absorption of most of the incident photons. Small
laboratory cells have been fabricated with efficiencies near 15% and module efficiencies close to 10%
have been achieved (Ullal et al., 1997). Some concern has been expressed about the Cd content of the
cells, particularly in the event of fire dispersing the Cd. It has been determined that anyone endangered
by Cd in a fire would be far more endangered by the fire itself, due to the small quantity of Cd in the
cells. Decommissioning of the module has also been analyzed and it has been concluded that the cost to
recycle module components is pennies per watt (Fthenakis and Moskowitz, 1997).

The CdTe cell is fabricated on a glass superstrate covered with a thin TCO (1 pm). The next layer is
n-type CdS with a thickness of approximately 100 nm, followed by a 2-um thick CdTe layer and a back
contact of an appropriate metal for ohmic contact, such as Au, Cu/Au, Ni, Ni/Al, ZnTe:Cu or (Cu, HgTe).
The back contact is then covered with a layer of ethylene vinyl acetate (EVA) or other suitable encapsulant
and another layer of glass. The front glass is coated with an antireflective coating.

Experimental CdTe arrays up to 25 kW have been under test for several years with no reports of
degradation. It has been estimated that the cost for large-scale production can be reduced to below $1/W.
Once again, as in the CIGS case, module efficiency needs to be increased to reduce the area-related costs.

Emerging Technologies

The PV field is moving so quickly that by the time information appears in print, it is generally outdated.
Reliability of cells, modules, and system components continues to improve. Efficiencies of cells and
modules continue to increase, and new materials and cell fabrication techniques continue to evolve.

One might think that Si cells will soon become historical artifacts. This may not be the case. Efforts
are underway to produce Si cells that have good charge carrier transport properties while improving
photon absorption and reducing the energy for cell production. Ceramic and graphite substrates have
been used with thinner layers of Si. Processing steps have been doubled up. Metal insulator semiconductor
inversion layer (MIS-IL) cells have been produced in which the diffused junction is replaced with a
Schottky junction. By use of clever geometry of the back electrode to reduce the rear surface recombi-
nation velocity along with front surface passivation, an efficiency of 18.5% has been achieved for a
laboratory MIS-IL cell. Research continues on ribbon growth in an effort to eliminate wafering, and
combining crystalline and amorphous Si in a tandem cell to take advantage of the two different bandgaps
for increasing photon collection efficiency has been investigated.
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At least eight different CIS-based materials have been proposed for cells. The materials have direct
bandgaps ranging from 1.05 to 2.56 eV. A number of III-V materials have also emerged that have favorable
photon absorption properties. In addition, quantum well cells have been proposed that have theoretical
efficiencies in excess of 40% under concentrating conditions.

The PV market seems to have taken a strong foothold, with the likelihood that annual PV module
shipments will exceed 200 MW before the end of the century and continue to increase by approximately
15% annually as new markets open as cost continues to decline and reliability continues to improve.

PV Applications

PV cells were first used to power satellites. Through the middle of the 1990s the most common terrestrial
PV applications were stand-alone systems located where connection to the utility grid was impractical.
By the end of the 1990s, PV electrical generation was cost-competitive with the marginal cost of central
station power when it replaced gas turbine peaking in areas with high afternoon irradiance levels.
Encouraged by consumer approval, a number of utilities have introduced utility-interactive PV systems
to supply a portion of their total customer demand. Some of these systems have been residential and
commercial rooftop systems and other systems have been larger ground-mounted systems. PV systems
are generally classified as utility interactive (grid connected) or stand-alone.

Orientation of the PV modules for optimal energy collection is an important design consideration,
whether for a utility interactive system or for a stand-alone system. Best overall energy collection on an
annual basis is generally obtained with a south-facing collector having a tilt at an angle with the horizontal
approximately 90% of the latitude of the site. For optimal winter performance, a tilt of latitude +15° is
best and for optimal summer performance a tilt of latitude —15° is best. In some cases, when it is desired
to have the PV output track utility peaking requirements, a west-facing array may be preferred, since its
maximum output will occur during summer afternoon utility peaking hours. Monthly peak sun tables
for many geographical locations are available from the National Renewable Energy Laboratory (Sandia
National Laboratories, 1996; Florida Solar Energy Center).

Utility-Interactive PV systems

Utility-interactive PV systems are classified by IEEE Standard 929 as small, medium, or large (ANSI/IEEE,
1999). Small systems are less than 10 kW, medium systems range from 10 to 500 kW, and large systems
are larger than 500 kW. Each size range requires different consideration for the utility interconnect. In
addition to being able to offset utility peak power, the distributed nature of PV systems also results in
the reduction of load on transmission and distribution lines. Normally, utility-interactive systems do not
incorporate any form of energy storage — they simply supply power to the grid when they are operating.
In some instances, however, where grid power may not be as reliable as the user may desire, battery back-
up is incorporated to ensure uninterrupted power.

Since the output of PV modules is DC, it is necessary to convert the module output to AC before
connecting it to the grid. This is done with an inverter, also known as a power conditioning unit (PCU).
Modern PCUs must meet the standards set by IEEE 929. If the PCU is connected on the customer side
of the revenue meter, the PV system must meet the requirements of the National Electrical Code® (NEC")
(National Fire Protection Association, 1998). For a system to meet NEC requirements, it must consist of
UL listed components. In particular, the PCU must be tested under UL 1741 (Underwriters Laboratories,
1997). But UL 1741 has been set up to test for compliance with IEEE 929, so any PCU that passes the
UL 1741 test is automatically qualified under the requirements of the NEC.

Utility-interactive PCUs are generally pulse code modulated (PCM) units with nearly all NEC-required
components, such as fusing of PV output circuits, DC and AC disconnects, and automatic utility dis-
connect in the event of loss of utility voltage. They also often contain surge protectors on input and
output, ground fault protection circuitry, and maximum power tracking circuitry to ensure that the PV
array is loaded at its maximum power point. The PCUs act as current sources, synchronized by the utility
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voltage. Since the PCUs are electronic, they can sample the line voltage at a high rate and readily shut
down under conditions of utility voltage or frequency as specified by IEEE 929.

The typical small utility-interactive system of a few kilowatts consists of an array of modules selected
by either a total cost criterion or, perhaps, by an available roof area criterion. The modules are connected
to produce an output voltage ranging from 48 V to 300 V, depending upon the DC input requirements
of the PCU. One or two PCUs are used to interface the PV output to the utility at 120 V or, perhaps,
120/240 V. The point of utility connection is typically the load side of a circuit breaker in the distribution
panel of the occupancy if the PV system is connected on the customer side of the revenue meter. Con-
nections on the utility side of the meter will normally be with double lugs on the line side of the meter.
Section 690 of the NEC provides the connection and installation requirements for systems connected on
the customer side of the revenue meter. Utility-side interconnects are regulated by the local utility.

Since the cost of PCUs is essentially proportional to their power handling capability, to date there has
been no particular economy of scale for PV system size. As a result, systems are often modular. One form
of modularity is the AC module. The AC module incorporates a small PCU (=300 W) mounted on the
module itself so the output of the module is 120 V AC. This simplifies the hook-up of the PV system,
since NEC requirements for PV output circuits are avoided and only the requirements for PCU output
circuits need to be met.

Medium- and large-scale utility-interactive systems differ from small-scale systems only in the possi-
bility that the utility may require different interfacing conditions relating to power quality and/or con-
ditions for disconnect. Since medium- and large-scale systems require more area than is typically available
on the rooftop of a residential occupancy, they are more typically found either on commercial or industrial
rooftops or, in the case of large systems, are typically ground-mounted. Rooftop mounts are attractive
since they require no additional space other than what is already available on the rooftop. The disadvan-
tage is when roof repair is needed, the PV system may need to be temporarily removed and then reinstalled.
Canopies for parking lots present attractive possibilities for large utility-interactive PV systems.

Stand-Alone PV Systems

Stand-alone PV systems are used when it is impractical to connect to the utility grid. Common stand-
alone systems include PV-powered fans, water pumping systems, portable highway signs, and power
systems for remote installations, such as cabins, communications repeater stations, and marker buoys.
The design criteria for stand-alone systems is generally more complex than the design criteria for utility-
interactive systems, where most of the critical system components are incorporated in the PCU. The PV
modules must supply all the energy required unless another form of backup power, such as a gasoline
generator, is also incorporated into the system. Stand-alone systems also often incorporate battery storage
to run the system under low sun or no sun conditions.

PV-Powered Fans

Perhaps the simplest of all PV systems is the connection of the output of a PV module directly to a DC fan.
When the module output is adequate, the fan operates. When the sun goes down, the fan stops. Such an
installation is reasonable for use in remote bathrooms or other locations where it is desirable to have air
circulation while the sun is shining, but not necessarily when the sun goes down. The advantage of such a
system is its simplicity. The disadvantage is that it does not run when the sun is down, and under low sun
conditions, the system operates very inefficiently due to a mismatch between the fan I-V characteristic and
the module I-V characteristic that results in operation far from the module maximum power point.

If the fan is to run continuously, or beyond normal sunlight hours, then battery storage will be needed.
The PV array must then be sized to provide the daily ampere-hour (Ah) load of the fan, plus any system
losses. A battery system must be selected to store sufficient energy to last for several days of low sun,
depending upon whether the need for the fan is critical, and an electronic controller is normally provided
to prevent overcharge or overdischarge of the batteries.
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PV-Powered Water Pumping System

If the water reservoir is adequate to provide a supply of water at the desired rate of pumping, then a
water pumping system may not require battery storage. Instead, the water pumped can be stored in a
storage tank for availability during low sun times. If this is the case, then the PV array needs to be sized
to meet the power requirements of the water pump plus any system losses. If the reservoir provides water
at a limited rate, the pumping rate may be limited by the reservoir replenishment rate, and battery storage
may be required to extend the pumping time.

While it is possible to connect the PV array output directly to the pump, it is generally better to employ
the use of an electronic maximum power tracker (MPT) to better match the pump to the PV array
output. The MPT is a DC-DC converter that either increases or decreases pump voltage as needed to
maximize pump power. This generally results in pumping approximately 20% more water in a day.
Alternatively, it allows for the use of a smaller pump with a smaller array to pump the same amount of
water, since the system is being used more efficiently.

PV-Powered Highway Information Sign
The PV-powered highway information sign is now a familiar sight to most motorists. The simpler signs
simply employ bidirectional arrows to direct traffic to change lanes. The more complex signs display a
message. The array size for a PV-powered highway information sign is limited by how it can be mounted
without becoming a target for vandalism. Generally this means the modules must be mounted on the
top of the sign itself to get them sufficiently above grade level to reduce temptation. This limits the array
dimensions to the width of the trailer (about 8 ft) and the length of the modules (about 4 ft). At full sun,
such a 32-ft? array, if 15% efficient, can produce approximately 450 W. Depending on location and time
of year, about 5h of full sun is typically available on an average day. This means the production of
approximately 2250 Wh of energy on the typical day. Taking into account system losses in the batteries,
the control circuitry, and degraded module performance due to dirty surfaces, about 70 to 75% of this
energy can be delivered to the display, or about 1600 Wh/d. Hence, the average power available to the
display over a 24-h period is 67 W. While this may not seem to be very much power, it is adequate for
efficient display technology to deliver a respectable message.

If the system is a 12 V DC system, a set of deep discharge batteries will need to have a capacity of
185 Ah for each day of battery back-up (day of autonomy). For 3 d of autonomy, a total of 555 Ah of
storage will be needed, which equates to eight batteries rated at 70 Ah each.

Hybrid PV-Powered Single Family Dwelling

In areas where winter sunlight is significantly less than summer sunlight, and/or where winter electrical
loads are higher than summer electrical loads, if sufficient PV is deployed to meet winter needs, then
the system produces excess power for many months of the year. If this power is not used, then the
additional capacity of the system is wasted. Thus, for such cases, it often makes sense to size the PV
system to completely meet the system needs during the month(s) with the most sunlight, and then
provide backup generation of another type, such as a gasoline generator, to provide the difference in
energy during the remaining months.

Such a system poses an interesting challenge for the system controller. It needs to be designed to make
maximum use of PV power before starting the generator. Since generators operate most efficiently at
about 90% of full load, the controller must provide for battery charging by the generator at the appropriate
rate to maximize generator efficiency. Typically the generator will be sized to charge the batteries from
20 to 70% charge in about 5 h. When the batteries have reached 70% charge, the generator shuts down
to allow available sunlight to complete the charging cycle. If the sunlight is not available, the batteries
discharge to 20% and the cycle is repeated.

Figure 1.1 shows schematic diagrams of a few typical PV applications.
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a. Simple PV-powered fan b. Water pump with maximum power tracking.
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FIGURE 1.1 Examples of PV systems.
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2.1 Hydroelectric Power Generation

Steven R. Brockschink, James H. Gurney, and Douglas B. Seely

Hydroelectric power generation involves the storage of a hydraulic fluid, normally water, conversion of
the hydraulic energy of the fluid into mechanical energy in a hydraulic turbine, and conversion of the
mechanical energy to electrical energy in an electric generator.

The first hydroelectric power plants came into service in the 1880s and now comprise approximately
22% (660 GW) of the world’s installed generation capacity of 3000 GW (Electric Power Research Institute,
1999). Hydroelectricity is an important source of renewable energy and provides significant flexibility in
base loading, peaking, and energy storage applications. While initial capital costs are high, the inherent
simplicity of hydroelectric plants, coupled with their low operating and maintenance costs, long service
life, and high reliability, make them a very cost-effective and flexible source of electricity generation.
Especially valuable is their operating characteristic of fast response for start-up, loading, unloading, and
following of system load variations. Other useful features include their ability to start without the
availability of power system voltage (“black start capability”), ability to transfer rapidly from generation
mode to synchronous condenser mode, and pumped storage application.

Hydroelectric units have been installed in capacities ranging from a few kilowatts to nearly 1 GW.
Multi-unit plant sizes range from a few kilowatts to a maximum of 18 GW.
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Planning of Hydroelectric Facilities

Siting

Hydroelectric plants are located in geographic areas where they will make economic use of hydraulic
energy sources. Hydraulic energy is available wherever there is a flow of liquid and head. Head represents
potential energy and is the vertical distance through which the fluid falls in the energy conversion process.
The majority of sites utilize the head developed by fresh water; however, other liquids such as salt water
and treated sewage have been utilized. The siting of a prospective hydroelectric plant requires careful
evaluation of technical, economic, environmental, and social factors. A significant portion of the project
cost may be required for mitigation of environmental effects on fish and wildlife and re-location of
infrastructure and population from flood plains.

Hydroelectric Plant Schemes

There are three main types of hydroelectric plant arrangements, classified according to the method of
controlling the hydraulic flow at the site:

1. Run-of-the-river plants, having small amounts of water storage and thus little control of the flow
through the plant.

2. Storage plants, having the ability to store water and thus control the flow through the plant on a
daily or seasonal basis.

3. Pumped storage plants, in which the direction of rotation of the turbines is reversed during off-
peak hours, pumping water from a lower reservoir to an upper reservoir, thus “storing energy”
for later production of electricity during peak hours.

Selection of Plant Capacity, Energy, and Other Design Features

The generating capacity of a hydroelectric plant is a function of the head and flow rate of water discharged
through the hydraulic turbines, as shown in Eq. (2.1).

P=981nNQH (2.1)

where P = power (kilowatts)
M = plant efficiency
Q = discharge flow rate (meter?/s)
H = head (meter)

Flow rate and head are influenced by reservoir inflow, storage characteristics, plant and equipment
design features, and flow restrictions imposed by irrigation, minimum downstream releases, or flood
control requirements. Historical daily, seasonal, maximum (flood), and minimum (drought) flow con-
ditions are carefully studied in the planning stages of a new development. Plant capacity, energy, and
physical features such as the dam and spillway structures are optimized through complex economic
studies that consider the hydrological data, planned reservoir operation, performance characteristics of
plant equipment, construction costs, the value of capacity and energy, and discount rates. The costs of
substation, transmission, telecommunications, and remote control facilities are also important consid-
erations in the economic analysis. If the plant has storage capability, then societal benefits from flood
control may be included in the economic analysis.

Another important planning consideration is the selection of the number and size of generating units
installed to achieve the desired plant capacity and energy, taking into account installed unit costs, unit
availability, and efficiencies at various unit power outputs (American Society of Mechanical Engineers
Hydro Power Technical Committee, 1996).

Hydroelectric Plant Features

Figures 2.1 and 2.2 illustrate the main components of a hydroelectric generating unit. The generating
unit may have its shaft oriented in a vertical, horizontal, or inclined direction depending on the physical
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conditions of the site and the type of turbine applied. Figure 2.1 shows a typical vertical shaft Francis
turbine unit and Fig. 2.2 shows a horizontal shaft propeller turbine unit. The following sections will
describe the main components such as the turbine, generator, switchgear, and generator transformer, as
well as the governor, excitation system, and control systems.

Turbine

The type of turbine selected for a particular application is influenced by the head and flow rate. There
are two classifications of hydraulic turbines: impulse and reaction.

The impulse turbine is used for high heads — approximately 300 m or greater. High-velocity jets of
water strike spoon-shaped buckets on the runner which is at atmospheric pressure. Impulse turbines
may be mounted horizontally or vertically and include perpendicular jets (known as a Pelton type),
diagonal jets (known as a Turgo type) or cross-flow types.

In a reaction turbine, the water passes from a spiral casing through stationary radial guide vanes, through
control gates and onto the runner blades at pressures above atmospheric. There are two categories of
reaction turbine — Francis and propeller. In the Francis turbine, installed at heads up to approximately
360 m, the water impacts the runner blades tangentially and exits axially. The propeller turbine uses a
propeller-type runner and is used at low heads — below approximately 45 m. The propeller runner may
use fixed blades or variable pitch blades (known as a Kaplan or double regulated type) which allows control
of the blade angle to maximize turbine efficiency at various hydraulic heads and generation levels. Francis
and propeller turbines may also be arranged in slant, tubular, bulb, and rim generator configurations.

Water discharged from the turbine is directed into a draft tube where it exits to a tailrace channel,
lower reservoir, or directly to the river.

Flow Control Equipment

The flow through the turbine is controlled by wicket gates on reaction turbines and by needle nozzles
on impulse turbines. A turbine inlet valve or penstock intake gate is provided for isolation of the turbine
during shutdown and maintenance.

Spillways and additional control valves and outlet tunnels are provided in the dam structure to pass
flows that normally cannot be routed through the turbines.

Generator

Synchronous generators and induction generators are used to convert the mechanical energy output of
the turbine to electrical energy. Induction generators are used in small hydroelectric applications (less
than 5 MVA) due to their lower cost which results from elimination of the exciter, voltage regulator, and
synchronizer associated with synchronous generators. The induction generator draws its excitation cur-
rent from the electrical system and thus cannot be used in an isolated power system. Also, it cannot
provide controllable reactive power or voltage control and thus its application is relatively limited.

The majority of hydroelectric installations utilize salient pole synchronous generators. Salient pole
machines are used because the hydraulic turbine operates at low speeds, requiring a relatively large
number of field poles to produce the rated frequency. A rotor with salient poles is mechanically better
suited for low-speed operation, compared to round rotor machines which are applied in horizontal axis
high-speed turbo-generators.

Generally, hydroelectric generators are rated on a continuous-duty basis to deliver net kVA output at
a rated speed, frequency, voltage, and power factor and under specified service conditions including the
temperature of the cooling medium (air or direct water). Industry standards specify the allowable
temperature rise of generator components (above the coolant temperature) that are dependent on the
voltage rating and class of insulation of the windings (ANSI, C50.12-1982; IEC, 60034-1). The generator
capability curve, Fig. 2.3, describes the maximum real and reactive power output limits at rated voltage
within which the generator rating will not be exceeded with respect to stator and rotor heating and other
limits. Standards also provide guidance on short circuit capabilities and continuous and short-time
current unbalance requirements (ANSI, C50.12-1982; IEEE, 492-1999).
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1999, IEEE Guide for Operation and Maintenance of Hydro-Generators, 16. Copyright 1999 IEEE All rights reserved.)

Synchronous generators require direct current field excitation to the rotor, provided by the excitation
system described in Section entitled “Excitation System”. The generator saturation curve, Fig.2.4,
describes the relationship of terminal voltage, stator current, and field current.

While the generator may be vertical or horizontal, the majority of new installations are vertical. The
basic components of a vertical generator are the stator (frame, magnetic core, and windings), rotor (shaft,
thrust block, spider, rim, and field poles with windings), thrust bearing, one or two guide bearings, upper
and lower brackets for the support of bearings and other components, and sole plates which are bolted
to the foundation. Other components may include a direct connected exciter, speed signal generator,
rotor brakes, rotor jacks, and ventilation systems with surface air coolers (IEEE, 1095-1989).

The stator core is composed of stacked steel laminations attached to the stator frame. The stator
winding may consist of single turn or multi-turn coils or half-turn bars, connected in series to form a
three phase circuit. Double layer windings, consisting of two coils per slot, are most common. One or
more circuits are connected in parallel to form a complete phase winding. The stator winding is normally
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FIGURE2.4 Typical hydro-generator saturation curves. (Source: IEEE Standard 492-1999, IEEE Guide for Operation
and Maintenance of Hydro-Generators, 14. Copyright 1999 IEEE. All rights reserved.)

connected in wye configuration, with the neutral grounded through one of a number of alternative
methods which depend on the amount of phase-to-ground fault current that is permitted to flow (IEEE,
C62.92.2-1989; C37.101-1993). Generator output voltages range from approximately 480 VAC to 22 kVAC
line-to-line, depending on the MVA rating of the unit. Temperature detectors are installed between coils
in a number of stator slots.

The rotor is normally comprised of a spider attached to the shaft, a rim constructed of solid steel or
laminated rings, and field poles attached to the rim. The rotor construction will vary significantly
depending on the shaft and bearing system, unit speed, ventilation type, rotor dimensions, and charac-
teristics of the driving hydraulic turbine. Damper windings or amortisseurs in the form of copper or
brass rods are embedded in the pole faces, for damping rotor speed oscillations.
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The thrust bearing supports the mass of both the generator and turbine plus the hydraulic thrust
imposed on the turbine runner and is located either above the rotor (“suspended unit”) or below the
rotor (“umbrella unit”). Thrust bearings are constructed of oil-lubricated, segmented, babbit-lined shoes.
One or two oil lubricated generator guide bearings are used to restrain the radial movement of the shaft.

Fire protection systems are normally installed to detect combustion products in the generator enclo-
sure, initiate rapid de-energization of the generator and release extinguishing material. Carbon dioxide
and water are commonly used as the fire quenching medium.

Excessive unit vibrations may result from mechanical or magnetic unbalance. Vibration monitoring
devices such as proximity probes to detect shaft run-out are provided to initiate alarms and unit shutdown.

The choice of generator inertia is an important consideration in the design of a hydroelectric plant.
The speed rise of the turbine-generator unit under load rejection conditions, caused by the instantaneous
disconnection of electrical load, is inversely proportional to the combined inertia of the generator and
turbine. Turbine inertia is normally about 5% of the generator inertia. During design of the plant, unit
inertia, effective wicket gate or nozzle closing and opening times, and penstock dimensions are optimized
to control the pressure fluctuations in the penstock and speed variations of the turbine-generator during
load rejection and load acceptance. Speed variations may be reduced by increasing the generator inertia
at added cost. Inertia can be added by increasing the mass of the generator, adjusting the rotor diameter,
or by adding a flywheel. The unit inertia also has a significant effect on the transient stability of the
electrical system, as this factor influences the rate at which energy can be moved in or out of the generator
to control the rotor angle acceleration during system fault conditions [see Chapter 11 — Power System
Dynamics and Stability and (Kundur, 1994)].

Generator Terminal Equipment

The generator output is connected to terminal equipment via cable, busbar, or isolated phase bus. The
terminal equipment comprises current transformers (CTs), voltage transformers (VTs), and surge sup-
pression devices. The CTs and VTs are used for unit protection, metering and synchronizing, and for
governor and excitation system functions. The surge protection devices, consisting of surge arresters and
capacitors, protect the generator and low-voltage windings of the step-up transformer from lightning
and switching-induced surges.

Generator Switchgear

The generator circuit breaker and associated isolating disconnect switches are used to connect and
disconnect the generator to and from the power system. The generator circuit breaker may be located
on either the low-voltage or high-voltage side of the generator step-up transformer. In some cases, the
generator is connected to the system by means of circuit breakers located in the switchyard of the
generating plant. The generator circuit breaker may be of the oil filled, air-magnetic, air blast, or
compressed gas insulated type, depending on the specific application. The circuit breaker is closed as
part of the generator synchronizing sequence and is opened (tripped) either by operator control, as part
of the automatic unit stopping sequence, or by operation of protective relay devices in the event of unit
fault conditions.

Generator Step-Up Transformer

The generator transformer steps up the generator terminal voltage to the voltage of the power system or
plant switchyard. Generator transformers are generally specified and operated in accordance with inter-
national standards for power transformers, with the additional consideration that the transformer will
be operated close to its maximum rating for the majority of its operating life. Various types of cooling
systems are specified depending on the transformer rating and physical constraints of the specific appli-
cation. In some applications, dual low-voltage windings are provided to connect two generating units to
a single bank of step-up transformers. Also, transformer tertiary windings are sometimes provided to
serve the AC station service requirements of the power plant.
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Excitation System

The excitation system fulfills two main functions:

1. It produces DC voltage (and power) to force current to flow in the field windings of the generator.
There is a direct relationship between the generator terminal voltage and the quantity of current
flowing in the field windings as described in Fig. 2.4.

2. It provides a means for regulating the terminal voltage of the generator to match a desired set
point and to provide damping for power system oscillations.

Prior to the 1960s, generators were generally provided with rotating exciters that fed the generator
field through a slip ring arrangement, a rotating pilot exciter feeding the main exciter field, and a regulator
controlling the pilot exciter output. Since the 1960s, the most common arrangement is thyristor bridge
rectifiers fed from a transformer connected to the generator terminals, referred to as a “potential source
controlled rectifier high initial response exciter” or “bus-fed static exciter” (IEEE, 421.1-1986; 421.2-1990;
421.4-1990; 421.5-1992). Another system used for smaller high-speed units is a brushless exciter with a
rotating AC generator and rotating rectifiers.

Modern static exciters have the advantage of providing extremely fast response times and high field
ceiling voltages for forcing rapid changes in the generator terminal voltage during system faults. This is
necessary to overcome the inherent large time constant in the response between terminal voltage and
field voltage (referred to as Tj,, typically in the range of 5 to 10 sec). Rapid terminal voltage forcing is
necessary to maintain transient stability of the power system during and immediately after system faults.
Power system stabilizers are also applied to static exciters to cause the generator terminal voltage to vary
in phase with the speed deviations of the machine, for damping power system dynamic oscillations [see
Chapter 11 — Power System Dynamics and Stability and (Kundur, 1994)].

Various auxiliary devices are applied to the static exciter to allow remote setting of the generator voltage
and to limit the field current within rotor thermal and under excited limits. Field flashing equipment is
provided to build up generator terminal voltage during starting to the point at which the thyristors can
begin gating. Power for field flashing is provided either from the station battery or alternating current
station service.

Governor System

The governor system is the key element of the unit speed and power control system (IEEE, 125-1988;
IEC, 61362 [1998-03]; ASME, 29-1980). It consists of control and actuating equipment for regulating
the flow of water through the turbine, for starting and stopping the unit, and for regulating the speed
and power output of the turbine generator. The governor system includes set point and sensing equipment
for speed, power and actuator position, compensation circuits, and hydraulic power actuators which
convert governor control signals to mechanical movement of the wicket gates (Francis and Kaplan
turbines), runner blades (Kaplan turbine), and nozzle jets (Pelton turbine). The hydraulic power actuator
system includes high-pressure oil pumps, pressure tanks, oil sump, actuating valves, and servomotors.

Older governors are of the mechanical-hydraulic type, consisting of ballhead speed sensing, mechanical
dashpot and compensation, gate limit, and speed droop adjustments. Modern governors are of the electro-
hydraulic type where the majority of the sensing, compensation, and control functions are performed
by electronic or microprocessor circuits. Compensation circuits utilize proportional plus integral (PI) or
proportional plus integral plus derivative (PID) controllers to compensate for the phase lags in the
penstock — turbine — generator — governor control loop. PID settings are normally adjusted to ensure
that the hydroelectric unit remains stable when serving an isolated electrical load. These settings ensure
that the unit contributes to the damping of system frequency disturbances when connected to an
integrated power system. Various techniques are available for modeling and tuning the governor (Working
Group, 1992; Wozniak, 1990).

A number of auxiliary devices are provided for remote setting of power, speed, and actuator limits and
for electrical protection, control, alarming, and indication. Various solenoids are installed in the hydraulic
actuators for controlling the manual and automatic start-up and shutdown of the turbine-generator unit.
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TABLE 2.1 Summary of Control Hierarchy for Hydroelectric Plants

Control Category  Sub-Category Remarks
Location Local Control is local at the controlled equipment or within sight of the equipment.
Centralized Control is remote from the controlled equipment, but within the plant.
Off Site Control location is remote from the project.
Mode Manual Each operation needs a separate and discrete initiation; could be applicable to any
of the three locations.
Automatic Several operations are precipitated by a single initiation; could be applicable to any
of the three locations.
Operation Attended Operator is available at all times to initiate control action.
(supervision)

Unattended Operation staff is not normally available at the project site.

Source: 1EEE Standard 1249-1996, IEEE Guide for Computer-Based Control for Hydroelectric Power Plant Automation, 6.
Copyright 1997. All rights reserved.

Control Systems

Detailed information on the control of hydroelectric power plants is available in industry standards
(IEEE, 1010-1987; 1020-1988; 1249-1996). A general hierarchy of control is illustrated in Table 2.1.
Manual controls, normally installed adjacent to the device being controlled, are used during testing and
maintenance, and as a backup to the automatic control systems. Figure 2.5 illustrates the relationship of
control locations and typical functions available at each location. Details of the control functions available
at each location are described in (IEEE, 1249-1996). Automatic sequences implemented for starting,
synchronizing, and shutdown of hydroelectric units are detailed in (IEEE, 1010-1987).

Modern hydroelectric plants and plants undergoing rehabilitation and life extension are utilizing
increasing levels of computer automation (IEEE, 1249-1996; 1147-1991). The relative simplicity of hydro-
electric plant control allows most plants to be operated in an unattended mode from remote control centers.
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FIGURE 2.5 Relationship of local, centralized and off-site control. (Source: IEEE Standard 1249-1996, IEEE Guide
for Computer-Based Control for Hydroelectric Power Plant Automation, 7. With permission.)
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An emerging trend is the application of automated condition monitoring systems for hydroelectric
plant equipment. Condition monitoring systems, coupled with expert system computer programs, allow
plant owners and operators to more fully utilize the capacity of plant equipment and water resources,
make better maintenance and replacement decisions, and maximize the value of installed assets.

Protection Systems

The turbine-generator unit and related equipment are protected against mechanical, electrical, hydraulic,
and thermal damage that may occur as a result of abnormal conditions within the plant or on the power
system to which the plant is connected. Abnormal conditions are detected automatically by means of
protective relays and other devices and measures are taken to isolate the faulty equipment as quickly as
possible while maintaining the maximum amount of equipment in service. Typical protective devices
include electrical fault detecting relays, temperature, pressure, level, speed, and fire sensors, and vibration
monitors associated with the turbine, generator, and related auxiliaries. The protective devices operate
in various isolation and unit shutdown sequences, depending on the severity of the fault.

The type and extent of protection will vary depending on the size of the unit, manufacturer’s recom-
mendations, owner’s practices, and industry standards.

Specific guidance on application of protection systems for hydroelectric plants is provided in (IEEE,
1010-1987; 1020-1988; C37.102-1995; C37.91-1985).

Plant Auxiliary Equipment

A number of auxiliary systems and related controls are provided throughout the hydroelectric plant to
support the operation of the generating units (IEEE, 1010-1987; 1020-1988). These include:

1. Switchyard systems (see Chapter 5 — Substations).

2. Alternating current (AC) station service. Depending on the size and criticality of the plant, multiple
sources are often supplied, with emergency backup provided by a diesel generator.

3. Direct current (DC) station service, normally provided by one or more battery banks, for supply

of protection, control, emergency lighting, and exciter field flashing.

. Lubrication systems, particularly for supply to generator and turbine bearings and bushings.

. Drainage pumps, for removing leakage water from the plant.

. Air compressors, for supply to the governors, generator brakes, and other systems.

NN U

. Cooling water systems, for supply to the generator air coolers, generator and turbine bearings,
and step-up transformer.
8. Fire detection and extinguishing systems.
9. Intake gate or isolation valve systems.

10. Draft tube gate systems.

11. Reservoir and tailrace water level monitoring.

12. Synchronous condenser equipment, for dewatering the draft tube to allow the runner to spin in
air during synchronous condenser operation. In this case, the generator acts as a synchronous
motor, supplying or absorbing reactive power.

13. Service water systems.

14. Overhead crane.

15. Heating, ventilation, and air conditioning.

16. Environmental systems.

Special Considerations Affecting Pumped Storage Plants

A pumped storage unit is one in which the turbine and generator are operated in the reverse direction
to pump water from the lower reservoir to the upper reservoir. The generator becomes a motor, drawing
its energy from the power system, and supplies mechanical power to the turbine which acts as a pump.
The motor is started with the wicket gates closed and the draft tube water depressed with compressed
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air. The motor is accelerated in the pump direction and when at full speed and connected to the power
system, the depression air is expelled, the pump is primed, and the wicket gates are opened to commence
pumping action.

Pump Motor Starting

Various methods are utilized to accelerate the generator/motor in the pump direction during starting
(IEEE, 1010-1987). These include:

1. Full voltage, across the line starting. Used primarily on smaller units, the unit breaker is closed
and the unit is started as an induction generator. Excitation is applied near rated speed and machine
reverts to synchronous motor operation.

2. Reduced voltage, across the line starting. A circuit breaker connects the unit to a starting bus
tapped from the unit step-up transformer at one third to one half rated voltage. Excitation is
applied near rated speed and the unit is connected to the system by means of the generator circuit
breaker. Alternative methods include use of a series reactor during starting and energization of
partial circuits on multiple circuit machines.

3. Pony motor starting. A variable speed wound-rotor motor attached to the AC station service and
coupled to the motor/generator shaft is used to accelerate the machine to synchronous speed.

4. Synchronous starting. A smaller generator, isolated from the power system, is used to start the
motor by connecting the two in parallel on a starting bus, applying excitation to both units, and
opening the wicket gates on the smaller generator. When the units reach synchronous speed, the
motor unit is disconnected from the starting bus and connected to the power system.

5. Semi-synchronous (reduced frequency, reduced voltage) starting. An isolated generator is accel-
erated to about 80% rated speed and paralleled with the motor unit by means of a starting bus.
Excitation is applied to the generating unit and the motor unit starts as an induction motor. When
the speed of the two units is approximately equal, excitation is applied to the motor unit, bringing
it into synchronism with the generating unit. The generating unit is then used to accelerate both
units to rated speed and the motor unit is connected to the power system.

6. Static starting. A static converter/inverter connected to the AC station service is used to provide
variable frequency power to accelerate the motor unit. Excitation is applied to the motor unit at
the beginning of the start sequence and the unit is connected to the power system when it reaches
synchronous speed. The static starting system can be used for dynamic braking of the motor unit
after disconnection from the power system, thus extending the life of the unit’s mechanical brakes.

Phase Reversing of the Generator/Motor

It is necessary to reverse the direction of rotation of the generator/motor by interchanging any two of
the three phases. This is achieved with multi-pole motor operated switches or with circuit breakers.

Draft Tube Water Depression

Water depression systems using compressed air are provided to lower the level of the draft tube water
below the runner to minimize the power required to accelerate the motor unit during the transition to
pumping mode. Water depression systems are also used during motoring operation of a conventional
hydroelectric unit while in synchronous condenser mode. Synchronous condenser operation is used to
provide voltage support for the power system and to provide spinning reserve for rapid loading response
when required by the power system.

Commissioning of Hydroelectric Plants

The commissioning of a new hydroelectric plant, rehabilitation of an existing plant, or replacement of
existing equipment requires a rigorous plan for inspection and testing of equipment and systems and
for organizing, developing, and documenting the commissioning program (IEEE, 1248-1998).
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2.2 Synchronous Machinery

Paul I. Nippes

General

Synchronous motors convert electrical power to mechanical power; synchronous generators convert
mechanical power to electrical power; and synchronous condensers supply only reactive power to stabilize
system voltages.
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Synchronous motors, generators, and condensers perform similarly, except for a heavy cage winding
on the rotor of motors and condensers for self-starting.

A rotor has physical magnetic poles, arranged to have alternating north and south poles around the
rotor diameter which are excited by electric current, or uses permanent magnets, having the same number
of poles as the stator electromagnetic poles.

The rotor RPM = 120 X Electrical System Frequency/Poles.

The stator winding, fed from external AC multi-phase electrical power, creates rotating electromagnetic
poles.

At speed, rotor poles turn in synchronism with the stator rotating electromagnetic poles, torque being
transmitted magnetically across the “air gap” power angle, lagging in generators and leading in motors.

Synchronous machine sizes range from fractional watts, as in servomotors, to 1500 MW, as in large
generators.

Voltages vary, up to 25,000 V AC stator and 1500 V DC rotor.

Installed horizontal or vertical at speed ranges up to 130,000 RPM, normally from 40 RPM (waterwheel
generators) to 3600 RPM (turbine generators).

Frequency at 60 or 50 Hz mostly, 400 Hz military; however, synthesized variable frequency electrical
supplies are increasingly common and provide variable motor speeds to improve process efficiency.

Typical synchronous machinery construction and performance are described; variations may exist on
special smaller units.

This document is intentionally general in nature. Should the reader want specific application infor-
mation, refer to standards: NEMA MG-1; IEEE 115, C50-10 and C50-13; IEC 600034: 1-11,14-16,18, 20,
44,72, and 136, plus other applicable specifications.

Construction (See Fig. 2.6)
Stator

Frame

The exterior frame, made of steel, either cast or a weldment, supports the laminated stator core and has
feet, or flanges, for mounting to the foundation. Frame vibration from core magnetic forcing or rotor
unbalance is minimized by resilient mounting the core and/or by designing to avoid frame resonance
with forcing frequencies. If bracket type bearings are employed, the frame must support the bearings,
oil seals, and gas seals when cooled with hydrogen or gas other than air. The frame also provides protection
from the elements and channels cooling air, or gas, into and out of the core, stator windings, and rotor.
When the unit is cooled by gas contained within the frame, heat from losses is removed by coolers having
water circulating through finned pipes of a heat exchanger mounted within the frame. Where cooling
water is unavailable and outside air cannot circulate through the frame because of its dirty or toxic
condition, large air-to-air heat exchangers are employed, the outside air being forced through the cooler
by an externally shaft-mounted blower.

Stator Core Assembly

The stator core assembly of a synchronous machine is almost identical to that of an induction motor. A
major component of the stator core assembly is the core itself, providing a high permeability path for
magnetism. The stator core is comprised of thin silicon steel laminations and insulated by a surface
coating minimizing eddy current and hysteresis losses generated by alternating magnetism. The lamina-
tions are stacked as full rings or segments, in accurate alignment, either in a fixture or in the stator frame,
having ventilation spacers inserted periodically along the core length. The completed core is compressed
and clamped axially to about 10 kg/cm? using end fingers and heavy clamping plates. Core end heating
from stray magnetism is minimized, especially on larger machines, by using non-magnetic materials at
the core end or by installing a flux shield of either tapered laminations or copper shielding.
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FIGURE 2.6 Magnetic “skeleton” (upper half) and structural parts (lower half) of a ten-pole (720 rpm at 60 cycles)
synchronous motor. (From The ABC’s of Synchronous Motors, 7(1), 5, 1944. The Electric Machinery Company, Inc.
With permission.)

A second major component is the stator winding made up of insulated coils placed in axial slots of
the stator core inside diameter. The coil make-up, pitch, and connections are designed to produce rotating
stator electromagnetic poles in synchronism with the rotor magnetic poles. The stator coils are retained
into the slots by slot wedges driven into grooves in the top of the stator slots. Coil end windings are
bound together and to core-end support brackets. If the synchronous machine is a generator, the rotating
rotor pole magnetism generates voltage in the stator winding which delivers power to an electric load.
If the synchronous machine is a motor, its electrically powered stator winding generates rotating elec-
tromagnetic poles and the attraction of the rotor magnets, operating in synchronism, produces torque
and delivery of mechanical power to the drive shaft.

Rotor

The Rotor Assembly

The rotor of a synchronous machine is a highly engineered unitized assembly capable of rotating satis-
factorily at synchronous speed continuously according to standards or as necessary for the application.
The central element is the shaft, having journals to support the rotor assembly in bearings. Located at
the rotor assembly axial mid-section is the rotor core embodying magnetic poles. When the rotor is
round it is called “non-salient pole”, or turbine generator type construction and when the rotor has
protruding pole assemblies, it is called “salient pole” construction.

The non-salient pole construction, used mainly on turbine generators (and also as wind tunnel fan
drive motors), has two or four magnetic poles created by direct current in coils located in slots at the
rotor outside diameter. Coils are restrained in the slots by slot wedges and at the ends by retaining rings
on large high-speed rotors, and fiberglass tape on other units where stresses permit. This construction
is not suited for use on a motor requiring self-starting as the rotor surface, wedges, and retaining rings
overheat and melt from high currents of self-starting.

A single piece forging is sometimes used on salient pole machines, usually with four or six poles.
Salient poles can also be integral with the rotor lamination and can be mounted directly to the shaft or
fastened to an intermediate rotor spider. Each distinct pole has an exciting coil around it carrying
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excitation current or else it employs permanent magnets. In a generator, a moderate cage winding in the
face of the rotor poles, usually with pole-to-pole connections, is employed to dampen shaft torsional
oscillation and to suppress harmonic variation in the magnetic waveform. In a motor, heavy bars and
end connections are required in the pole face to minimize and withstand the high heat of starting duty.

Direct current excites the rotor windings of salient, and non-salient pole motors and generators, except
when permanent magnets are employed. The excitation current is supplied to the rotor from either an
external DC supply through collector rings or a shaft-mounted brushless exciter. Positive and negative
polarity bus bars or cables pass along and through the shaft as required to supply excitation current to
the windings of the field poles.

When supplied through collector rings, the DC current could come from a shaft-driven DC or AC
exciter rectified output, from an AC-DC motor-generator set, or from plant power. DC current supplied
by a shaft-mounted AC generator is rectified by a shaft-mounted rectifier assembly.

As a generator, excitation current level is controlled by the voltage regulator. As a motor, excitation current
is either set at a fixed value, or is controlled to regulate power factor, motor current, or system stability.

In addition, the rotor also has shaft-mounted fans or blowers for cooling and heat removal from the
unit plus provision for making balance weight additions or corrections.

Bearings and Couplings

Bearings on synchronous machinery are anti-friction, grease, or oil-lubricated on smaller machines,
journal type oil-lubricated on large machines, and tilt-pad type on more sophisticated machines, espe-
cially where rotor dynamics are critical. Successful performance of magnetic bearings, proving to be
successful on turbo-machinery, may also come to be used on synchronous machinery as well.

As with bearings on all large electrical machinery, precautions are taken with synchronous machines to
prevent bearing damage from stray electrical shaft currents. An elementary measure is the application of
insulation on the outboard bearing, if a single-shaft end unit, and on both bearing and coupling at the same
shaft end for double-shaft end drive units. Damage can occur to bearings even with properly applied
insulation, when solid-state controllers of variable frequency drives, or excitation, cause currents at high
frequencies to pass through the bearing insulation as if it were a capacitor. Shaft grounding and shaft voltage
and grounding current monitoring can be employed to predict and prevent bearing and other problems.

Performance

Synchronous Machines, in General

This section covers performance common to synchronous motors, generators, and condensers.

Saturation curves (Fig. 2.7) are either calculated or obtained from test and are the basic indicators of
machine design suitability. From these the full load field, or excitation, amperes for either motors or
generators are determined as shown, on the rated voltage line, as “Rated Load.” For synchronous con-
densers, the field current is at the crossing of the zero P.F. saturation line at 1.0 V. As an approximate
magnetic figure of merit, the no-load saturation curve should not exceed its extrapolated straight line
by more than 25%, unless of a special design. From these criteria, and the knowledge of the stator current
and cooling system effectiveness, the manufacturer can project the motor component heating, and thus
insulation life, and the efficiency of the machine at different loads.

Vee curves (Fig. 2.8) show overall loading performance of a synchronous machine for different loads
and power factors, but more importantly show how heating and stability limit loads. For increased
hydrogen pressures in a generator frame, the load capability increases markedly.

The characteristics of all synchronous machines when their stator terminals are short-circuited are
similar (see Fig.2.9). There is an initial subtransient period of current increase of 8 to 10 times rated,
with one phase offsetting an equal amount. These decay in a matter of milliseconds to a transient value
of 3 to 5 times rated, decaying in tenths of a second to a relatively steady value. Coincident with this, the
field current increases suddenly by 3 to 5 times, decaying in tenths of a second. The stator voltage on
the shorted phases drops to zero and remains so until the short circuit is cleared.
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FIGURE 2.7 Saturation curves.

Synchronous Generator Capability

The synchronous generator normally has easy starting duty as it is brought up to speed by a prime mover.
Then the rotor excitation winding is powered with DC current, adjusted to rated voltage, and transferred
to voltage regulator control. It is then synchronized to the power system, closing the interconnecting
circuit breaker as the prime mover speed is advancing, at a snail’s pace, leading the electric system. Once
on line, its speed is synchronized with the power system and KW is raised by increasing the prime mover
KW input. The voltage regulator adjusts excitation current to hold voltage. Increasing the voltage regulator
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set point increases KVAR input to the system, reducing the power factor toward lagging and vice versa.
Steady operating limits are provided by its Reactive Capability Curve (see Fig. 2.10). This curve shows
the possible kVA reactive loading, lagging, or leading, for given KW loading. Limitations consist of field
heating, armature heating, stator core end heating, and operating stability over different regions of the
reactive capability curve.
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Synchronous Motor and Condenser Starting

The duty on self-starting synchronous motors and condensors is severe, as there are large induction
currents in the starting cage winding once the stator winding is energized (see Fig. 2.11). These persist
as the motor comes up to speed, similar to but not identical to starting an induction motor. Similarities
exist to the extent that extremely high torque impacts the rotor initially and decays rapidly to an average
value, increasing with time. Different from the induction motor is the presence of a large oscillating
torque. The oscillating torque decreases in frequency as the rotor speed increases. This oscillating fre-
quency is caused by the saliency effect of the protruding poles on the rotor. Meanwhile, the stator current
remains constant until 80% speed is reached. The oscillating torque at decaying frequency may excite
train torsional natural frequencies during acceleration, a serious train design consideration. An anomaly
occurs at half speed as a dip in torque and current due to the coincidence of line frequency torque with
oscillating torque frequency. Once the rotor is close to rated speed, excitation is applied to the field coils
and the rotor pulls into synchronism with the rotating electromagnetic poles. At this point, stable steady-
state operation begins.
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Increasingly, variable frequency power is supplied to synchronous machinery primarily to deliver the
optimum motor speed to meet load requirements, improving the process efficiency. It can also be used
for soft-starting the synchronous motor or condenser. Special design and control are employed to avert
problems imposed, such as excitation of train torsional natural frequencies and extra heating from
harmonics of the supply power.
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FIGURE 2.11  Synchronous motor and condensor starting.

2.3 Thermal Generating Plants

Kenneth H. Sebra

Thermal generating plants are designed and constructed to convert energy from fuel (coal, oil, gas, or
radiation) into electric power. The actual conversion is accomplished by a turbine-driven generator.
Thermal generating plants differ from industrial plants in that the nature of the product never changes.
The plant will always produce electric energy. The things that may change are the fuel used (coal, oil, or
gas) and environmental requirements. Many plants that were originally designed for coal were later
converted to oil, converted back to coal, and then converted to gas. Environmental requirements have
changed, which has required the construction of air and water emissions control systems. Plant electrical
systems should be designed to allow for further growth. Sizing of transformers and buses is at best a
matter of guesswork. The plant electrical system should be sized at 5 to 10% the size of the generating
unit depending on the plant configuration and number of units at the plant site.
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Plant Auxiliary System

Selection of Auxiliary System Voltages

The most common plant auxiliary system voltages are 13,800V, 6900 V, 4160V, 2400 V, and 480 V. The
highest voltage is determined by the largest motor. If motors of 4000 hp or larger are required, one should
consider using 13,800 V. If the largest motor required is less than 4000 hp, then 4160V should be
satisfactory.

Auxiliary System Loads

Auxiliary load consists of motors and transformers. Transformers supply lower level buses which supply
smaller motors and transformers which supply lower voltage buses. Generation plants built before 1950
may have an auxiliary generator that is connected to the main generator shaft. The auxiliary generator
will supply plant loads when the plant is up and running.

Auxiliary System Power Sources

The power sources for a generating plant consist of one or more off-site sources and one or more on-
site sources. The on-site sources are the generator and, in some cases, a black start diesel generator or a
gas turbine generator which may be used as a peaker.

Auxiliary System Voltage Regulation Requirements

Most plants will not require voltage regulation. A load flow study will indicate if voltage regulation is
required. Transformers with tap changers, static var compensators, or induction regulators may be used
to keep plant bus voltages within acceptable limits. Switched capacitor banks and overexcited synchronous
motors may also be used to regulate bus voltage.

Plant One-Line Diagram

The one-line diagram is the most important document you will use. Start with a conceptual one-line
and add detail as it becomes available. The one-line diagram will help you think about your design and
make it easier to discuss with others. Do not be afraid to get something on paper very early and modify
as you get more information about the design. Consider how the plant will be operated. Will there be a
start-up source and a running source? Are there on-site power sources?

Plant Equipment Voltage Ratings

Establish at least one bus for each voltage rating in the plant. Two or more buses may be required
depending on how the plant will be operated.

Grounded vs. Ungrounded Systems
A method of grounding must be determined for each voltage level in the plant.

Ungrounded

Most systems will be grounded in some manner with the exception for special cases of 120-V control
systems which may be operated ungrounded for reliability reasons. An ungrounded system may be
allowed to continue to operate with a single ground on the system. Ungrounded systems are undesirable
because ground faults are difficult to locate. Also, ground faults can result in system overvoltage, which
can damage equipment that is connected to the ungrounded system.

Grounded
Most systems 480 V and lower will be solidly grounded.
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Low-Resistance Grounding

Low-resistance grounding systems are used at 2400 V and above. This system provides enough ground
fault current to allow relay coordination and limits ground fault current to a value low enough to prevent
equipment damage.

High-Resistance Grounding

High-resistance grounding systems limit ground fault current to a very low value but make relay coor-
dination for ground faults difficult.

Miscellaneous Circuits

Essential Services

Essential services such as critical control required for plant shutdown, fire protection, and emergency
lighting should be supplied by a battery-backed inverter. This is equipment that must continue to operate
after a loss of off-site power. Some of these loads may be supplied by an on-site diesel generator or gas
turbine if a delay after loss of off-site power is acceptable.

Lighting Supply
Lighting circuits should be designed with consideration to emergency lighting to the control room and

other vital areas of the plant. Consideration should be given to egress lighting and lighting requirements
for plant maintenance.
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DC Systems

The plant will require at least one DC system for control and operation of essential systems when off-
site power is lost. The required operating time for the emergency equipment that will be operated from
the DC systems must be established in order to size the batteries. The installation of a diesel generator
may reduce the size of the battery.

125-V DC

A 125-V DC system is supplied for circuit breaker and protective relaying. The system voltage may collapse
to close to zero during fault conditions and would not be capable of supplying relay control and breaker
trip current when it is needed to operate.

250-v DC

A 250-V DC system may be required to supply turbine generator emergency motors such as turning gear
motors and emergency lube oil motors.

Power Plant Switchgear

High-Voltage Circuit Breakers

High-voltage circuit breakers of 34.5 kV and above may be used in the switchyard associated with the
generating plant, but are rarely used in a generating plant.

Medium-Voltage Switchgear

Medium-voltage breakers are 2.4 to 13.8 kV. Breakers in this range are used for large motors in the plant.
The most prevalent is 4.16 kV.

Medium-Voltage Air Circuit Breakers
Air circuit breakers were the most common type of breaker until about 1995. Due to large size and high
maintenance requirements of air circuit breakers, they have been replaced by vacuum breakers.

Medium-Voltage Vacuum Circuit Breakers

Vacuum circuit breakers are the most common type of circuit breaker used in new installations. Vacuum
circuit breakers are being used to replace air circuit breakers. Vacuum breakers are smaller and can provide
additional space if the plant needs to be expanded to meet new requirements. Before using vacuum circuit
breakers, a transient analysis study should be performed to determine if there is a need for surge
protection. If required, surge protection can be supplied by the installation of capacitors and/or surge
suppressors can be used to eliminate voltage surge problems.

Medium-Voltage SF6 Circuit Breakers
SF6 circuit breakers have the same advantages as vacuum circuit breakers but there is some environmental
concern with the SF6 gas.

Low-Voltage Switchgear

Low voltage is 600 V and below. The most common voltage used is 480 V.

Low-Voltage Air Circuit Breakers

Air circuit breakers are used in load centers that may include a power transformer. Air circuit breakers
are used for motors greater than 200 hp and less than about 600 hp. Low-voltage circuit breakers are
self-contained in that fault protection is an integral part of the breaker. Low-voltage devices, which do
not contain fault protection devices, are referred to as low-voltage switches. Low-voltage breakers may
be obtained with various combinations of trip elements. Long time, short time, and ground trip elements
may be obtained in various combinations.
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Low-voltage breakers manufactured before 1970 will contain oil dashpot time delay trip elements.
Breakers manufactured after the mid-1970s until about 1990 will contain solid-state analog trip elements.
Breakers manufactured after 1990 will contain digital trip elements. The digital elements provide much
more flexibility.

A circuit that may be large enough for a load center circuit breaker but is operated several times a day
should not be put on a load center circuit breaker. The circuit breaker would be put through its useful
life in a very short time. A motor starter would be a better choice.

Motor Control Centers

Motor control centers are self-contained and may include molded case breakers or combination starters.
Molded case breakers are available as either magnetic or thermal-magnetic. The magnetic trip breakers
are instantaneous trip only and the thermal-magnetic trip breakers are time delay with instantaneous
trip. Magnetic breakers can be used with a contactor to make a combination starter. Time delay trip is
provided by overload relays mounted on the contactor. Solid-state equipment is available to use in motor
control centers and allows much greater flexibility

Circuit Interruption

The purpose of a circuit breaker is to provide a method of interrupting the circuit either to turn the load
on and off or to interrupt fault current. The first requirement is based on the full load current of the
load. The second requirement is based on the maximum fault current as determined by the fault current
study. There is no relationship between the load current and the fault current. If modifications are made
to the electric power system, the fault interrupting current requirement may increase. Failure to recognize
this could result in the catastrophic failure of a breaker.

Auxiliary Transformers

Selection of Percent Impedance

The transformer impedance is always compromised. High transformer impedance will limit fault current
and reduce the required interrupting capability of switchgear and, therefore, reduce the cost. Low
impedance will reduce the voltage drop through the transformer and therefore improve voltage regulation.
A careful analysis using a load flow study will help in arriving at the best compromise.

Rating of Voltage Taps

Transformers should be supplied with taps to allow adjustment in bus voltage. Optimum tap settings
can be determined using a load flow study.

Motors

Selection of Motors

Many motors are required in a thermal generating plant and range in size from fractional horsepower
to several thousand horsepower. These motors may be supplied with the equipment they drive or they
may be specified by the electrical engineer and purchased separately. The small motors are usually supplied
by the equipment supplier and the large motors specified by the electrical engineer. How this will be
handled must be resolved very early in the project. The horsepower cut-off point for each voltage level
must be decided. The maximum plant voltage level must be established. A voltage of 13.8 kV may be
required if very large horsepower motors are to be used. This must be established very early in the plant
design so that a preliminary one-line diagram may be developed.

Types of Motors

Squirrel Cage Induction Motors
The squirrel cage induction motor is the most common type of large motor used in a thermal generating
plant. Squirrel cage induction motors are very rugged and require very little maintenance.
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Wound Rotor Induction Motors

The wound rotor induction motor has a rotor winding which is brought out of the motor through slip
rings and brushes. While more flexible than a squire cage induction motor, the slip rings and brushes are
an additional maintenance item. Wound rotor motors are only used in special applications in a power plant.

Synchronous Motors

Synchronous motors may be required in some applications. Large slow-speed, 1800 rpm or less may
require a synchronous motor. A synchronous motor may used to supply VARs and improve voltage
regulation. If the synchronous motor is going to be used as a VAR source, the field supply must be sized
large enough to over-excite the field.

Direct Current Motors
Direct current motors are used primarily on emergency systems such as turbine lube oil and turbine
turning gear. Direct current motors may also be used on some control valves.

Single-Phase Motors
Single-phase motors are fractional horsepower motors and are usually supplied with the equipment.

Motor Starting Limitations

The starting current for induction motors is about 6 times full load current. This must be taken into
account when sizing transformers and should be part of the load flow analysis. If the terminal voltage is
allowed to drop too low, below 80%, the motor will stall. Methods of reduced voltage starting are available,
but should be avoided if possible. The most reliable designs are the simplest.

Main Generator

The turbine generator will be supplied as a unit. The size and characteristics are usually determined by
the system planners as a result of system load requirements and system stability requirements.

Associated Equipment

Exciters and Excitation Equipment
The excitation system will normally be supplied with the generator.

Electronic exciters — Modern excitation systems are solid state and, in recent years, most have digital
control systems.

Generator Neutral Grounding

The generator neutral is never connected directly to ground. The method used to limit the phase to
ground fault current to a value equal to or less than the three-phase fault current is determined by the
way the generator is connected to the power system. If the generator is connected directly to the power
system, a resistor or inductor connected between the neutral of the generator and ground will be used
to limit the ground fault current. If the generator is connected to the power system through a transformer
in a unit configuration, the neutral of the generator may be connected to ground through a distribution
transformer with a resistor connected across the secondary of the transformer. The phase-to-ground
fault current can be limited to 5 to 10 A using this method.

Isolated Phase Bus

The generator is usually connected to the step-up transformer through an isolated phase bus. This
separated phase greatly limits the possibility of a phase-to-phase fault at the terminals of the generator.

Cable

Large amounts of cable are required in a thermal generating plant. Power, control, and instrumentation
cable should be selected carefully with consideration given to long life. Great care should be given in the
installation of all cable. Cable replacement can be very expensive.
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Electrical Analysis

All electrical studies should be well-documented for use in plant modifications. These studies will be of
great value in evaluating plant problems.

Load Flow

A load flow study should be performed as early in the design as possible even if the exact equipment is
not known. The load flow study will help in getting an idea of transformer size and potential voltage
drop problems.

A final load flow study should be performed to document the final design and will be very helpful if
modifications are required in the future.

Short-Circuit Analysis

Short-circuit studies must be performed to determine the requirements for circuit breaker interrupting
capability. Relay coordination should be studied as well.

Surge Protection

Surge protection may be required to limit transient overvoltage caused by lightning and circuit switching.
A surge study should be performed to determine the needs of each plant configuration. Surge arrestors
and/or capacitors may be required to limit transient voltages to acceptable levels.

Phasing

A phasing diagram should be made to determine correct transformer connections. An error here could
prevent busses from being paralleled.

Relay Coordination Studies

Relay coordination studies should be performed to ensure proper coordination of the relay protection
system. The protective relay system may include overcurrent relays, bus differential relays, transformer
differential relays, voltage relays, and various special function relays.

Maintenance and Testing

A good plant design will take into account maintenance and testing requirements. Equipment must be
accessible for maintenance and provisions should be made for test connections.

Start-Up

A start-up plan should be developed to ensure equipment will perform as expected. This plan should
include insulation testing. Motor starting current magnitude and duration should be recorded and relay
coordination studies verified. Voltage level and load current readings should be taken to verify load flow
studies. This information will also be very helpful when evaluating plant operating conditions and
problems.
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2.4 Distributed Utilities
John R. Kennedy

Distributed utilities (sometimes referred to as DU) is the current term used in describing distributed
generation and storage devices operating separately and in parallel with the utility grid. In most cases,
these devices are small in comparison to traditional utility base or peaking generation, but can range up
to several megawatts. For the purposes of this section, DU will be limited to devices 5 MW and below
applied at either the secondary voltage level, 120 V single phase to 480 V three phase, and at the medium
voltage level, 2.4 kV to 25 kV, although many of the issues discussed would apply to the larger units as well.

In this section, we will give an overview of the different issues associated with DU, including available
technologies, interfacing, a short discussion on economics and possible regulatory treatment, applica-
tions, and some practical examples. Emerging technologies discussed will include fuel cells, microtur-
bines, and small turbines. A brief discussion of storage technologies is also included. Interfacing issues
include general protection, overcurrent protection, islanding issues, communication and control, voltage
regulation, frequency control, fault detection, safety issues, and synchronization. In the applications
section, deferred investment, demand reduction, peak shaving, ancillary services, reliability, and power
quality will be discussed. Economics and possible regulatory treatment will be discussed briefly.

Available Technologies

Many of the “new” technologies have been around for several years, but the relative cost per kilowatt of
small generators compared to conventional power plants has made their use limited. Utility rules and
interconnect requirements have also limited the use of small generators and storage devices to mostly
emergency, standby, and power quality applications. The prospect of deregulation has changed all that.
Utilities are no longer assured that they can recover the costs of large base generation plants, and stranded
investment of transmission and distribution facilities is a subject of debate. This, coupled with improve-
ments in the cost and reliability of DU technologies, has opened an emerging market for small power
plants. In the near future, these new technologies should be competitive with conventional plants,
providing high reliability with less investment risk. Some of the technologies are listed below. All of the
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Technology Size Fuel Sources AC Interface Type Applications
Fuel Cells SKw— Natural Gas Inverter type Continuous
Larger units Hydrogen
With Stacking Petroleum Products
Microturbines 10Kw-100Kw Natural Gas Inverter type Continuous
Larger sizes Petroleum Products Standby
Batteries A1Kw-2Mw+ Storage Inverter type PQ, Peaking
Flywheel >.1Kw - .5Kw Storage Inverter type PQ, Peaking
PV > 1Kw- 1Kw Sunlight Inverter type Peaking
Gas Turbine 10Kw - SMw+ Natural Gas Rotary type Continuous,
Petroleum Products Peaking
Standby

FIGURE 2.13 Distributed generation technology chart.

energy storage devices and many of the small emerging generation devices are inverter/converter based.
Figure 2.13 is a listing of different technologies, their size ranges, fuel sources, and AC interface type, and
most likely applications.

Fuel Cells

Fuel cell technology has been around since its invention by William Grove in 1839. From the 1960s to
the present, fuel cells have been the power source used for space flight missions. Unlike other generation
technologies, fuel cells act like continuously fueled batteries, producing direct current (DC) by using an
electrochemical process. The basic design of all fuel cells consists of an anode, electrolyte, and cathode.
Hydrogen or a hydrogen-rich fuel gas is passed over the anode, and oxygen or air is passed over the
cathode. A chemical combination then takes place producing a constant supply of electrons (DC current)
with by-products of water, carbon dioxide, and heat. The DC power can be used directly or it can be fed
to a power conditioner and converted to AC power (see Fig. 2.14).

Most of the present technologies have a fuel reformer or processor that can take most hydrocarbon-
based fuels, separate out the hydrogen, and produce high-quality power with negligible emissions. This
would include gasoline, natural gas, coal, methanol, light oil, or even landfill gas. In addition, fuel cells
can be more efficient than conventional generators. Theoretically they can obtain efficiencies as high as
85% when the excess heat produced in the reaction is used in a combined cycle mode. These features,
along with relative size and weight, have also made the fuel cell attractive to the automotive industry as
an alternative to battery power for electric vehicles. The major differences in fuel cell technology concern
the electrolyte composition. The major types are the Proton Exchange Membrane Fuel Cell (PEFC) also
called the PEM, the Phosphoric Acid Fuel Cell (PAFC), the Molten Carbonate Fuel Cell (MCFC), and
the Solid Oxide Fuel Cell (SOFC) (Fig. 2.15).

Fuel cell power plants can come in sizes ranging from a few watts to several megawatts with stacking.
The main disadvantage to the fuel cell is the initial high cost of installation. With the interest in efficient
and environmentally friendly generation, coupled with the automotive interest in an EV alternative power
source, improvements in the technology and lower costs are expected. As with all new technologies,
volume of sales should also lower the unit price.

Microturbines

Experiments with microturbine technology have been around for many decades, with the earliest attempts
of wide-scale applications being targeted at the automotive and transportation markets. These experiments
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FIGURE 2.14 Basic fuel cell operation.
PAFC MCEC SOFC PEMFC
Electrolyte Phosphoric acid ~ Molten carbonate salt ~ Ceramic Polymer
Operating Temperature ~ 375°F (190°C) 1200°F (650°C) 1830°F (1000°C)  175°F (80°C)
Fuels Hydrogen (H,) H,/CO H,/CO,/CH, H,
Reformate Reformate Reformate Reformate
Reforming External External External External
Oxidant O,/Air CO,/0,/Air O,/Air O,/Air
Efficiency (HHV) 40-50% 50-60% 45-55% 40-50%

FIGURE 2.15 Comparison of fuel cell types. (Source: DoD Website, www.dodfuelcell.com/fcdescriptions.html.)

later expanded into markets associated with military and commercial aircraft and mobile systems. Micro-
turbines are typically defined as systems with an output power rating of between 10 kW up to a few
hundred kilowatts. As shown in Fig. 2.16, these systems are usually a single-shaft design with compressor,
turbine, and generator all on the common shaft, although some companies are engineering dual-shaft
systems. Like the large combustion turbines, the microturbines are Brayton Cycle systems, and will usually
have a recuperator in the system.

The recuperator is incorporated as a means of increasing efficiency by taking the hot turbine exhaust
through a heavy (and relatively expensive) metallic heat exchanger and transferring the heat to the input
air, which is also passed through parallel ducts of the recuperator. This increase in inlet air temperature
helps reduce the amount of fuel needed to raise the temperature of the gaseous mixture during combus-
tion to levels required for total expansion in the turbine. A recuperated Brayton Cycle microturbine can
operate at efficiencies of approximately 30%, while these aeroderivative systems operating without a
recuperator would have efficiencies in the mid-teens.

Another requirement of microturbine systems is that the shaft must spin at very high speeds, in excess
of 50,000 RPM and in some cases doubling that rate, due to the low inertia of the shaft and connected
components. This high speed is used to keep the weight of the system low and increase the power density
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FIGURE 2.16 Turbine block diagram configuration with recuperator.

over other generating technologies. Although many of the microturbines are touted as having only a
single moving part, there are numerous ancillary devices required that do incorporate moving parts such
as cooling fans, fuel compressors, and pumps.

Since the turbine requires extremely high speeds for optimal performance, the generator cannot operate
as a synchronous generator. Typical microturbines have a permanent magnet motor/generator incorpo-
rated onto the shaft of the system. The high rotational speed gives an AC output in excess of 1000 Hz,
depending on the number of poles and actual rotational speed of the microturbine. This high-frequency
AC source is rectified, forming a common DC bus voltage that is then converted to a 60-Hz AC output
by an onboard inverter.

The onboard electronics are also used to start the microturbine, either in a stand-alone mode or in
grid parallel applications. Typically, the utility voltage will be rectified and the electronics are used to
convert this DC voltage into a variable frequency AC source. This variable frequency drive will power
the permanent magnet motor/generator (which is operating as a motor), and will ramp the turbine speed
up to a preset RPM, a point where stabile combustion and control can be maintained. Once this preset
speed is obtained and stabile combustion is taking place, the drive shuts down and the turbine speed
increases until the operating point is maintained and the system operates as a generator. The time from
a “Shaft Stop” to full load condition is anywhere from 30 sec to 3 min, depending on manufacturer
recommendations and experiences.

Although things are in the early stages of commercialization of the microturbine products, there are
cost targets that have been announced from all of the major manufacturers of these products. The early
market entry price of these systems is in excess of $600 per kW, more than comparably sized units of
alternative generation technologies, but all of the major suppliers have indicated that costs will fall as the
number of units being put into the field increases.

The microturbine family has a very good environmental rating, due to natural gas being a primary
choice for fuel and the inherent operating characteristics, which puts these units at an advantage over
diesel generation systems.

Combustion Turbines

There are two basic types of combustion turbines (CTs) other than the microturbines: the heavy frame
industrial turbines and the aeroderivative turbines. The heavy frame systems are derived from similar
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Heavy Frame Acroderivative

Size (Same General Rating) Large Compact

Higher Speed (coupled
Shaft Speed Synchronous through a gear box)
Air Flow High (lower compression) Lower (high compression)
Start-up Time 15 Minutes 2-3 minutes

FIGURE 2.17 Basic combustion turbine operating characteristics.

models that were steam turbine designs. As can be identified from the name, they are of very heavy
construction. The aeroderivative systems have a design history from the air flight industry, and are of a
much lighter and higher speed design. These types of turbines, although similar in operation, do have
some significant design differences in areas other than physical size. These include areas such as turbine
design, combustion areas, rotational speed, and air flows.

Although these units were not originally designed as a “distributed generation” technology, but more
so for central station and large co-generation applications, the technology is beginning to economically
produce units with ratings in the hundreds of kilowatts and single-digit megawatts. These turbines operate
as Brayton Cycle systems and are capable of operating with various fuel sources. Most applications of
the turbines as distributed generation will operate on either natural gas or fuel oil. The operating
characteristics between the two systems can best be described in tabular form as shown in Fig. 2.17.

The combustion turbine unit consists of three major mechanical components: a compressor, a com-
bustor, and a turbine. The compressor takes the input air and compresses it, which will increase the
temperature and decrease the volume per the Brayton Cycle. The fuel is then added and the combustion
takes place in the combustor, which increases both the temperature and volume of the gaseous mixture,
but leaves the pressure as a constant. This gas is then expanded through the turbine where the power is
extracted through the decrease in pressure and temperature and the increase in volume.

If efficiency is the driving concern, and the capital required for the increased efficiency is available,
the Brayton Cycle systems can have either co-generation systems, heat recovery steam generators, or
simple recuperators added to the combustion turbine unit. Other equipment modifications and improve-
ments can be incorporated into these types of combustion turbines such as multistage turbines with fuel
re-injection, inter-cooler between multistage compressors, and steam/water injection.

Typical heat rates for simple cycle combustion turbines vary across manufacturers, but are in a range
from 11,000 to 20,000 BTU/kWh. However, these numbers decrease as recuperation and co-generation
are added. CTs typically have a starting reliability in the 99% range and operating reliability approaching
98%. The operating environment has a major effect on the performance of combustion turbines. The
elevation at which the CT is operating has a degradation factor of around 3.5% per 1000 ft of increased
elevation and the ambient temperature has a similar degradation per 10° increase.

Figure 2.18 shows a block diagram of a simple cycle combustion turbine with a recuperator (left) and
a combustion turbine with multistage turbine and fuel re-injection (right).

Storage Technologies

Storage technologies include batteries, flywheels, ultra-capacitors, and to some extent photovoltaics. Most
of these technologies are best suited for power quality and reliability enhancement applications, due to
their relative energy storage capabilities and power density characteristics, although some large battery
installations could be used for peak shaving. All of the storage technologies have a power electronic
converter interface and can be used in conjunction with other DU technologies to provide “seamless”
transitions when power quality is a requirement.

© 2001 CRC PressLLC



Air Intake Air Intake

exhaust

Generator Turbine Generator Turbine

Compressor Compressor

‘ ) Exhaust

FIGURE 2.18 Basic combustion turbine designs.

Interface Issues

A whole chapter could be written just about interface issues, but this discussion will touch on the
highlights. Most of the issues revolve around safety and quality of service. We will discuss some general
guidelines and the general utility requirements and include examples of different considerations. In
addition to the interface issues, the DU installation must also provide self-protection to prevent short
circuit or other damage to the unit. Self-protection will not be discussed here. The most important issues
are listed in Table 2.2.

In addition to the interface issues identified in Table 2.2, there are also operating limits that must be
considered. These are listed in Table 2.3.

Utility requirements vary but generally depend on the application of a distributed source. If the unit
is being used strictly for emergency operation, open transition peak shaving, or any other stand-alone
type operation, the interface requirements are usually fairly simple, since the units will not be operating
in parallel with the utility system. When parallel operation is anticipated or required, the interface
requirements become more complex. Protection, safety, power quality, and system coordination become
issues that must be addressed. In the case of parallel operation, there are generally three major factors
that determine the degree of protection required. These would include the size and type of the generation,
the location on the system, and how the installation will operate (one-way vs. two-way). Generator sizes
are generally classified as:

Large: Greater than 3 MVA or possibility of “islanding” a portion of the system
Small: Between large and extremely small
Extremely small: Generation less than 100 kVA

TABLE 2.2 Interface Issues

Issue Definition Concern

Automatic Utility circuit breakers can test the line after a fault.  If a generator is still connected to the system, it

reclosing may not be in synchronization, thus damaging
the generator or causing another trip.

Faults Short circuit condition on the utility system. Generator may contribute additional current to
the fault, causing a miss operation of relay
equipment.

Islanding A condition where a portion of the system Power quality, safety, and protection may be

continues to operate isolated from the utility compromised in addition to possible
system. synchronization problems.

Protection Relays, instrument transformers, circuit breakers. ~ Devices must be utility grade rather than
industrial grade for better accuracy.

Devices must also be maintained on a regular
schedule by trained technicians.

Communication  Devices necessary for utility control during Without control of the devices, islanding and

emergency conditions.

other undesirable operation of devices.
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TABLE 2.3 Operating Limits

1. Voltage — The operating range for voltage must maintain a level of 5% of nominal for service voltage (ANSI C84.1),
and have a means of automatic separation if the level gets out of the acceptable range within a specified time.

2. Flicker — Flicker must be within the limits as specified by the connecting utility. Methods of controlling flicker are
discussed in IEEE Std. 519-1992, 10.5.

3. Frequency — Frequency must be maintained within +0.5 Hz of 60 Hz and have an automatic means of disconnecting
if this is not maintained. If the system is small and isolated, there might be a larger frequency window. Larger units
may require an adjustable frequency range to allow for clock synchronizaton.

4. Power factor — The power factor should be within 0.85 lagging or leading for normal operation. Some systems that
are designed for compensation may operate outside these limits.

5.  Harmonics — Both voltage and current harmonics must comply with the values for generators as specified in IEEE
Std. 519-1992 for both total and individual harmonics.

Location on the system and individual system characteristics determine impedance of a distribution
line, which in turn determines the available fault current and other load characteristics that influence
“islanding” and make circuit protection an issue. This will be discussed in more detail later.

The type of operation is the other main issue and is one of the main determinants in the amount of
protection required. One-way power flow where power will not flow back into the utility has a fairly
simple interface, but is dependent on the other two factors, while two-way interfaces can be quite complex.
An example is shown in Fig.2.19. Smaller generators and “line-commutated” units would have less
stringent requirements. Commutation methods will be discussed later. Reciprocating engines such as
diesel and turbines with mass, and “self-commutating” units which could include microturbines and fuel
cells, would require more stringent control packages due to their islanding and reverse power capabilities.

Most of the new developing technologies are inverter based and there are efforts now in IEEE to revise
the old Standard P929 Recommended Practice for Utility Interface of Photovoltaic (PV) Systems to include
other inverter-based devices. The standards committee is looking at the issues with inverter-based devices
in an effort to develop a standard interface design that will simplify and reduce the cost, while not
sacrificing the safety and operational concerns. Inverter interfaces generally fall into two classes: line-
commutated inverters and self-commutated inverters.

wer.
:‘;—lh
] o

Device No.  Function * Relays trip Breaker/Recloser A.

59127 Overvoltage/Undervoltage + Breaker A may reclose only if utility source is hot and NUG

81 Over/Underfrequency bus is dead.

59G Zero Sequence Overvoltage s

50/51 Phase Overcurrent

50/51N Ground Overcurrent

FIGURE 2.19 Example of large generator interface requirements for distribution. (Source: Georgia Power Bulletin,
18-8, generator interface requirements.)
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Line-Commutated Inverters

These inverters require a switching signal from the line voltage in order to operate. Therefore, they will
cease operation if the line signal, i.e., utility voltage, is abnormal or interrupted. These are not as popular
today for single-phase devices due to the filtering elements required to meet the harmonic distortion
requirements, but are appearing in some of the three-phase devices where phase cancellation minimizes
the use of the additional components.

Self-Commutated Inverters

These inverters, as implied by the name, are self-commutating. All stand-alone units are self-commutated,
but not all self-commutated inverters are stand-alone. They can be designed as either voltage or current
sources and most that are now being designed to be connected to the utility system are designed to be
current sources. These units still use the utility voltage signal as a comparison and produce current at
that voltage and frequency. A great deal of effort has gone into the development of non-islanding inverters
that are of this type.

Applications

Applications vary and will become more diverse as utilities unbundle. Listed below are some examples
of the most likely.

Ancillary Services

Ancillary services support the basic electrical services and are essential for the reliability and operation
of the electric power system. The electrical services that are supported include generating capacity, energy
supply, and the power delivery system. FERC requires six ancillary services, including system control,
regulation (frequency), contingency reserves (both spinning and supplemental), voltage control, and
energy imbalance. In addition, load following, backup supply, network stability, system “black-start”, loss
replacement, and dynamic scheduling are necessary for the operation of the system. Utilities have been
performing these functions for decades, but as vertically integrated regulated monopoly organizations.
As these begin to disappear, and a new structure with multiple competing parties emerges, distributed
utilities might be able to supply several of these.

The distributed utilities providing these services could be owned by the former traditional utility,
customers, or third-party brokers, depending on the application. The main obstacles to this approach
are aggregation and communication when dealing with many small resources rather than large central
station sources.

“Traditional Utility” Applications

Traditional utilities may find the use of DU a practical way to solve loading and reliability problems if
each case is evaluated on a stand-alone individual basis. Deferring investment is one likely way that DU
can be applied. In many areas, substations and lines have seasonal peaks that are substantially higher
than the rest of the year. In these cases, the traditional approach has been to increase the capacity to
meet the demand. Based on the individual situation, delaying the upgrade for 2 to 5 years with a DU
system could be a more economical solution. This would be especially true if different areas had different
seasonal peaks and the DU system was portable, thus deferring two upgrades. DU could also be used
instead of conventional facilities when backup feeds are required or to improve reliability or power quality.

In addition, peak shaving and generation reserve could be provided with strategically placed DU
systems that take advantage of reducing system losses as well as offsetting base generation. Again, these
have to be evaluated on an individual case basis and not a system average basis as is done in many
economic studies. The type of technology used will depend on the particular requirements. In general,
storage devices such as flywheels and batteries are better for power quality applications due to their fast
response time, in many cases half a cycle. Generation devices are better suited for applications that require
more than 30 min of supply, such as backup systems, alternate feeds, peak shaving, and demand deferrals.
Generation sources can also be used instead of conventional facilities in certain cases.
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Customer Applications

Individual customers with special requirements may find DU technologies that meet their needs. Cus-
tomers who require “enhanced” power quality and reliability of service already utilize UPS systems with
battery backup to condition the power to sensitive equipment, and many hospitals, waste treatment
plants, and other emergency services providers have emergency backup systems supplied by standby
generator systems. As barriers go down and technologies improve, customer-sited DU facilities could
provide many of the ancillary services as well as sell excess power into the grid. Fuel cell and even diesel
generators could be especially attractive for customers with requirements of heat and steam. Many of
the fuel cell technologies are now looking at the residential market with small units that would be
connected to the grid but supply the additional requirements for customers with special power quality
needs.

Third-Party Service Providers

Third-party service providers could provide all the services listed above for the utilities and customers,
in addition to selling power across the grid. In many cases, an end user does not have the expertise to
operate and maintain generation systems and would prefer to purchase the services.

Conclusions

Disbursed generation will be a part of the distribution utility system of the future. Economics, regulatory
requirements, and technology improvements will determine the speed at which they are integrated.
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3.1 Theory and Principles
Harold Moore

Transformers are devices that transfer energy from one circuit to another by means of a common magnetic

field. In all cases except autotransformers, there is no direct electrical connection from one circuit to the
other.

When an alternating current flows in a conductor, a magnetic field exists around the conductor as
illustrated in Fig. 3.1. If another conductor is placed in the field created by the first conductor as shown
in Fig. 3.2, such that the flux lines link the second conductor, then a voltage is induced into the second
conductor. The use of a magnetic field from one coil to induce a voltage into a second coil is the principle
on which transformer theory and application is based.

Current carrying
conductor

Flux lines

FIGURE 3.1

Flux lines

Second conductor
in flux lines

FIGURE 3.2
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Air Core Transformer

Some small transformers for low power applications are constructed with air between the two coils. Such
transformers are inefficient because the percentage of the flux from the first coil that links the second
coil is small. The voltage induced in the second coil is determined as follows.

E = N do0/dt]10]®

where N = number of turns in the coil
do0/dt = time rate of change of flux linking the coil

Since the amount of flux 0 linking the second coil is a small percentage of the flux from coil 1, the
voltage induced into the second coil is small. The number of turns can be increased to increase the voltage
output, but this will increase costs.

The need then is to increase the amount of flux from the first coil that links the second coil.

Iron or Steel Core Transformer

The ability of iron or steel to carry magnetic flux is much greater than air. This ability to carry flux is
called permeability. Modern electrical steels have permeabilities on the order of 1500 compared to 1.0
for air. This means that the ability of a steel core to carry magnetic flux is 1500 times that of air. Steel
cores were used in power transformers when alternating current circuits for distribution of electrical
energy were first introduced. When two coils are applied on a steel core as illustrated in Fig. 3.3, almost
100% of the flux from coil 1 circulates in the iron core so that the voltage induced into coil 2 is equal to
the coil 1 voltage if the number of turns in the two coils are equal.
The equation for the flux in the steel core is as follows:

3.9 NAul
0=""""20

d (3.1)
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where

0 = core flux in lines

N = number of turns in the coil

u = permeability

I = maximum current in amperes
d = mean length of the core

Since the permeability of the steel is very high compared to air, all of the flux can be considered as
flowing in the steel and is essentially of equal magnitude in all parts of the core. The equation for the
flux in the core can be written as follows:

349EA
O=—— (3.2)
N
where
A = area of the core in square inches
E = applied alternating voltage
f = frequency in cycles/second
N = number of turns in the winding
It is useful in transformer design to use flux density so that Eq. (3.2) can be written as follows:
349E
p=0->YF (3.3)
A fAN

where B = flux density in Tesla.

Equivalent Circuit of an Iron Core Transformer

When voltage is applied to the exciting or primary winding of the transformer, a magnetizing current
flows in the primary winding. This current produces the flux in the core. The flow of flux in magnetic
circuits is analogous to the flow of current in electrical circuits.

When flux flows in the steel core, losses occur in the steel. There are two components of this loss which
are termed “eddy” and “hystersis” losses. An explanation of these losses would require a full chapter. For
the purpose of this text, it can be stated that the hystersis loss is caused by the cyclic reversal of flux in
the magnetic circuit . The eddy loss is caused by the flow of flux normal to the width of the core. Eddy
loss can be expressed as follows:

w=1<[w]2 [B]z (3.4)
where

K = constant
w = width of the material normal to the flux
B = flux density

If a solid core were used in a power transformer, the losses would be very high and the temperature
would be excessive. For this reason, cores are laminated from very thin sheets such as 0.23 mm and 0.28 mm
to reduce the losses. Each sheet is coated with a very thin material to prevent shorts between the lamina-
tions. Improvements made in electrical steels over the past 50 years have been the major contributor to
smaller and more efficient transformers. Some of the more dramatic improvements are as follows:
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+ Development of grain-oriented electrical steels in the mid-1940s.
+ Introduction of thin coatings with good mechanical properties.

+ Improved chemistry of the steels.

+ Introduction of laser scribed steels.

+ Further improvement in the orientation of the grains.

+ Continued reduction in the thickness of the laminations to reduce the eddy loss component of
the core loss.

The combination of these improvements has resulted in electrical steels having less than 50% of the
no load loss and 30% of the exciting current that was possible in the late 1940s.

The current to cause rated flux to exist in the core is called the magnetizing current. The magnetizing
circuit of the transformer can be represented by one branch in the equivalent circuit shown in Fig. 3.4.
The core losses are represented by [Xr], and the excitation characteristics by [Xm].

When the magnetizing current, which is about 0.5% of the load current, flows in the primary winding,
there is a small voltage drop across the resistance of the winding and a small inductive drop across the
inductance of the winding. We can represent these voltage drops as Rl and XI in the equivalent circuit.
However, these drops are very small and can be neglected in the practical case.

Since the flux flowing in all parts of the core is essentially equal, the voltage induced in any turn placed
around the core will be the same. This results in the unique characteristics of transformers with steel
cores. Multiple secondary windings can be placed on the core to obtain different output voltages. Each
turn in each winding will have the same voltage induced in it. Refer to Fig. 3.5.

The ratio of the voltages at the output to the input at no load will be equal to the ratio of the turns.
The voltage drops in the resistance and reactance at no load are very small with only magnetizing current
flowing in the windings so that the voltage appearing at A can be considered to be the input voltage. The
relationship E1/N1 = E2/N2 is important in transformer design and application.

A steel core has a nonlinear magnetizing characteristic as shown in Fig. 3.6. As shown, greater ampere
turns are required as the flux density B is increased. Above the knee of the curve as the flux approaches
saturation, a small increase in the flux density requires a large increase in the ampere turns. When the
core saturates, the circuit behaves much the same as an air core.

R1 X1
G—/\/\/\_(YYY\ O
N1 =100
El = 1000
N2 =50
E2 =500
Rm Xm

FIGURE 3.4
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The Practical Transformer

Magnetic Circuit

In actual transformer design, the constants for the ideal circuit are determined from tests on materials
and on transformers. For example, the resistance component of the core loss, usually called no load loss,
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is determined from curves derived from tests on samples of electrical steel and measured transformer
no load losses. The designer will have curves for the different electrical steel grades as a function of
induction. In the same manner, curves have been made available for the exciting current as a function
of induction.

A very important relationship is derived from Eq. (3.4). It can be written in the following form.

349 [£/N]

fA (3.5)

The term [E/N] is called “volts per turn”. It determines the number of turns in the windings, the flux
density in the core, and is a variable in the leakage reactance which will be discussed below. In fact, when
the designer starts to make a design for an operating transformer, one of the first things selected is the
volts per turn.

The no load loss in the magnetic circuit is a guaranteed value in most designs. The designer must
select an induction level that will allow him to meet the guarantee. The design curves or tables usually
show the loss/# or loss/kg as a function of the material and the induction.

The induction must also be selected so that the core will be below saturation under specified over-
voltage conditions. Saturation is around 2.0 T.

Leakage Reactance

When the practical transformer is considered, additional concepts must be introduced. For example, the
flow of load current in the windings results in high magnetic fields around the windings. These fields are
termed leakage flux fields. The term is believed to have started in the early days of transformer theory
when it was thought that this flux “leaked” out of the core. This flux exists in the spaces between windings
and in the spaces occupied by the windings. See Fig. 3.7. These flux lines effectively result in an impedance
between the windings, which is termed “leakage reactance” in the industry. The magnitude of this reactance
is a function of the number of turns in the windings, the current in the windings, the leakage field, and
the geometry of the core and windings. The magnitude of the leakage reactance is usually in the range of
4 to 10% at the base rating of power transformers. The load current through this reactance results in a
considerable voltage drop. Leakage reactance is termed “percent leakage reactance” or “percent reactance”.
Percent reactance is the ratio of the reactance voltage drop to the winding voltage x 100. It is calculated
by designers using the number of turns, the magnitude of the current and the leakage field, and the
geometry of the transformer. It is measured by short circuiting one winding of the transformer and
increasing the voltage on the other winding until rated current flows in the windings. This voltage divided
by the rated winding voltage times 100 is the percent reactance voltage or percent reactance. The voltage
drop across this reactance results in the voltage at the load being less than the value determined by the
turns ratio. The percentage decrease in the voltage is termed “regulation”. Regulation is a function of the
power factor of the load, and it can be determined using the following equation for inductive loads:

[% X (cos 0) - %R sin o)]2

% Reg.=% R[cos O]+%X[sin O]+ 200

where

% Reg. = percentage voltage drop across the resistance and the leakage reactance

% R = % resistance = kilowatts of load loss/kVA of transformer X 100
% X = % leakage reactance
0 = angle corresponding to the power factor of the load. If the power factor is 0.9, the angle

is 36.87°.

For capacitance loads, change the sign of the sin terms.
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In order to compensate for these voltage drops, taps are usually added in the windings. The unique
volts/turn feature of steel core transformers makes it possible to add or subtract turns to change the
voltage outputs of windings. A simple illustration is shown in Fig. 3.8.

Load Losses
This term represents the losses in the transformer that result from the flow of load current in the windings.

Load losses are composed of the following elements.

* Resistance losses as the current flows through the resistance of the conductors and leads.

+ Eddy losses. These losses are caused by the leakage field, and they are a function of the second power
of the leakage field density and the second power of the conductor dimensions normal to the field.

+ Stray losses. The leakage field exists in parts of the core, steel structural members, and tank walls.
Losses result in these members.

Again, the leakage field caused by flow of the load current in the windings is involved and the eddy
and stray losses can be appreciable in large transformers.

Short Circuit Forces

Forces exist between current-carrying conductors when they are in an alternating current field. These
forces are determined using the following equation:

F=BIsin0
where

F = force density
0 = angle between the flux and the current. (In transformers, sin 0 is almost always equal to 1.)
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Since the leakage flux field is between windings and has a rather high density, the forces can be quite
high. This is a special area of transformer design. Complex programs are needed to get a reasonable
representation of the field in different parts of the windings. Much effort has gone into the study of
stresses in the windings and the withstand criteria for different types of conductors and support systems.
This subject is obviously very broad and beyond the scope of this section.

Thermal Considerations

The losses in the windings and the core cause temperature rises in the materials. This is another important
area in which the temperatures must be limited to the long-term capability of the insulating materials.
Refined paper is still used as the primary solid insulation in power transformers. Highly refined mineral
oil is still used as the cooling and insulating medium in power transformers. Gases and vapors have been
introduced in a limited number of special designs. The temperatures must be limited to the thermal
capability of these materials. Again, this subject is quite broad and involved. It includes the calculation
of the temperature rise of the cooling medium, the average and hottest spot rise of the conductors and
leads, and the heat exchanger equipment.

Voltage Considerations

A transformer must withstand a number of different voltage stresses over its expected life. These voltages
include:

+ The operating voltages at the rated frequency

+ Rated frequency overvoltages
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+ Natural lightning impulses that may strike the transformer or transmission lines
+ Switching surges that result from opening and closing breakers and switches

+ Combinations of the above voltages

This is a very specialized field in which the resulting voltage stresses must be calculated in the windings
and withstand criteria must be established for the different voltages and combinations of voltages. The
designer must design the insulation system so that it will withstand these various stresses.

3.2 Power Transformers

H. Jin Sim and Scott H. Digby

A transformer has been defined by ANSI/IEEE as a static electrical device, involving no continuously
moving parts, used in electric power systems to transfer power between circuits through the use of
electromagnetic induction. The term power transformer is used to refer to those transformers used
between the generator and the distribution circuits and are usually rated at 500 kVA and above. Power
systems typically consist of a large number of generation locations, distribution points, and interconnec-
tions within the system or with nearby systems, such as a neighboring utility. The complexity of the
system leads to a variety of transmission and distribution voltages. Power transformers must be used at
each of these points where there is a transition between voltage levels.

Power transformers are selected based on the application, with the emphasis towards custom design
being more apparent the larger the unit. Power transformers are available for step-up operation, primarily
used at the generator and referred to as generator step-up (GSU) transformers, and for step-down
operation, mainly used to feed distribution circuits. Power transformers are available as a single phase
or three phase apparatus.

The construction of a transformer depends upon the application, with transformers intended for
indoor use primarily dry-type but also as liquid immersed and for outdoor use usually liquid immersed.
This section will focus on the outdoor, liquid-immersed transformers, such as those shown in Fig. 3.9.

FIGURE 3.9 20 MVA, 161:26.4 X 13.2 kV with LTC, three-phase transformers.
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TABLE 3.1 Standard Limits for Temperature
Rises Above Ambient

Average winding temperature rise 65°C?
Hot spot temperature rise 80°C
Top liquid temperature rise 65°C

@ The base rating is frequently specified and
tested as a 55°C rise.

Rating and Classifications
Rating

In the U.S., transformers are rated based on the power output they are capable of delivering continuously
at a specified rated voltage and frequency under “usual” operating conditions without exceeding pre-
scribed internal temperature limitations. Insulation is known to deteriorate, among other factors, with
increases in temperature, so insulation used in transformers is based on how long it can be expected to
last by limiting operating temperatures.

The temperature that insulation is allowed to reach under operating conditions essentially determines
the output rating of the transformer, called the kVA rating. Standardization has led to temperatures
within a transformer being expressed in terms of the rise above ambient temperature, since the ambient
temperature can vary under operating or test conditions. Transformers are designed to limit the tem-
perature based on the desired load, including the average temperature rise of a winding, the hottest spot
temperature rise of a winding, and, in the case of liquid-filled units, the top liquid temperature rise. To
obtain absolute temperatures from these values, simply add the ambient temperature. Standard temper-
ature limits for liquid-immersed power transformers are listed in Table 3.1.

The normal life expectancy of power transformers is generally assumed to be about 30 years of service
when operated within their ratings; however, they may be operated beyond their ratings, overloaded,
under certain conditions with moderately predictable “loss of life”. Situations that may involve operation
beyond rating are emergency re-routing of load or through-faults prior to clearing.

Outside the U.S., the transformer rating may have a slightly different meaning. Based on some
standards, the kVA rating can refer to the power that can be input to a transformer, the rated output
being equal to the input minus the transformer losses.

Power transformers have been loosely grouped into three market segments based upon size ranges.
These three segments are:

1. Small power transformers 500 to 7500" kVA
2. Medium power transformers ~ 7500! to 100 MVA
3. Large power transformers 100 MVA and above

It was noted that the transformer rating is based on “usual” service conditions, as prescribed by
standards. Unusual service conditions may be identified by those specifying a transformer so that the
desired performance will correspond to the actual operating conditions. Unusual service conditions
include, but are not limited to, the following: high (above 40°C) or low (below —20°C) ambient temper-
atures; altitudes above 3300 ft above sea level; seismic conditions; and loads with harmonic content above
0.05 per unit.

Insulation Classes

The insulation class of a transformer is determined based on the test levels that it is capable of withstanding.
Transformer insulation is rated by the BIL, or Basic Insulation Impulse Level, in conjunction with the voltage
rating. Internally, a transformer is considered to be a non-self-restoring insulation system, mostly consisting

!The upper range of small power and the lower range of medium power can vary between 2500 and 10,000 kVA
throughout the industry.
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of porous, cellulose material impregnated by the liquid insulating medium. Externally, the transformer’s
bushings and, more importantly, the surge protection equipment must coordinate with the transformer
rating to protect the transformer from transient overvoltages and surges. Standard insulation classes have
been established by standards organizations stating the parameters by which tests are to be performed.

Wye connected transformers will typically have the common point brought out of the tank through
a neutral bushing. Depending on the application, for example in the case of a solidly grounded neutral
vs. a neutral grounded through a resistor or reactor or even an ungrounded neutral, the neutral may
have a lower insulation class than the line terminals. There are standard guidelines for rating the neutral
based on the situation. It is important to note that the insulation class of the neutral may limit the test
levels of the line terminals for certain tests, such as the applied potential, or hi-pot, test where the entire
circuit is brought up to the same voltage level. A reduced rating for the neutral can significantly reduce
the cost of larger units and autotransformers as opposed to a fully rated neutral.

Cooling Classes

Since no transformer is truly an “ideal” transformer, each will incur a certain amount of energy loss,
mainly that which is converted to heat. Methods of removing this heat can depend on the application,
the size of the unit, and the amount of heat that needs to be dissipated.

The insulating medium inside a transformer, usually oil, serves multiple purposes, first to act as an
insulator, and second to provide a good medium through which to remove heat.

The windings and core are the primary sources of heat; however, internal metallic structures can act as a
heat source as well. It is imperative to have proper cooling ducts and passages in proximity to the heat sources
through which the cooling medium can flow such that the heat can be effectively removed from the trans-
former. The natural circulation of oil through a transformer through convection has been referred to as a
“thermosiphon” effect. The heat is carried by the insulating medium until it is transferred through the
transformer tank wall to the external environment. Radiators, typically detachable, provide an increase in
the convective surface area without increasing the size of the tank. In smaller transformers, integral tubular
sides or fins are used to provide this increase in surface area. Fans can be installed to increase the volume of
air moving across the cooling surfaces thus increasing the rate of heat dissipation. Larger transformers that
cannot be effectively cooled using radiators and fans rely on pumps that circulate oil through the transformer
and through external heat exchangers, or coolers, which can use air or water as a secondary cooling medium.

Allowing liquid to flow through the transformer windings by natural convection is also identified as
non-directed flow. In cases where pumps are used, and even some instances where only fans and radiators
are being used, the liquid is often guided into and through some or all of the windings. This is called
directed flow in that there is some degree of control of the flow of the liquid through the windings. The
difference between directed and non-directed flow through the winding in regard to winding arrangement
will be discussed further with the description of winding types.

The use of auxiliary equipment such as fans and pumps with coolers, called forced circulation, increases
the cooling and thereby the rating of the transformer without increasing the unit’s physical size. Ratings
are determined based on the temperature of the unit as it coordinates with the cooling equipment that
is operating. Usually, a transformer will have multiple ratings corresponding to multiple stages of cooling,
as equipment can be set to run only at increased loads.

Methods of cooling for liquid-immersed transformers have been arranged into cooling classes iden-
tified by a four-letter designation as follows.

Four letter cooling class—> D I:l I:l D

medium mechanism medium mechanism

| | |

Internal External

Table 3.2 lists the code letters that are used to make up the four-letter designation.
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TABLE 3.2 Cooling Class Letter Descriptions

Code
Letter Description
Internal  First letter o Liquid with flash point less than or equal to 300°C
(Cooling medium) K Liquid with flash point greater than 300°C
L Liquid with no measurable flash point
Second letter N Natural convection through cooling equipment and windings
(Cooling mechanism) F Forced circulation through cooling equipment, natural convection in
D windings
Forced circulation through cooling equipment, directed flow in main
windings
External  Third letter A Air
(Cooling medium) w ‘Water
Fourth letter N Natural convection
(Cooling medium) F Forced circulation

This system of identification has come about through standardization between different international
standards organizations and represents a change from what has traditionally been used in the U.S. Where
OA classified a transformer as liquid-immersed self-cooled in the past, it is designated by the above
system as ONAN. Similarly, the previous FA classification is identified as ONAE FOA could be OFAF or
ODAF, depending on whether directed oil flow is employed or not. In some cases, there are transformers
with directed flow in windings without forced circulation through cooling equipment.

An example of multiple ratings would be ONAN/ONAF/ONAE, where the transformer has a base
rating where it is cooled by natural convection and two supplemental ratings where groups of fans are
turned on to provide additional cooling so the transformer will be capable of supplying additional kVA.
This rating would have been designated OA/FA/FA per past standards.

Short Circuit Duty

A transformer supplying a load current will have a complicated network of internal forces acting on and
stressing the conductors, support structures, and insulation structures. These forces are fundamental to
the interaction of current-carrying conductors within magnetic fields involving an alternating current
source. Increases in current result in increases in the magnitude of the forces proportional to the square
of the current. Severe overloads, particularly through-fault currents resulting from external short circuit
events, involve significant increases in the current above rated current and can result in tremendous
forces inside the transformer.

Since the fault current is a transient event, it will have the offset sinusoidal waveshape decaying with
time based on the time constant of the equivalent circuit that is characteristic of switching events. The
amplitude of the basic sine wave, the symmetrical component, is determined from the formula

Lo =T/ (Zume + 2, (3.6)
where Z4,,. and Z,, are the transformer and system impedances, respectively, expressed in per unit, and
I and I, are the short circuit and rated currents. An offset factor, K, determines the magnitude of the
first peak, the asymmetrical peak, of the transient current when multiplied by the I found above and
the square root of 2 to convert from r.m.s. value. This offset factor is derived from the equivalent transient
circuit; however, standards give values that must be used based upon the ratio of the effective inductance
(x) and resistance (r), x/r.

As indicated by Eq. (3.6), the short circuit current is primarily limited by the internal impedance of
the transformer, but may be further reduced by impedances of adjacent equipment, such as current
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limiting reactors, or by system power delivery limitations. Existing standards define the magnitude and
duration of the fault current based on the rating of the transformer.

The transformer must be capable of withstanding the maximum forces experienced at the first peak
of the transient current as well as the repeated pulses at each of the subsequent peaks until the fault is
cleared or the transformer is disconnected. The current will experience two peaks per cycle, so the forces
will pulsate at 120 Hz, twice the power frequency, acting as a dynamic load. Magnitudes of forces during
these situations can range from several thousand pounds to millions of pounds in large power trans-
formers. For analysis, the forces acting on the windings are generally broken up into two subsets, radial
and axial forces, based on their apparent effect on the windings. Figure 3.10 illustrates the difference
between radial and axial forces in a pair of circular windings.

The high currents experienced during through-fault events will also cause elevated temperatures in
the windings. Limitations are also placed on the calculated temperature the conductor may reach during
fault conditions. These high temperatures are rarely a problem due to the short time span of these events,
but the transformer may experience an associated “loss of life” increase. This “loss of life” can become
more prevalent, even critical, based on the duration of the fault conditions and how often such events
occur. It is also possible for the conductor to experience changes in mechanical strength due to annealing
that can occur at high temperatures. The temperature at which this can occur will depend on the
properties and composition of the conductor material, such as the hardness, which is sometimes increased
through cold-working processes, or the presence of silver in certain alloys.

Efficiency and Losses
Efficiency

Power transformers are very efficient pieces of equipment with efficiencies typically above 99%. The
efficiency is derived from the rated output and the losses incurred in the transformer. The basic rela-
tionship for efficiency is the output over the input, which according to U.S. standards translates to

Efficiency = [kVA rating / (kVA rating + Total losses)] *100% (3.7)

and will generally decrease slightly with increases in load. Total losses are the sum of the no-load and
load losses.

Losses

The no-load losses are essentially the power required to keep the core energized, and so are many times
referred to as the core losses. They exist whenever the unit is energized. No-load losses depend primarily
upon the voltage and frequency, so under operational conditions it will only vary slightly with system
variations. Load losses, as the terminology might suggest, result from load currents flowing through the
transformer. The two components of the load losses are the I°R losses and the stray losses. I’R losses are
based on the measured DC resistance, the bulk of which is due to the winding conductors, and the
current at a given load. The stray losses are a term given to the accumulation of the additional losses
experienced by the transformer, which includes winding eddy losses and losses due to the effects of
leakage flux entering internal metallic structures. Auxiliary losses refer to the power required to run
auxiliary cooling equipment, such as fans and pumps, and are not typically included in the total losses
as defined above.

Economic Evaluation of Losses

Transformer losses represent power that cannot be delivered to customers and therefore have an associated
economic cost to the transformer user/owner. A reduction in transformer losses generally results in an
increase in the transformer’s cost. Depending on the application, there may be an economic benefit to
a transformer with reduced losses and high price (initial cost), and vice versa. This process is typically
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FIGURE 3.10  Radial and axial forces in a transformer winding.

dealt with through the use of “loss evaluations”, which place a dollar value on the transformer losses to
calculate a total owning cost that is a combination of the price and the losses. Typically, each of the
transformer’s individual loss parameters, no-load losses, load losses, and auxiliary losses, are assigned a
dollar value per kilowatt ($/kW). Information obtained from such an analysis can be used to compare
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prices from different manufacturers or to decide on the optimum time to replace existing transformers.
There are guides available, through standards organizations, for the estimation of the cost associated with
transformer losses. Loss evaluation values can range from about $500/kW upwards of $12000/kW for
the no-load losses and from a few hundred dollars per kilowatt to about $6000 to 8000/kW for load
losses and auxiliary losses. Values will depend upon the application.

Construction

The construction of a power transformer will vary throughout the industry to a certain degree. The basic
arrangement is essentially the same and has seen little significant change in recent years, so some of the
variations may be discussed here.

The Core

The core, which provides the magnetic path to channel the flux, consists of thin strips of high-grade
steel, called laminations, which are electrically separated by a thin coating of insulating material. The
strips can be stacked or wound, with the windings either built integrally around the core or built separately
and assembled around the core sections. Core steel may be hot or cold rolled, grain oriented or non-
grain oriented, and even laser-scribed for additional performance. Thickness ranges from 9 mils (1 mil =
1 thousandth of an inch) upwards of 14 mils. The core cross-section may be circular or rectangular, with
circular cores commonly referred to as cruciform construction. Rectangular cores are used for smaller
ratings and as auxiliary transformers used within a power transformer. Rectangular cores, obviously, use
a single width of strip steel, while circular cores use a combination of different strip widths to approximate
a circular cross-section. The type of steel and arrangement will depend on the transformer rating as
related to cost factors such as labor and performance.

Just like other components in the transformer, the heat generated by the core must be adequately
dissipated. While the steel and coating may be capable of withstanding higher temperatures, it will come
in contact with insulating materials with limited temperature capabilities. In larger units, cooling ducts
are used inside the core for additional convective surface area and sections of laminations may be split
to reduce localized losses.

The core will be held together by, but insulated from, mechanical structures and will be grounded to
a single point, usually some readily accessible point inside the tank, but may also be brought through a
bushing on the tank wall or top for external access. This grounding point should be removable for testing
purposes, such as checking for unintentional core grounds.

The maximum flux density of the core steel is normally designed as close to the knee of the saturation
curve as practical, accounting for required over-excitations and tolerances that exist due to materials and
manufacturing processes. For power transformers, the flux density is typically between 13 and 18 kG
with the saturation point for magnetic steel being around 20.3 to 20.5 kG.

The two basic types of core construction used in power transformers are called core-form and shell-form.

In core-form construction, there is a single path for the magnetic circuit. Figure 3.11 shows a schematic
of a single-phase core with the arrows showing the magnetic path. For single-phase applications, the
windings are typically divided on both core legs as shown, whereas in three-phase applications, the
windings of a particular phase are typically on the same core leg, as illustrated in Fig. 3.12. Windings are
constructed separate of the core and placed on their respective core legs during core assembly. Figure 3.13
shows what is referred to as the “E”-assembly of a three-phase core-form core during assembly.

In shell-form construction, the core provides multiple paths for the magnetic circuit. A schematic of
a single-phase shell-form core is shown in Fig. 3.14, with the two magnetic paths illustrated. The core is
typically stacked directly around the windings, which are usually “pancake” type windings, although
some applications are such that the core and windings are assembled similar to core form. Due to
advantages in short circuit and transient voltage performance, shell forms tend to be used more frequently
in larger transformers where conditions can be more severe. There are variations of three-phase shell-
form construction that include five- and seven-legged cores, depending on size and application.
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FIGURE 3.11 Schematic of single-phase core-form construction.

The Windings

The windings consist of the current carrying conductors wound around the sections of the core and
must be properly insulated, supported, and cooled to withstand operational and test conditions. The
terms winding and coil are used interchangeably in this discussion.

Copper and aluminum are the primary materials used as conductors in power transformer windings.
While aluminum is lighter and generally less expensive than copper, a larger cross-section of aluminum
conductor must be used to carry a current with similar performance as copper. Copper has higher
mechanical strength and is used almost exclusively in all but the smaller size ranges, where aluminum
conductors may be perfectly acceptable. In cases where extreme forces are encountered, materials such
as silver-bearing copper may be used for even greater strength. The conductors used in power transformers
will typically be stranded with a rectangular cross-section, although some transformers at the lowest
ratings may use sheet or foil conductors. A variation involving many rectangular conductor strands
combined into a cable is called continuously transposed cable (CTC), as shown in Fig. 3.15.

In core-form transformers, the windings are usually arranged concentrically around the core leg, as
illustrated by Fig. 3.16 of a winding being lowered over another winding already on the core leg of a
three-phase transformer. A schematic of coils arranged in this three-phase application was also shown
in Fig. 3.12. Shell-form transformers may use a similar concentric arrangement or windings may be
stacked into sections or groups as illustrated by Fig. 3.17 and as seen in the picture in Fig. 3.21.

When considering concentric windings, it is generally understood that circular windings have inher-
ently higher mechanical strength than rectangular windings, whereas rectangular coils can have lower
associated material and labor costs. Rectangular windings permit a more efficient use of space, but their
use is limited to small power transformers and the lower range of medium power transformers where
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FIGURE 3.12  Schematic of three-phase core-form construction.

FIGURE 3.13 “E”-assembly, prior to insertion of top yoke.
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FIGURE 3.14 Schematic of single-phase shell-form construction.

the internal forces are not extremely high. As the rating increases, the forces significantly increase and
there is need for added strength in the windings, so circular coils, or shell-form construction, are used.
In some special cases, elliptical-shaped windings can even be used.

Concentric coils will typically be wound over cylinders with spacers attached so as to form a duct
between the conductors and the cylinder. As previously mentioned, the flow of liquid through the
windings can be based solely on natural convection or the flow can be somewhat controlled through the
use of strategically placed barriers within the winding. Figures 3.18 and 3.19 show winding arrangements
comparing non-directed and directed flow. This concept is sometimes referred to as guided liquid flow.

There are a variety of different types of windings that have been used in power transformers through
the years. Coils can be wound in an upright, vertical orientation, as is necessary with larger, heavier coils,
or can be wound horizontally and uprighted upon completion. As mentioned before, the type of winding
will depend on the transformer rating as well as the core construction. Several of the more common
winding types are discussed below.

While it is recognized that several types of windings are sometimes referred to as “pancake” windings
due to the arrangement of conductors into discs, the term most often refers to the type of coil that is
almost exclusively used in shell-form transformers. The conductors are wound around a rectangular
form, with the widest face of the conductor either oriented horizontally or vertically, with layers of
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FIGURE 3.15 Continuously transposed cable (CTC).

conductors stacked on top of one another and separated by spacers. Figure 3.20 illustrates how these
coils are typically wound. This type of winding lends itself to grouping different windings along the same
axial space, as previously shown in Fig. 3.17 and further illustrated in Fig. 3.21.

Layer, or barrel, windings are among the simplest of windings in that the insulated conductors are
wound directly next to each other around the cylinder and spacers. Several layers may be wound on top
of one another, with the layers separated by solid insulation, ducts, or a combination of both. Several
strands may be wound in parallel if the current dictates. Variations of this winding are often used for
applications such as tap windings used in load tap changing transformers and for tertiary windings used
for, among other things, third harmonic suppression. Figure 3.22 shows a layer winding during assembly
that will be used as a regulating winding in an LTC transformer.

Helical windings are also referred to as screw or spiral windings with each term accurately character-
izing the coil’s construction. A helical winding will consist of anywhere from a few to more than 100
insulated strands wound in parallel continuously along the length of the cylinder, with spacers inserted
between adjacent turns or discs and suitable transpositions to minimize circulating currents between
strands. The manner of construction is such that the coil will somewhat resemble a corkscrew. Figure 3.23
shows a helical winding during the winding process. Helical windings are used for relatively higher current
applications frequently encountered in the lower voltage classes.

A disc winding can involve a single strand or several strands of insulated conductors wound in a series
of parallel discs of horizontal orientation with the discs connected at either the inside or outside as a
“cross-over” point. Each disc will be comprised of multiple turns wound over other turns with the
crossovers alternating between inside and outside. Figure 3.24 outlines the basic concept with Fig. 3.25
showing typical crossovers during the winding process. Most windings 25 kV class and above used in
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FIGURE 3.16 Concentric arrangement, outer coil being lowered onto core leg over top of inner coil.
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FIGURE 3.17 Example of stacking arrangement of windings in shell-form construction.
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FIGURE 3.18 Non-directed flow.

core-form transformers are disc type so, due to the high voltages involved in test and operation, particular
attention must be given to avoid high stresses between discs and turns near the end of the winding when
subjected to transient voltage surges. Numerous techniques have been developed to ensure an acceptable
voltage distribution along the winding under these conditions.

Taps — Turns Ratio Adjustment

The capability of adjusting the turns ratio of a transformer is oftentimes desirable to compensate for
variations in voltage that occur due to loading cycles, and there are several means by which the task can
be accomplished. There is a significant difference in a transformer that is capable of changing the ratio
while the unit is on-line, referred to as a Load Tap Changing (LTC) transformer, and one that must be
taken off-line, or de-energized, to perform a tap change.

Currently, most transformers are provided with a means to change the number of turns in the high-
voltage circuit, whereby part may be tapped out of the circuit. In many transformers this is done using
one of the main windings and tapping out a section or sections, whereas with larger units a dedicated
tap winding may be necessary to avoid ampere-turn voids along the length of the winding that occur in
the former case. Use and placement of tap windings vary with the application and among manufacturers.
A manually operated switching mechanism, a DETC (De-energized Tap Changer), is normally provided
accessible external to the transformer to change the tap position. When LTC capabilities are desired,
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FIGURE 3.19 Directed flow.

FIGURE 3.20 Pancake winding during winding process.
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FIGURE 3.21 Stacked pancake windings.

additional windings and equipment are required that significantly increase the size and cost of the
transformer.

It is also possible for a transformer to have dual voltage ratings, as is popular in spare and mobile
transformers. While there is no physical limit to the ratio between the dual ratings, even ratios (for
example, 24.94 X 12.47 kV or 138 X 69 kV) are easier for manufacturers to accommodate.

Accessory Equipment

Accessories

There are a great many different accessories used for the purpose of monitoring and protecting power
transformers, some of which are considered standard features and others which are used based on
miscellaneous requirements. A few of the basic accessories will be discussed briefly.

Liquid Level Indicator

A liquid level indicator is a standard feature on liquid-filled transformer tanks because the liquid medium
is critical for cooling and insulation. This indicator is typically a round-faced gauge on the side of the
tank with a float and float arm that moves a dial pointer as the liquid level changes.

Pressure Relief Devices

Pressure relief devices are mounted on transformer tanks to relieve excess internal pressures that might
build up during operating conditions to avoid damage to the tank itself. On larger transformers, several
pressure relief devices may be required due to the large quantities of oil.
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FIGURE 3.22 Layer windings (single layer with two strands wound in parallel).

Liquid Temperature Indicator
A liquid temperature indicator will measure the temperature of the internal liquid at a point near the
top of the liquid through a probe inserted in a well mounted through the side of the transformer tank.

Winding Temperature Indicator

A winding temperature simulation method is used to approximate the hottest spot in the winding because
of the difficulties involved in direct winding temperature measurements. The method applied to power
transformers involves a current transformer which will be located to incur a current proportional to the
load current through the transformer. The current transformer feeds a circuit that essentially adds heat
to the top liquid temperature reading to give an approximate reading of the winding temperature. This
method relies on design or test data of the temperature differential between the liquid and the windings,
called the winding gradient.

Sudden Pressure Relay

A sudden (or rapid) pressure relay is intended to indicate a quick increase in internal pressure that can
occur when there is an internal fault. Varieties are used that can be mounted on the top or side of the
transformer or that operate in liquid or gas space.

Desiccant (Dehydrating) Breathers

Desiccant breathers use a material such as silica gel to allow air to enter and exit the tank which removes
moisture as the air passes through. Most tanks will be somewhat free-breathing and such a device, if
properly maintained, allows a degree of control over the quality of air entering the transformer.

Liquid Preservation Systems

There are several methods in practice to preserve the properties of the transformer liquid and associated
insulation structures that it penetrates. Preservation systems attempt to isolate the transformer’s internal
environment from the external environment (atmosphere) while understanding that a certain degree of
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FIGURE 3.23 Helical winding during assembly.
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FIGURE 3.24 Basic disc winding layout.
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FIGURE 3.25 Disc winding inner and outer crossovers.
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FIGURE 3.26  General arrangements of liquid preservation systems.

interaction or “breathing” is required due to variations in pressure that occur under operational condi-
tions, such as expansion and contraction of liquid with temperature. The most commonly used methods
are outlined as follows and illustrated in Fig. 3.26.
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1. Sealed tank systems have the tank interior sealed from the atmosphere and will maintain a layer
of gas, a gas space or cushion, that will sit above the liquid. The gas plus liquid volume will remain
constant. Negative internal pressures can exist in sealed tank systems at lower loads or temperatures
with positive pressures existing as load and temperatures increase. A pressure-vacuum bleeder is
used to limit operating pressures in transformers over a certain size.

2. Positive pressure systems involve the use of inert gases to maintain a positive pressure in the gas
space. A source of inert gas, typically a bottle of compressed nitrogen, will be injected incrementally
into the gas space when the internal pressure falls out of range.

3. Conservator (expansion tank) systems are used both with and without air bags, also called bladders
or diaphragms, which involve a separate auxiliary tank. The main transformer tank will be com-
pletely filled with liquid, the auxiliary tank will be partially filled, and the liquid will expand and
contract within the auxiliary tank. The auxiliary tank will be allowed to “breath”, usually through
a dehydrating breather. The use of an air bag in the auxiliary tank can provide further separation
from the atmosphere.

Inrush Current

When a transformer is taken off-line, there will be a certain amount of residual flux that can remain in
the core due to the properties of the magnetic core material. The residual flux can be as much as 50 to
90% of the maximum operating flux, depending on the type of core steel. When voltage is reapplied to
the transformer, the flux introduced by this source voltage will build upon that which already exists in
the core. In order to maintain this level of flux in the core, which can be well into the saturation range
of the core steel, the transformer can draw current well in excess of the transformer’s rated full load
current. Depending on the transformer design, the magnitude of this current inrush can be anywhere
from 3.5 to 40 times the rated full load current. The waveform of the inrush current will be similar to
a sine wave, but largely skewed towards the positive or negative direction. This inrush current will
experience a decay, partially due to losses, which will provide a dampening effect; however, the current
can remain well above rated current for many cycles.

This inrush current can have an effect on the operation of relays and fuses located in the system near
the transformer. Decent approximations of the inrush current require detailed information regarding
the transformer design which may be available from the manufacturer but is not typically available to
the user. Actual inrush currents will also depend upon where in the source voltage wave the switching
operations occur, the moment of opening effecting the residual flux magnitude, and the moment of
closing effecting the new flux.

Modern and Future Developments

High-Voltage Generator (Powerformer)

Because electricity is currently generated at voltage levels that are too low to be efficiently transmitted
across the great distances that the power grid typically spans, step-up transformers are required at the
generator. With developments in high-voltage cable technology, a high-voltage generator, called the
powerformer, has been developed that will eliminate the need for this GSU transformer and associated
equipment. This powerformer can reportedly be designed to generate power at voltage levels between
20 and 400 kV to directly feed the transmission network.

High-Temperature Superconducting (HTS) Transformer

Superconducting technologies are being applied to power transformers in the development of what are being
referred to as high-temperature superconducting (HTS) transformers. In HTS transformers, the copper and
aluminum in the windings would be replaced by superconductors. In the field of superconductors, high
temperatures are considered to be in the range of —250 to —200°F, which represents quite a significant deviation
in the operating temperatures of conventional transformers. At these temperatures, insulation of the type
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currently used in transformers would not degrade in the same manner. Using superconducting conductors
in transformers requires advances in cooling, specifically refrigeration technology directed toward use in
transformers. The predominant cooling medium in HTS development has been liquid nitrogen, but some
other mediums have been investigated as well. Transformers built using HTS technology would reportedly
be of reduced size and weight and capable of overloads without experiencing “loss of life” due to insulation
degradation, instead using an increased amount of the replaceable coolant. An additional benefit would be
an increase in efficiency of HTS transformers over conventional transformers due to the fact that resistance
in superconductors is virtually zero, thus eliminating the I’R loss component of the load losses.
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3.3 Distribution Transformers?

Dudley L. Galloway

Historical Background

Long-Distance Power

In 1886, George Westinghouse built the first long-distance alternating current electric lighting system in
Great Barrington, Massachusetts. The power source was a 25-hp steam engine driving an alternator with
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permission of the IEEE.

Figure 3.37 adapted from IEEE Std. C57.12.00-1993 “IEEE Standard General Requirements for Liquid-Immersed
Distribution, Power, and Regulating Transformers”, Copyright © 1993 by the Institute of Electrical and Electronics
Engineers, Inc. The IEEE disclaims any responsibility or liability resulting from the placement and use in the described
manner. Information is reprinted with the permission of the IEEE.

All others, by permission of ABB Power T&D Company Inc., Raleigh, NC, and Jefferson City, MO.
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FIGURE 3.27 (a) The Gaulard and Gibbs transformer. (b) William Stanley’s early transformer.

an output of 500 V and 12 A. In the middle of town, 4000 ft away, transformers were used to reduce the
voltage to serve light bulbs located in nearby stores and offices (Powel, 1997).

The First Transformers

Westinghouse realized that electric power could only be delivered over distances by transmitting at a
higher voltage and then reducing the voltage at the location of the load. He purchased U.S. patent rights
to the transformer from Gaulard and Gibbs, shown in Fig. 3.27a. William Stanley, Westinghouse’s elec-
trical expert, designed and built the transformers to reduce the voltage from 500 to 100 V on the Great
Barrington system. See Fig. 3.27b.

What Is a Distribution Transformer?

Just like the transformers in the Great Barrington system, any transformer that takes voltage from a
primary distribution circuit and “steps down” or reduces it to a secondary distribution circuit or a
consumer’s service circuit is a distribution transformer. Although many industry standards tend to limit
this definition by kVA rating (e.g., 5 to 500), distribution transformers can have lower ratings and can
have ratings of 5000 kVA or even higher, so the use of kVA ratings to define transformer types is being
discouraged (IEEE, 1978).

Construction

Early Transformer Materials

From the pictures, the Gaulard—Gibbs transformer seems to have used a coil of many turns of iron wire
to create a ferromagnetic loop. The Stanley model, however, appears to have used flat sheets of iron,
stacked together and clamped with wooden blocks and steel bolts. Winding conductors were most likely
made of copper from the very beginning. Several methods of insulating the conductor were used in the
early days. Varnish dipping was often used and is used for some applications today. Paper tape wrapping
of conductors has been used extensively, but has now been almost completely replaced by other methods.

Oil Immersion

In 1887, the year after Stanley designed and built the first transformers in the U.S., Elihu Thompson
patented the idea of using mineral oil as a transformer cooling and insulating medium (Myers et al.,
1981). Although materials have improved dramatically, the basic concept of an oil-immersed cellulosic
insulating system has changed very little in well over a century.
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4.1 Concept of Energy Transmission and Distribution

George G. Karady

The purpose of the electric transmission system is the interconnection of the electric energy producing
power plants or generating stations with the loads. A three-phase AC system is used for most transmission
lines. The operating frequency is 60 Hz in the U.S. and 50 Hz in Europe, Australia, and part of Asia. The
three-phase system has three phase conductors. The system voltage is defined as the rms voltage between
the conductors, also called line-to-line voltage. The voltage between the phase conductor and ground,
called line-to-ground voltage, is equal to the line-to-line voltage divided by the square root of three.
Figure 4.1 shows a typical system.

The figure shows the Phoenix area 230-kV system, which interconnects the local power plants and the
substations supplying different areas of the city. The circles are the substations and the squares are the
generating stations. The system contains loops that assure that each load substation is supplied by at
least two lines. This assures that the outage of a single line does not cause loss of power to any customer.
For example, the Aqua Fria generating station (marked: Power plant) has three outgoing lines. Three
high-voltage cables supply the Country Club Substation (marked: Substation with cables). The Pinnacle
Peak Substation (marked: Substation with transmission lines) is a terminal for six transmission lines.
This example shows that the substations are the node points of the electric system. The system is
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FIGURE 4.1 Typical electrical system.
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interconnected with the neighboring systems. As an example, one line goes to Glen Canyon and the other
to Cholla from the Pinnacle Peak substation.

In the middle of the system, which is in a congested urban area, high-voltage cables are used. In open
areas, overhead transmission lines are used. The cost per mile of overhead transmission lines is 6 to 10%
less than underground cables.

The major components of the electric system, the transmission lines, and cables are described briefly
below.

Generation Stations

The generating station converts the stored energy of gas, oil, coal, nuclear fuel, or water position to
electric energy. The most frequently used power plants are:

Thermal Power Plant. The fuel is pulverized coal or natural gas. Older plants may use oil. The fuel is
mixed with air and burned in a boiler that generates steam. The high-pressure and high-temper-
ature steam drives the turbine, which turns the generator that converts the mechanical energy to
electric energy.

Nuclear Power Plant. Enriched uranium produces atomic fission that heats water and produces steam.
The steam drives the turbine and generator.

Hydro Power Plants. A dam increases the water level on a river, which produces fast water flow to drive
a hydro-turbine. The hydro-turbine drives a generator that produces electric energy.

Gas Turbine. Natural gas is mixed with air and burned. This generates a high-speed gas flow that drives
the turbine, which turns the generator.

Combined Cycle Power Plant. This plant contains a gas turbine that generates electricity. The exhaust
from the gas turbine is high-temperature gas. The gas supplies a heat exchanger to preheat the
combustion air to the boiler of a thermal power plant. This process increases the efficiency of the
combined cycle power plant. The steam drives a second turbine, which drives the second generator.
This two-stage operation increases the efficiency of the plant.

Switchgear

The safe operation of the system requires switches to open lines automatically in case of a fault, or
manually when the operation requires it. Figure 4.2 shows the simplified connection diagram of a
generating station.

Auxiliary transformer
Circuit breaker

e s

Main transformer

/ Current tran szmer
o e

Generator \ / \m
Disconnect switch :LA

Voltage transformer

Surge
arrester

FIGURE 4.2 Simplified connection diagram of a generating station.
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The generator is connected directly to the low-voltage winding of the main transformer. The trans-
former high-voltage winding is connected to the bus through a circuit breaker, disconnect switch, and
current transformer. The generating station auxiliary power is supplied through an auxiliary transformer
through a circuit breaker, disconnect switch, and current transformer. Generator circuit breakers, con-
nected between the generator and transformer, are frequently used in Europe. These breakers have to
interrupt the very large short-circuit current of the generators, which results in high cost.

The high-voltage bus supplies two outgoing lines. The station is protected from lightning and switching
surges by a surge arrester.

Circuit breaker (CB) is a large switch that interrupts the load and fault current. Fault detection systems
automatically open the CB, but it can be operated manually.

Disconnect switch provides visible circuit separation and permits CB maintenance. It can be operated
only when the CB is open, in no-load condition.

Potential transformers (PT) and current transformers (CT) reduce the voltage to 120 V, the current to
5 A, and insulates the low-voltage circuit from the high-voltage. These quantities are used for metering
and protective relays. The relays operate the appropriate CB in case of a fault.

Surge arresters are used for protection against lightning and switching overvoltages. They are voltage
dependent, nonlinear resistors.

Control Devices

In an electric system the voltage and current can be controlled. The voltage control uses parallel connected
devices, while the flow or current control requires devices connected in series with the lines.

Tap-changing transformers are frequently used to control the voltage. In this system, the turns-ratio
of the transformer is regulated, which controls the voltage on the secondary side. The ordinary tap
changer uses a mechanical switch. A thyristor-controlled tap changer has recently been introduced.

A shunt capacitor connected in parallel with the system through a switch is the most frequently used
voltage control method. The capacitor reduces lagging-power-factor reactive power and improves the
power factor. This increases voltage and reduces current and losses. Mechanical and thyristor switches
are used to insert or remove the capacitor banks.

The frequently used Static Var Compensator (SVC) consists of a switched capacitor bank and a
thyristor-controlled inductance. This permits continuous regulation of reactive power.

The current of a line can be controlled by a capacitor connected in series with the line. The capacitor
reduces the inductance between the sending and receiving points of the line. The lower inductance
increases the line current if a parallel path is available.

In recent years, electronically controlled series compensators have been installed in a few transmission
lines. This compensator is connected in series with the line, and consists of several thyristor-controlled
capacitors in series or parallel, and may include thyristor-controlled inductors.

Medium- and low-voltage systems use several other electronic control devices. The last part in this
section gives an outline of the electronic control of the system.

Concept of Energy Transmission and Distribution

Figure 4.3 shows the concept of typical energy transmission and distribution systems. The generating
station produces the electric energy. The generator voltage is around 15 to 25 kV. This relatively low
voltage is not appropriate for the transmission of energy over long distances. At the generating station
a transformer is used to increase the voltage and reduce the current. In Fig. 4.3 the voltage is increased
to 500 kV and an extra-high-voltage (EHV) line transmits the generator-produced energy to a distant
substation. Such substations are located on the outskirts of large cities or in the center of several large
loads. As an example, in Arizona, a 500-kV transmission line connects the Palo Verde Nuclear Station to
the Kyrene and Westwing substations, which supply a large part of the city of Phoenix.
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The voltage is reduced at the 500 kV/220 kV EHV substation to the high-voltage level and high-voltage
lines transmit the energy to high-voltage substations located within cities.

At the high-voltage substation the voltage is reduced to 69 kV. Sub-transmission lines connect the
high-voltage substation to many local distribution stations located within cities. Sub-transmission lines
are frequently located along major streets.

The voltage is reduced to 12 kV at the distribution substation. Several distribution lines emanate from
each distribution substation as overhead or underground lines. Distribution lines distribute the energy
along streets and alleys. Each line supplies several step-down transformers distributed along the line. The
distribution transformer reduces the voltage to 230/115 V, which supplies houses, shopping centers, and
other local loads. The large industrial plants and factories are supplied directly by a subtransmission line
or a dedicated distribution line as shown in Fig. 4.3.

The overhead transmission lines are used in open areas such as interconnections between cities or
along wide roads within the city. In congested areas within cities, underground cables are used for electric
energy transmission. The underground transmission system is environmentally preferable but has a
significantly higher cost. In Fig. 4.3 the 12-kV line is connected to a 12-kV cable which supplies com-
mercial or industrial customers. The figure also shows 12-kV cable networks supplying downtown areas
in a large city. Most newly developed residential areas are supplied by 12-kV cables through pad-mounted
step-down transformers as shown in Fig. 4.3.

High-Voltage Transmission Lines

High-voltage and extra-high-voltage (EHV) transmission lines interconnect power plants and loads, and
form an electric network. Figure 4.4 shows a typical high-voltage and EHV system.

This system contains 500-kV, 345-kV, 230-kV, and 115-kV lines. The figure also shows that the Arizona
(AZ) system is interconnected with transmission systems in California, Utah, and New Mexico. These

APS Transmission System

Salt Lake
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Los Angelas Albugquergue

Los Angelos g APS Control Area Ties
SRP

TEP

WAPA - Desert Southwest
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FIGURE 4.4 Typical high-voltage and EHV transmission system (Arizona Public Service, Phoenix area system).
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FIGURE 4.5 Typical high-voltage transmission line.

interconnections provide instantaneous help in case of lost generation in the AZ system. This also permits
the export or import of energy, depending on the needs of the areas.

Presently, synchronous ties (AC lines) interconnect all networks in the eastern U.S. and Canada.
Synchronous ties also (AC lines) interconnect all networks in the western U.S. and Canada. Several non-
synchronous ties (DC lines) connect the East and the West. These interconnections increase the reliability
of the electric supply systems.

In the U.S., the nominal voltage of the high-voltage lines is between 100 kV and 230 kV. The voltage
of the extra-high-voltage lines is above 230 kV and below 800 kV. The voltage of an ultra-high-voltage
line is above 800 kV. The maximum length of high-voltage lines is around 200 miles. Extra-high-voltage
transmission lines generally supply energy up to 400-500 miles without intermediate switching and var
support. Transmission lines are terminated at the bus of a substation.

The physical arrangement of most extra-high-voltage (EHV) lines is similar. Figure 4.5 shows the
major components of an EHV, which are:

Tower: The figure shows a lattice, steel tower.

. Insulator: V strings hold four bundled conductors in each phase.

. Conductor: Each conductor is stranded, steel reinforced aluminum cable.

. Foundation and grounding: Steel-reinforced concrete foundation and grounding electrodes placed
in the ground.

5. Shield conductors: Two grounded shield conductors protect the phase conductors from lightning.

Ll
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FIGURE 4.6 Typical 230-kV constructions.

At lower voltages the appearance of lines can be improved by using more aesthetically pleasing steel
tubular towers. Steel tubular towers are made out of a tapered steel tube equipped with banded arms.
The arms hold the insulators and the conductors. Figure 4.6 shows typical 230-kV steel tubular and lattice
double-circuit towers. Both lines carry two three-phase circuits and are built with two conductor bundles
to reduce corona and radio and TV noise. Grounded shield conductors protect the phase conductors
from lightning.

High-Voltage DC Lines

High-voltage DC lines are used to transmit large amounts of energy over long distances or through
waterways. One of the best known is the Pacific HVDC Intertie, which interconnects southern California
with Oregon. Another DC system is the £400 kV Coal Creek-Dickenson lines. Another famous HVDC
system is the interconnection between England and France, which uses underwater cables. In Canada,
Vancouver Island is supplied through a DC cable.

In an HVDC system the AC voltage is rectified and a DC line transmits the energy. At the end of the
line an inverter converts the DC voltage to AC. A typical example is the Pacific HVDC Intertie that
operates with 500 kV voltage and interconnects Southern California with the hydro stations in Oregon.

Figure 4.7 shows a guyed tower arrangement used on the Pacific HVDC Intertie. Four guy wires balance
the lattice tower. The tower carries a pair of two-conductor bundles supported by suspension insulators.
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Sub-Transmission Lines

Typical sub-transmission lines interconnect the high-voltage substations with distribution stations within
a city. The voltage of the subtransmission system is between 46 kV, 69 kV, and 115 kV. The maximum
length of sub-transmission lines is in the range of 50-60 miles. Most subtransmission lines are located
along streets and alleys. Figure 4.8 shows a typical sub-transmission system.

This system operates in a looped mode to enhance continuity of service. This arrangement assures
that the failure of a line will not interrupt the customer’s power.

Figure 4.9 shows a typical double-circuit sub-transmission line, with a wooden pole and post-type
insulators. Steel tube or concrete towers are also used. The line has a single conductor in each phase.
Post insulators hold the conductors without metal cross arms. One grounded shield conductor on the
top of the tower shields the phase conductors from lightning. The shield conductor is grounded at each
tower. Plate or vertical tube electrodes (ground rod) are used for grounding.

Distribution Lines

The distribution system is a radial system. Figure 4.10 shows the concept of a typical urban distribution
system. In this system a main three-phase feeder goes through the main street. Single-phase subfeeders
supply the crossroads. Secondary mains are supplied through transformers. The consumer’s service drops
supply the individual loads. The voltage of the distribution system is between 4.6 and 25 kV. Distribution
feeders can supply loads up to 20-30 miles.
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FIGURE 4.8 Subtransmission system.

FIGURE 4.9 Typical subtransmission line.

Many distribution lines in the U.S. have been built with a wood pole and cross arm. The wood is
treated with an injection of creosote or other wood preservative that protects the wood from rotting and
termites. Most poles are buried in a hole without foundation. Lines built recently may use a simple
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i)

la) Pole top

FIGURE

concrete block foundation. Small porcelain or non-ceramic, pin-type insulators support the conductors.
The insulator pin is grounded to eliminate leakage current, which can cause burning of the wood tower.
A simple vertical copper rod is used for grounding. Shield conductors are seldom used. Figure 4.11 shows

typical distribution line arrangements.

Because of the lack of space in urban areas, distribution lines are often installed on the subtransmission

-

(B Two arm
4,11

-

te) Single arm

Distribution line arrangements.

line towers. This is referred to as underbuild. A typical arrangement is shown in Figure 4.12.

The figure shows that small porcelain insulators support the conductors. The insulators are installed
on metal brackets that are bolted onto the wood tower. This arrangement reduces the right-of-way

requirement and saves space.
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FIGURE 4.12 Distribution line installed under the subtransmission line.

,’wbution line 13.8 kV
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FIGURE 4.13  Service drop.

Transformers mounted on distribution poles frequently supply individual houses or groups of houses.
Figure 4.13 shows a typical transformer pole, consisting of a transformer that supplies a 240/120-V service
drop, and a 13.8-kV distribution cable. The latter supplies a nearby shopping center, located on the other
side of the road. The 13.8-kV cable is protected by a cut-off switch that contains a fuse mounted on a
pivoted insulator. The lineman can disconnect the cable by pulling the cut-off open with a long insulated
rod (hot stick).
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4.2 Transmission Line Structures

Joe C. Pohlman

An overhead transmission line (OHTL) is a very complex, continuous, electrical/mechanical system. Its
function is to transport power safely from the circuit breaker on one end to the circuit breaker on the
other. It is physically composed of many individual components made up of different materials having
a wide variety of mechanical properties, such as:

+ flexible vs. rigid
+ ductile vs. brittle
+ variant dispersions of strength

+ wear and deterioration occurring at different rates when applied in different applications within
one micro-environment or in the same application within different micro-environments

This discussion will address the nature of the structures which are required to provide the clearances
between the current-carrying conductors, as well as their safe support above the earth. During this
discussion, reference will be made to the following definitions:

Capability: Capacity (x) availability

Reliability level: Ability of a line (or component) to perform its expected capability

Security level:  Ability of a line to restrict progressive damage after the failure of the first component
Safety level: Ability of a line to perform its function safely

Traditonal Line Design Practice

Present line design practice views the support structure as an isolated element supporting half span of
conductors and overhead ground wires (OHGWs) on either side of the structure. Based on the voltage
level of the line, the conductors and OHGWs are configured to provide, at least, the minimum clearances
mandated by the National Electrical Safety Code (NESC) (IEEE, 1990), as well as other applicable codes.
This configuration is designed to control the separation of:

+ energized parts from other energized parts
+ energized parts from the support structure of other objects located along the r-o-w

+ energized parts above ground

The NESC divides the U.S. into three large global loading zones: heavy, medium, and light and specifies
radial ice thickness/wind pressure/temperature relationships to define the minimum load levels that must
be used within each loading zone. In addition, the Code introduces the concept of an Overload Capacity
Factor (OCF) to cover uncertainties stemming from the:

« likelihood of occurrence of the specified load

+ dispersion of structure strength
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+ grade of construction

+ deterioration of strength during service life

+ structure function (suspension, dead-end, angle)

+ other line support components (guys, foundations, etc.)

Present line design practice normally consists of the following steps:

1. The owning utility prepares an agenda of loading events consisting of:
+ mandatory regulations from the NESC and other codes
+ climatic events believed to be representative of the line’s specific location
+ contingency loading events of interest; i.e., broken conductor
« special requirements and expectations

Each of these loading events is multiplied by its own OCF to cover uncertainties associated with it to
produce an agenda of final ultimate design loads (see Fig. 4.14).

2. A ruling span is identified based on the sag/tension requirements for the preselected conductor.

3. Astructure type is selected based on past experience or on recommendations of potential structure
suppliers.

4. Ultimate design loads resulting from the ruling span are applied statically as components in the
longitudinal, transverse, and vertical directions, and the structure deterministically designed.

5. Using the loads and structure configuration, ground line reactions are calculated and used to
accomplish the foundation design.

6. The ruling span line configuration is adjusted to fit the actual r-o-w profile.

7. Structure/foundation designs are modified to account for variation in actual span lengths, changes
in elevation, and running angles.

8. Since most utilities expect the tangent structure to be the weakest link in the line system, hardware,
insulators, and other accessory components are selected to be stronger than the structure.

Inasmuch as structure types are available in a wide variety of concepts, materials, and costs, several
iterations would normally be attempted in search of the most cost effective line design based on total
installed costs (see Fig. 4.15).

While deterministic design using static loads applied in quadrature is a convenient mathematical
approach, it is obviously not representative of the real-world exposure of the structural support system.
OHTLs are tens of yards wide and miles long and usually extend over many widely variant microtopo-
graphical and microclimatic zones, each capable of delivering unique events consisting of magnitude of

Event A x OCFa —
Event B x OCFb

Event C x OCFC

I=— NESC x OCF (from Code) =

] Loading LOAD =———r—i> Design
Event Load

FIGURE 4.14 Development of a loading agenda.
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FIGURE 4.15 Search for cost effectiveness.

load at a probability-of-occurrence. That component along the r-o-w that has the highest probability of
occurrence of failure from a loading event becomes the weak link in the structure design and establishes
the reliability level for the total line section. Since different components are made from different materials
that have different response characteristics and that wear, age, and deteriorate at different rates, it is to
be expected that the weak link:

+ will likely be different in different line designs
+ will likely be different in different site locations within the same line

+ can change from one component to another over time

Structure Types in Use

Structures come in a wide variety of styles:

+ lattice towers
+ cantilevered or guyed poles and masts
+ framed structures

+ combinations of the above
They are available in a wide variety of materials:

+ Metal
galvanized steel and aluminum rods, bars and rolled shapes
fabricated plate
tubes

+ Concrete
spun with pretensioned or post-tensioned reinforcing cable
statically cast nontensioned reinforcing steel
single or multiple piece
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+ Wood
as grown
glued laminar
* Plastics
+ Composites
+ Crossarms and braces

* Variations of all of the above

Depending on their style and material contents, structures vary considerably in how they respond to
load. Some are rigid. Some are flexible. Those structures that can safely deflect under load and absorb
energy while doing so, provide an ameliorating influence on progressive damage after the failure of the
first element (Pohlman and Lummis, 1969).

Factors Affecting Structure Type Selection

There are usually many factors that impact on the selection of the structure type for use in an OHTL.
Some of the more significant are briefly identified below.

Erection Technique: It is obvious that different structure types require different erection techniques. As
an example, steel lattice towers consist of hundreds of individual members that must be bolted together,
assembled, and erected onto the four previously installed foundations. A tapered steel pole, on the other
hand, is likely to be produced in a single piece and erected directly on its previously installed foundation
in one hoist. The lattice tower requires a large amount of labor to accomplish the considerable number
of bolted joints, whereas the pole requires the installation of a few nuts applied to the foundation anchor
bolts plus a few to install the crossarms. The steel pole requires a large-capacity crane with a high reach
which would probably not be needed for the tower. Therefore, labor needs to be balanced against the
need for large, special equipment and the site’s accessibility for such equipment.

Public Concerns: Probably the most difficult factors to deal with arise as a result of the concerns of the
general public living, working, or coming in proximity to the line. It is common practice to hold public
hearings as part of the approval process for a new line. Such public hearings offer a platform for neighbors
to express individual concerns that generally must be satisfactorily addressed before the required permit
will be issued. A few comments demonstrate this problem.

The general public usually perceives transmission structures as “eyesores” and distractions in the local
landscape. To combat this, an industry study was made in the late 1960s (Dreyfuss, 1968) sponsored by
the Edison Electric Institute and accomplished by Henry Dreyfuss, the internationally recognized indus-
trial designer. While the guidelines did not overcome all the objections, they did provide a means of
satisfying certain very highly controversial installations (Pohlman and Harris, 1971).

Parents of small children and safety engineers often raise the issue of lattice masts, towers, and guys,
constituting an “attractive challenge” to determined climbers, particularly youngsters.

Inspection, Assessment, and Maintenance: Depending on the owning utility, it is likely their in-house
practices will influence the selection of the structure type for use in a specific line location. Inspections
and assessment are usually made by human inspectors who use diagnostic technologies to augment their
personal senses of sight and touch. The nature and location of the symptoms of critical interest are such
that they can be most effectively examined from specific perspectives. Inspectors must work from the
most advantageous location when making inspections. Methods can include observations from ground
or fly-by patrol, climbing, bucket trucks, or helicopters. Likewise, there are certain maintenance activities
that are known or believed to be required for particular structure types. The equipment necessary to
maintain the structure should be taken into consideration during the structure type selection process to
assure there will be no unexpected conflict between maintenance needs and r-o-w restrictions.

Future Upgrading or Uprating: Because of the difficulty of procuring r-o-w’s and obtaining the necessary
permits to build new lines, many utilities improve their future options by selecting structure types for
current line projects that will permit future upgrading and/or uprating initiatives.
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TANGENT AND LIGHT ANGLE SUSPENSION TOWER — 345 DOUBLE CIRCUIT

OHGW: Two 7/16" diometer galvanized steel strand

Conductors: Six twin conductor bundles of 1431 KCM 45/7 ACSR

Weight span: 1,650 feet

Wind spon: 1,100 feet
Line angle: 0 to 2 Wind Wind
Pressure  Pressure Load
Load Radial Wire Structure Direc~-
Case Load Event lce (")  (psf) (psf) tion OCF
1 NESC Heavy 1/2 4 5.1 T 2.54
L 1.65
v 1.27
2 One broken OHCW 1/2 8 13.0 T
combined with wind L i
ond ice v 1.0
3 One broken conduclor /2 8 13.0 T 1.0
bundle combined with L 1.0
wind ond ice v 1.0
4 Heavy wind 0 16 42.0 T 1.0
L 1.0
v 1.0
5 Wind on bore tower 0 0 46.2 T 1.0
(no conduclors or OHGW) L 1.0
v 1.0
6 Vertical load at any 0 0 0 v 1.0
OHGW support of 3780 Ibs.
(not simultaneously)
7 Vertical lood ot any 0 0 0 v 1.0
conductor support of
17,790 Ibs.

(not simultoneously)

FIGURE 4.16 Example of loading agenda.

Current Deterministic Design Practice

Figure 4.16 shows a loading agenda for a double-circuit, 345-kV line built in the upper Midwest region
of the U.S. on steel lattice towers. Over and above the requirements of the NESC, the utility had specified

these loading events:

+ a heavy wind condition (Pohlman and Harris, 1971)

+ a wind on bare tower (Carton and Peyrot, 1992)
+ two maximum vertical loads on the OHGW and conductor supports (Osterdorp, 1998; CIGRE, 1995)

+ two broken wire contingencies (Pohlman and Lummis, 1969; Dreyfuss, 1968)

It was expected that this combination of loading events would result in a structural support design
with the capability of sustaining 50-year recurrence loads likely to occur in the general area where the
line was built. Figure 4.17 shows that different members of the structure, as designed, were under the
control of different loading cases from this loading agenda. While interesting, this does not:

+ provide a way to identify weak links in the support structure
+ provide a means for predicting performance of the line system

+ provide a framework for decision-making
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Case Load Event

1 NESC Heavy

One broken OHGW @/

combined with wind 2 U
ond ice

One broken conductor ' @f
bundle combined with \@

wind and ice

Heavy wind 3

Wind on bare tower
(no conductors or OHGW)

Verticol load ot aony 3
OHGW support of 3780 Ibs.
{not simultaneously)

ORONCECRCRC

Vertical load ot any 3
conductor support of

17,790 Ibs.

(not simultaneously)

FIGURE 4.17 Results of deterministic design.

Reliability Level

The shortcomings of deterministic design can be demonstrated by using 3D modeling/simulation tech-
nology which is in current use (Carton and Peyrot, 1992) in forensic investigation of line failures. The
approach is outlined in Fig. 4.18. After the structure (as designed) is properly modeled, loading events
of increasing magnitude are analytically applied from different directions until the actual critical capacity
for each key member of interest is reached. The probability of occurrence for those specific loading events
can then be predicted for the specific location of that structure within that line section by professionals
skilled in the art of micrometerology.
Figure 4.19 shows a few of the key members in the example for Fig. 4.17:

* The legs had a probability of failure in that location of once in 115 years.

+ Tension chords in the conductor arm and OHGW arm had probabilities of failure of 110 and
35 years, respectively.

+ A certain wind condition at an angle was found to be critical for the foundation design with a
probability of occurrence at that location of once in 25 years.

Some interesting observations can be drawn:

+ The legs were conservatively designed.
+ The loss of an OHGW is a more likely event than the loss of a conductor.

+ The foundation was found to be the weak link.
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FIGURE 4.18 Line simulation study.
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Climatic Return Period
Load Condition (years) :
Wind, no ice 115 @_@/_///
Ice, no wind 10 :
Ice, no wind 35
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Wind, no ice 25 3
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In addition to the interesting observations on relative reliability levels of different components within
the structural support system, the output of the simulation study also provides the basis for a decision-
making process which can be used to determine the cost effectiveness of management initiatives. Under the
simple laws of statistics, when there are two independent outcomes to an event, the probability of the first
outcome is equal to one minus the probability of the second. When these outcomes are survival and failure:

Annual probability of survival =1— Annual probability of failure 1)
4.1
Ps=1-Pf

If it is desired to know what the probability of survival is over an extended length of time, i.e., n years
of service life:

Psl X Ps2 X Ps3 X ... Psn|=(ps|n (4.2)
[ J=(ps)

Applying this principle to the components in the deterministic structure design and considering a
50-year service life as expected by the designers:

+ the legs had a Ps of 65%

+ the tension chord in the conductor arm had a Ps of 63%
+ the tension chord of the OHGW arm had a Ps of 23%

+ the foundation had a Ps of 13%

Security Level

It should be remembered, however, that the failure of every component does not necessarily progress into
extensive damage. A comparison of the total risk that would result from the initial failure of components
of interest can be accomplished by making a security-level check of the line design (Osterdorp, 1998).

Since the OHTL is a contiguous mechanical system, the forces from the conductors and OHGWs on
one side of each tangent structure are balanced and restrained by those on the other side. When a critical
component in the conductor/OHGW system fails, energy stored within the conductor system is released
suddenly and sets up unbalanced transients that can cause failure of critical components at the next
structure. This can set off a cascading effect that will continue to travel downline until it encounters a
point in the line strong enough to withstand the unbalance. Unfortunately, a security check of the total
line cannot be accomplished from the information describing the one structure in Fig. 4.17; but perhaps
some generalized observations can be drawn for demonstration purposes.

Since the structure was designed for broken conductor bundle and broken OHGW contingencies, it
appears the line would not be subjected to a cascade from a broken bare conductor, but what if the
conductor was coated with ice at the time? Since ice increases the energy trapped within the conductor
prior to release, it might be of interest to determine how much ice would be “enough.” Three-dimensional
modeling would be employed to simulate ice coating of increasing thicknesses until the critical amount
is defined. A proper micrometerological study could then identify the probability of occurrence of a
storm system capable of delivering that amount of ice at that specific location.

In the example, a wind condition with no ice was identified that would be capable of causing foundation
failure once every 25 years. A security-level check would predict the amount of resulting losses and
damages that would be expected from this initiating event compared to the broken-conductor-under-
ice-load contingencies.

Improved Design Approaches

The above discussion indicates that technologies are available today for assessing the true capability of
an OHTL that was created using the conventional practice of specifying ultimate static loads and designing
a structure that would properly support them. Because there are many different structure types made
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from different materials, this was not always straightforward. Accordingly, many technical societies
prepared guidelines on how to design the specific structure needed. These are listed in the accompanying
references. The interested reader should realize that these documents are subject to periodic review and
revision and should, therefore, seek the most current version.

While the technical fraternity recognizes that the mentioned technologies are useful for analyzing existing
lines and determining management initiatives, something more direct for designing new lines is needed.
There are many efforts under way. The most promising of these is Improved Design Criteria of OHTLs Based
on Reliability Concepts (Ostendorp, 1998), currently under development by CIGRE Study Committee 22:
Recommendations for Overhead Lines. Appendix A outlines the methodology involved in words and in a
diagram. The technique is based on the premise that loads and strengths are stochastic variables and the
combined reliability is computable if the statistical functions of loads and strength are known. The referenced
report has been circulated internationally for trial use and comment. It is expected that the returned
comments will be carefully considered, integrated into the report, and the final version submitted to the
International Electrotechnical Commission (IEC) for consideration as an International Standard.
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Appendix A — General Design Criteria — Methodology

The recommended methodology for designing transmission line components is summarized in Fig. 4.20
and can be described as follows:

a) Gather preliminary line design data and available climatic data.!
bl) Select the reliability level in terms of return period of design loads. (Note: Some national regu-
lations and/or codes of practice sometimes impose design requirements, directly or indirectly, that
may restrict the choice offered to designers).
b2) Select the security requirements (failure containment).
b3) List safety requirements imposed by mandatory regulations and construction and maintenance
loads.
¢) Calculate climatic variables corresponding to selected return period of design loads.

'In some countries, design wind speed, such as the 50-year return period, is given in National Standards.
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FIGURE 4.20 Methodology.

Calculate climatic limit loadings on components.

Calculate loads corresponding to security requirements.

Calculate loads related to safety requirements during construction and maintenance.
Determine the suitable strength coordination between line components.

Select appropriate load and strength factors applicable to load and strength equations.
g) Calculate the characteristic strengths required for components.

h) Design line components for the above strength requirements.

This document deals with items b) to g). Items a) and h) are not part of the scope of this document.
They are identified by a dotted frame in Fig. 4.20.

Source: Improved design criteria of overhead transmission lines based on reliability concepts, CIGRE
SC22 Report, October, 1995.
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4.3 Insulators and Accessories

George G. Karady and R.G. Farmer

Electric insulation is a vital part of an electrical power system. Although the cost of insulation is only a
small fraction of the apparatus or line cost, line performance is highly dependent on insulation integrity.
Insulation failure may cause permanent equipment damage and long-term outages. As an example, a
short circuit in a 500-kV system may result in a loss of power to a large area for several hours. The
potential financial losses emphasize the importance of a reliable design of the insulation.

The insulation of an electric system is divided into two broad categories:

1. Internal insulation
2. External insulation

Apparatus or equipment has mostly internal insulation. The insulation is enclosed in a grounded
housing which protects it from the environment. External insulation is exposed to the environment. A
typical example of internal insulation is the insulation for a large transformer where insulation between
turns and between coils consists of solid (paper) and liquid (oil) insulation protected by a steel tank. An
overvoltage can produce internal insulation breakdown and a permanent fault.

External insulation is exposed to the environment. Typical external insulation is the porcelain insulators
supporting transmission line conductors. An overvoltage caused by flashover produces only a temporary
fault. The insulation is self-restoring.

This section discusses external insulation used for transmission lines and substations.

Electrical Stresses on External Insulation

The external insulation (transmission line or substation) is exposed to electrical, mechanical, and envi-
ronmental stresses. The applied voltage of an operating power system produces electrical stresses. The
weather and the surroundings (industry, rural dust, oceans, etc.) produce additional environmental
stresses. The conductor weight, wind, and ice can generate mechanical stresses. The insulators must
withstand these stresses for long periods of time. It is anticipated that a line or substation will operate
for more than 20-30 years without changing the insulators. However, regular maintenance is needed to
minimize the number of faults per year. A typical number of insulation failure-caused faults is 0.5-10 per
year, per 100 mi of line.

Transmission Lines and Substations

Transmission line and substation insulation integrity is one of the most dominant factors in power system
reliability. We will describe typical transmission lines and substations to demonstrate the basic concept
of external insulation application.

Figures 4.21 shows a high-voltage transmission line. The major components of the line are:

1. Conductors
2. Insulators
3. Support structure tower

The insulators are attached to the tower and support the conductors. In a suspension tower, the
insulators are in a vertical position or in a V-arrangement. In a dead-end tower, the insulators are in a
horizontal position. The typical transmission line is divided into sections and two dead-end towers
terminate each section. Between 6 and 15 suspension towers are installed between the two dead-end
towers. This sectionalizing prevents the propagation of a catastrophic mechanical fault beyond each
section. As an example, a tornado caused collapse of one or two towers could create a domino effect,
resulting in the collapse of many miles of towers, if there are no dead ends.
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FIGURE 4.21 A 500-kV suspension tower with V string insulators.

Figure 4.22 shows a lower voltage line with post-type insulators. The rigid, slanted insulator supports
the conductor. A high-voltage substation may use both suspension and post-type insulators.

Electrical Stresses

The electrical stresses on insulation are created by:

1. Continuous power frequency voltages
2. Temporary overvoltages

3. Switching overvoltages

4. Lightning overvoltages

Continuous Power Frequency Voltages

The insulation has to withstand normal operating voltages. The operating voltage fluctuates from chang-
ing load. The normal range of fluctuation is around +10%. The line-to-ground voltage causes the voltage
stress on the insulators. As an example, the insulation requirement of a 220-kV line is at least:

220kv

V3

1.1X =140kV (4.3)
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FIGURE 4.22 69-kV transmission line with post insulators.

This voltage is used for the selection of the number of insulators when the line is designed. The
insulation can be laboratory tested by measuring the dry flashover voltage of the insulators. Because the
line insulators are self-restoring, flashover tests do not cause any damage. The flashover voltage must be
larger than the operating voltage to avoid outages. For a porcelain insulator, the required dry flashover
voltage is about 2.5-3 times the rated voltage. A significant number of the apparatus standards recom-
mend dry withstand testing of every kind of insulation to be two (2) times the rated voltage plus 1 kV
for 1 min of time. This severe test eliminates most of the deficient units.

Temporary Overvoltages
These include ground faults, switching, load rejection, line energization and resonance, cause power
frequency, or close-to-power frequency, and relatively long duration overvoltages. The duration is from
5 sec to several minutes. The expected peak amplitudes and duration are listed in Table 4.1.

The base is the crest value of the rated voltage. The dry withstand test, with two times the maximum
operating voltage plus 1 kV for 1 minute, is well-suited to test the performance of insulation under
temporary overvoltages.
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TABLE 4.1 Expected Amplitude of Temporary Overvoltages

Type of Overvoltage Expected Amplitude Duration
Fault overvoltages

Effectively grounded 1.3 per unit 1 sec

Resonant grounded 1.73 per unit or greater 10 sec
Load rejection

System substation 1.2 per unit 1-5 sec

Generator station 1.5 per unit 3 sec
Resonance 3 per unit 2-5 min
Transformer energization ~ 1.5-2.0 per unit 1-20 sec
100 4

Voltage (%)
Lh
o

Time (Msec)

FIGURE 4.23  Switching overvoltages. T,= 20-5000 psec, T;, < 20,000 psec, where T, is the time-to-crest value and
T, is the time-to-half value.

Switching Overvoltages

The opening and closing of circuit breakers causes switching overvoltages. The most frequent causes of
switching overvoltages are fault or ground fault clearing, line energization, load interruption, interruption
of inductive current, and switching of capacitors.

Switching produces unidirectional or oscillatory impulses with durations of 5000-20,000 psec. The
amplitude of the overvoltage varies between 1.8 and 2.5 per unit. Some modern circuit breakers use pre-
insertion resistance, which reduces the overvoltage amplitude to 1.5-1.8 per unit. The base is the crest
value of the rated voltage.

Switching overvoltages are calculated from computer simulations that can provide the distribution
and standard deviation of the switching overvoltages. Figure 4.23 shows typical switching impulse volt-
ages. Switching surge performance of the insulators is determined by flashover tests. The test is performed
by applying a standard impulse with a time to crest of 250 psec and time to half value of 5000 psec. The
test is repeated 20 times at different voltage levels and the number of flashovers is counted at each voltage
level. These represent the statistical distribution of the switching surge impulse flashover probability. The
correlation of the flashover probability with the calculated switching impulse voltage distribution gives
the probability, or risk, of failure. The measure of the risk of failure is the number of flashovers expected

by switching surges per year.
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FIGURE 4.24 Lightning overvoltages. T, = 0.1-20 psec, T}, 20-200 psec, where T, is the time-to-crest value and T,
is the time-to-half value.

Lightning Overvoltages
Lightning overvoltages are caused by lightning strikes:

1. to the phase conductors

2. to the shield conductor (the large current-caused voltage drop in the grounding resistance may
cause flashover to the conductors [back flash]).

3. to the ground close to the line (the large ground current induces voltages in the phase conductors).

Lighting strikes cause a fast-rising, short-duration, unidirectional voltage pulse. The time-to-crest is
between 0.1-20 psec. The time-to-half value is 20-200 psec.

The peak amplitude of the overvoltage generated by a direct strike to the conductor is very high and is
practically limited by the subsequent flashover of the insulation. Shielding failures and induced voltages cause
somewhat less overvoltage. Shielding failure caused overvoltage is around 500 kV-2000 kV. The lightning-
induced voltage is generally less than 400 kV. The actual stress on the insulators is equal to the impulse voltage.

The insulator BIL is determined by using standard lightning impulses with a time-to-crest value of
1.2 psec and time-to-half value of 50 psec. This is a measure of the insulation strength for lightning.
Figure 4.24 shows a typical lightning pulse.

When an insulator is tested, peak voltage of the pulse is increased until the first flashover occurs.
Starting from this voltage, the test is repeated 20 times at different voltage levels and the number of
flashovers are counted at each voltage level. This provides the statistical distribution of the lightning
impulse flashover probability of the tested insulator.

Environmental Stresses

Most environmental stress is caused by weather and by the surrounding environment, such as industry,
sea, or dust in rural areas. The environmental stresses affect both mechanical and electrical performance
of the line.

Temperature

The temperature in an outdoor station or line may fluctuate between —50°C and +50°C, depending upon
the climate. The temperature change has no effect on the electrical performance of outdoor insulation.
It is believed that high temperatures may accelerate aging. Temperature fluctuation causes an increase of
mechanical stresses, however it is negligible when well-designed insulators are used.
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UV Radiation

UV radiation accelerates the aging of nonceramic composite insulators, but has no effect on porcelain
and glass insulators. Manufacturers use fillers and modified chemical structures of the insulating material
to minimize the UV sensitivity.

Rain

Rain wets porcelain insulator surfaces and produces a thin conducting layer most of the time. This reduces
the flashover voltage of the insulators. As an example, a 230-kV line may use an insulator string with
12 standard ball-and-socket-type insulators. Dry flashover voltage of this string is 665 kV and the wet
flashover voltage is 502 kV. The percentage reduction is about 25%.

Nonceramic polymer insulators have a water-repellent hydrophobic surface that reduces the effects of
rain. As an example, with a 230-kV composite insulator, dry flashover voltage is 735 kV and wet flashover
voltage is 630 kV. The percentage reduction is about 15%. The insulator’s wet flashover voltage must be
higher than the maximum temporary overvoltage.

Icing

In industrialized areas, conducting water may form ice due to water-dissolved industrial pollution. An
example is the ice formed from acid rain water. Ice deposits form bridges across the gaps in an insulator
string that result in a solid surface. When the sun melts the ice, a conducting water layer will bridge the
insulator and cause flashover at low voltages. Melting ice-caused flashover has been reported in the
Quebec and Montreal areas.

Pollution

Wind drives contaminant particles into insulators. Insulators produce turbulence in airflow, which results
in the deposition of particles on their surfaces. The continuous depositing of the particles increases the
thickness of these deposits. However, the natural cleaning effect of wind, which blows loose particles
away, limits the growth of deposits. Occasionally, rain washes part of the pollution away. The continuous
depositing and cleaning produces a seasonal variation of the pollution on the insulator surfaces. However,
after a long time (months, years), the deposits are stabilized and a thin layer of solid deposit will cover
the insulator. Because of the cleaning effects of rain, deposits are lighter on the top of the insulators and
heavier on the bottom. The development of a continuous pollution layer is compounded by chemical
changes. As an example, in the vicinity of a cement factory, the interaction between the cement and water
produces a tough, very sticky layer. Around highways, the wear of car tires produces a slick, tar-like
carbon deposit on the insulator’s surface.

Moisture, fog, and dew wet the pollution layer, dissolve the salt, and produce a conducting layer, which
in turn reduces the flashover voltage. The pollution can reduce the flashover voltage of a standard insulator
string by about 20-25%.

Near the ocean, wind drives salt water onto insulator surfaces, forming a conducting salt-water layer
which reduces the flashover voltage. The sun dries the pollution during the day and forms a white salt
layer. This layer is washed off even by light rain and produces a wide fluctuation in pollution levels.

The Equivalent Salt Deposit Density (ESDD) describes the level of contamination in an area. Equivalent
Salt Deposit Density is measured by periodically washing down the pollution from selected insulators
using distilled water. The resistivity of the water is measured and the amount of salt that produces the
same resistivity is calculated. The obtained mg value of salt is divided by the surface area of the insulator. This
number is the ESDD. The pollution severity of a site is

described by the average ESDD value, which is deter- TABLE 4.2 Site Severity (IEEE Definitions)

mined by several measurements. Description ESDD (mg/cm?)
Table 4.2 sh?ws .the crlter}a for defining s%te seyerlty. Very light 0-0.03
The contamination level is light or very light in most Light 0.03-0.06
parts of the U.S. and Canada. Only the seashores and Moderate 0.06-0.1
heavily industrialized regions experience heavy pollution. Heavy <0.1
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TABLE 4.3 Typical Sources of Pollution

Pollution Type Source of Pollutant Deposit Characteristics Area

Rural areas Soil dust High resitivity layer, effective rain washing  Large areas

Desert Sand Low resistivity Large areas

Coastal area Sea salt Very low resistivity, easily washed by rain 10-20 km from the sea

Industrial Steel mill, coke plants, High conductivity, extremely difficult to Localized to the plant area
chemical plants, gene- remove, insoluble
rating stations, quarries

Mixed Industry, highway, desert ~ Very adhesive, medium resistivity Localized to the plant area

Typically, the pollution level is very high in Florida and on the southern coast of California. Heavy
industrial pollution occurs in the industrialized areas and near large highways. Table 4.3 gives a summary
of the different sources of pollution.

The flashover voltage of polluted insulators has been measured in laboratories. The correlation between
the laboratory results and field experience is weak. The test results provide guidance, but insulators are
selected using practical experience.

Altitude

The insulator’s flashover voltage is reduced as altitude increases. Above 1500 feet, an increase in the
number of insulators should be considered. A practical rule is a 3% increase of clearance or insulator
strings’ length per 1000 ft as the elevation increases.

Mechanical Stresses

Suspension insulators need to carry the weight of the conductors and the weight of occasional ice and
wind loading.

In northern areas and in higher elevations, insulators and lines are frequently covered by ice in the
winter. The ice produces significant mechanical loads on the conductor and on the insulators. The
transmission line insulators need to support the conductor’s weight and the weight of the ice in the
adjacent spans. This may increase the mechanical load by 20-50%.

The wind produces a horizontal force on the line conductors. This horizontal force increases the
mechanical load on the line. The wind-force-produced load has to be added vectorially to the weight-
produced forces. The design load will be the larger of the combined wind and weight, or ice and wind load.

The dead-end insulators must withstand the longitudinal load, which is higher than the simple weight
of the conductor in the half span.

A sudden drop in the ice load from the conductor produces large-amplitude mechanical oscillations,
which cause periodic oscillatory insulator loading (stress changes from tension to compression and back).

The insulator’s one-minute tension strength is measured and used for insulator selection. In addition,
each cap-and-pin or ball-and-socket insulator is loaded mechanically for one minute and simultaneously
energized. This mechanical and electrical (M&E) value indicates the quality of insulators. The maximum
load should be around 50% of the M&E load.

The Bonneville Power Administration uses the following practical relation to determine the required
M&E rating of the insulators.

1. M&E > 5% Bare conductor weight/span

2. M&E > Bare conductor weight + Weight of 3.81 cm (1.5 in) of ice on the conductor (3 Ib/sq ft)

3. M&E > 2* (Bare conductor weight + Weight of 0.63 cm (1/4 in) of ice on the conductor and
loading from a wind of 1.8 kg/sq ft (4 Ib/sq ft)

The required M&E value is calculated from all equations above and the largest value is used.
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FIGURE 4.25 Cross-section of a standard ball-and-socket insulator.

Ceramic (Porcelain and Glass) Insulators

Materials

Porcelain is the most frequently used material for insulators. Insulators are made of wet, processed
porcelain. The fundamental materials used are a mixture of feldspar (35%), china clay (28%), flint (25%),
ball clay (10%), and talc (2%). The ingredients are mixed with water. The resulting mixture has the
consistency of putty or paste and is pressed into a mold to form a shell of the desired shape. The alternative
method is formation by extrusion bars that are machined into the desired shape. The shells are dried
and dipped into a glaze material. After glazing, the shells are fired in a kiln at about 1200°C. The glaze
improves the mechanical strength and provides a smooth, shiny surface. After a cooling-down period,
metal fittings are attached to the porcelain with Portland cement.

Toughened glass is also frequently used for insulators. The melted glass is poured into a mold to form
the shell. Dipping into hot and cold baths cools the shells. This thermal treatment shrinks the surface of
the glass and produces pressure on the body, which increases the mechanical strength of the glass. Sudden
mechanical stresses, such as a blow by a hammer or bullets, will break the glass into small pieces. The
metal end-fitting is attached by alumina cement.

Insulator Strings

Most high-voltage lines use ball-and-socket-type porcelain or toughened glass insulators. These are also
referred to as “cap and pin.” The cross section of a ball-and-socket-type insulator is shown in Fig. 4.25.
The porcelain skirt provides insulation between the iron cap and steel pin. The upper part of the porcelain
is smooth to promote rain washing and cleaning of the surface. The lower part is corrugated, which
prevents wetting and provides a longer protected leakage path. Portland cement attaches the cup and pin.
Before the application of the cement, the porcelain is sandblasted to generate a rough surface. A thin
expansion layer (e.g., bitumen) covers the metal surfaces. The loading compresses the cement and provides
high mechanical strength. The basic technical data of a standard ball-and-socket insulator is as follows:

TABLE 4.4 Technical Data of a Standard Insulator

Diameter 25.4 cm (10 in.)
Spacing 14.6 cm (5-3/4in.)
Leakage distance 305 cm (12 ft)
Typical operating voltage 10 kv

Mechanical strength 75 kN (15 klb)
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FIGURE 4.26 Insulator string: (a) clevis type, (b) ball-and-socket type.

FIGURE 4.27 Standard and fog-type insulators. (Courtesy of Sediver, Inc., Nanterre Cedex, France.)

The metal parts are designed to fail before the porcelain fails as the mechanical load increases. This
acts as a mechanical fuse protecting the tower structure.

The ball-and-socket insulators are attached to each other by inserting the ball in the socket and securing
the connection with a locking key. Several insulators are connected together to form an insulator string.
Figure 4.26 shows a ball-and-socket insulator string and the clevis-type string, which is used less fre-
quently for transmission lines.

Fog-type, long leakage distance insulators are used in polluted  TABLE 4.5 Typical Number of
areas, close to the ocean, or in industrial environments. Figure 4.27 Standard (5-1/4 ft x 10 in.)
shows representative fog-type insulators, the mechanical strength ~ Insulators at Different Voltage Levels
of which is higher than standard insulator strength. As an example, Line Voltage Number of
a6 1/2 x 12 1/2 fog-type insulator is rated to 180 kN (40 klb) and (kV) Standard Insulators
has a leakage distance of 50.1 cm (20 in.).

. . L. . 69 4-6
Insulator strings are used for high-voltage transmission lines 115 79
and substations. They are arranged vertically on support towers 138 8-10
and horizontally on dead-end towers. Table 4.5 shows the typical 230 12
number of insulators used by utilities in the U.S. and Canada in 287 15
lightly polluted areas. 345 18
gutyp 500 24
765 30-35
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Post-Type Insulators

Post-type insulators are used for medium- and low-voltage transmis-
sion lines, where insulators replace the cross-arm (Fig. 4.23). However,
the majority of post insulators are used in substations where insulators
support conductors, bus bars, and equipment. A typical example is
the interruption chamber of a live tank circuit breaker. Typical post-
type insulators are shown in Fig. 4.28.

Older post insulators are built somewhat similar to cap-and-pin
insulators, but with hardware that permits stacking of the insulators
to form a high-voltage unit. These units can be found in older stations.
Modern post insulators consist of a porcelain column, with weather
skirts or corrugation on the outside surface to increase leakage dis-
tance. For indoor use, the outer surface is corrugated. For outdoor
use, a deeper weather shed is used. The end-fitting seals the inner part
of the tube to prevent water penetration. Figure 4.28 shows a repre-
sentative unit used at a substation. Equipment manufacturers use the
large post-type insulators to house capacitors, fiber-optic cables and
electronics, current transformers, and operating mechanisms. In some
cases, the insulator itself rotates and operates disconnect switches.

Post insulators are designed to carry large compression loads,
smaller bending loads, and small tension stresses.

Long Rod Insulators

The long rod insulator is a porcelain rod with an outside weather shed
and metal end fittings. The long rod is designed for tension load and
is applied on transmission lines in Europe. Figure 4.29 shows a typical
long rod insulator. These insulators are not used in the U.S. because
vandals may shoot the insulators, which will break and cause outages.
The main advantage of the long rod design is the elimination of metal
parts between the units, which reduces the insulator’s length.

Nonceramic (Composite) Insulators

Nonceramic insulators use polymers instead of porcelain. High-volt-
age composite insulators are built with mechanical load-bearing fiber-
glass rods, which are covered by polymer weather sheds to assure high
electrical strength.

The first insulators were built with bisphenol epoxy resin in the
mid-1940s and are still used in indoor applications. Cycloaliphatic
epoxy resin insulators were introduced in 1957. Rods with weather
sheds were molded and cured to form solid insulators. These insula-
tors were tested and used in England for several years. Most of them
were exposed to harsh environmental stresses and failed. However,
they have been successfully used indoors. The first composite insula-
tors, with fiberglass rods and rubber weather sheds, appeared in the
mid-1960s. The advantages of these insulators are:

+ Lightweight, which lowers construction and transportation
costs.

* More vandalism resistant.
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+ Higher strength-to-weight ratio, allowing longer design spans.
* Better contamination performance.

+ Improved transmission line aesthetics, resulting in better public acceptance of a new line.

However, early experiences were discouraging because several failures were observed during operation.
Typical failures experienced were:

+ Tracking and erosion of the shed material, which led to pollution and caused flashover.

+ Chalking and crazing of the insulator’s surface, which resulted in increased contaminant collection,
arcing, and flashover.

+ Reduction of contamination flashover strength and subsequent increased contamination-induced
flashover.

+ Deterioration of mechanical strength, which resulted in confusion in the selection of mechanical
line loading.

+ Loosening of end fittings.

+ Bonding failures and breakdowns along the rod-shed interface.

+ Water penetration followed by electrical failure.

As a consequence of reported failures, an extensive research effort led to second- and third-generation
nonceramic transmission line insulators. These improved units have tracking free sheds, better corona
resistance, and slip-free end fittings. A better understanding of failure mechanisms and of mechanical
strength-time dependency has resulted in newly designed insulators that are expected to last 20-30 years.
Increased production quality control and automated manufacturing technology has further improved
the quality of these third-generation nonceramic transmission line insulators.

Composite Suspension Insulators

A cross-section of a third-generation composite insulators is shown in Fig. 4.30. The major components
of a composite insulator are:

+ End fittings

+ Corona ring(s)

+ Fiberglass-reinforced plastic rod

+ Interface between shed and sleeve
+ Weather shed

End Fittings

End fittings connect the insulator to a tower or conductor. It is a heavy metal tube with an oval eye,
socket, ball, tongue, and a clevis ending. The tube is attached to a fiberglass rod. The duty of the end
fitting is to provide a reliable, non-slip attachment without localized stress in the fiberglass rod. Different
manufacturers use different technologies. Some methods are:

1. The ductile galvanized iron-end fitting is wedged and glued with epoxy to the rod.

2. The galvanized forged steel-end fitting is swaged and compressed to the rod.

3. The malleable cast iron, galvanized forged steel, or aluminous bronze-end fitting is attached to
the rod by controlled swaging. The material is selected according to the corrosion resistance
requirement. The end fitting coupling zone serves as a mechanical fuse and determines the strength
of the insulator.

4. High-grade forged steel or ductile iron is crimped to the rod with circumferential compression.

The interface between the end fitting and the shed material must be sealed to avoid water penetration.
Another technique, used mostly in distribution insulators, involves the weather shed overlapping the end
fitting.
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FIGURE 4.30 Cross-section of a typical composite insulator. (Toughened Glass Insulators. Sediver, Inc., Nanterre
Cedex, France. With permission.)

Corona Ring(s)

Electrical field distribution along a nonceramic insulator is nonlinear and produces very high electric
fields near the end of the insulator. High fields generate corona and surface discharges, which are the
source of insulator aging. Above 230 kV, each manufacturer recommends aluminum corona rings be
installed at the line end of the insulator. Corona rings are used at both ends at higher voltages (>500 kV).

Fiberglass-Reinforced Plastic Rod

The fiberglass is bound with epoxy or polyester resin. Epoxy produces better-quality rods but polyester
is less expensive. The rods are manufactured in a continuous process or in a batch mode, producing the
required length. The even distribution of the glass fibers assures equal loading, and the uniform impreg-
nation assures good bonding between the fibers and the resin. To improve quality, some manufacturers
use E-glass to avoid brittle fractures. Brittle fracture can cause sudden shattering of the rod.
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Interfaces Between Shed and Fiberglass Rod

Interfaces between the fiberglass rod and weather shed should have no voids. This requires an appropriate
interface material that assures bonding of the fiberglass rod and weather shed. The most frequently used
techniques are:

1. The fiberglass rod is primed by an appropriate material to assure the bonding of the sheds.

2. Silicon rubber or ethylene propylene diene monomer (EPDM) sheets are extruded onto the
fiberglass rod, forming a tube-like protective covering.

3. The gap between the rod and the weather shed is filled with silicon grease, which eliminates voids.

Weather Shed
All high-voltage insulators use rubber weather sheds installed on fiberglass rods. The interface between
the weather shed, fiberglass rod, and the end fittings are carefully sealed to prevent water penetration.
The most serious insulator failure is caused by water penetration to the interface.

The most frequently used weather shed technologies are:

1. Ethylene propylene copolymer (EPM) and silicon rubber alloys, where hydrated-alumina fillers
are injected into a mold and cured to form the weather sheds. The sheds are threaded to the
fiberglass rod under vacuum. The inner surface of the weather shed is equipped with O-ring type
grooves filled with silicon grease that seals the rod-shed interface. The gap between the end-fittings
and the sheds is sealed by axial pressure. The continuous slow leaking of the silicon at the weather
shed junctions prevents water penetration.

2. High-temperature vulcanized silicon rubber (HTV) sleeves are extruded on the fiberglass surface
to form an interface. The silicon rubber weather sheds are injection-molded under pressure and
placed onto the sleeved rod at a predetermined distance. The complete subassembly is vulcanized
at high temperatures in an oven. This technology permits the variation of the distance between
the sheds.

3. The sheds are directly injection-molded under high pressure and high temperature onto the
primed rod assembly. This assures simultaneous bonding to both the rod and the end-fittings.
Both EPDM and silicon rubber are used. This one-piece molding assures reliable sealing against
moisture penetration.

4. One piece of silicon or EPDM rubber shed is molded directly to the fiberglass rod. The rubber
contains fillers and additive agents to prevent tracking and erosion.

Composite Post Insulators

The construction and manufacturing method of post insulators is similar to that of suspension insulators.
The major difference is in the end fittings and the use of a larger diameter fiberglass rod. The latter is
necessary because bending is the major load on these insulators. The insulators are flexible, which permits
bending in case of sudden overload. A typical post-type insulator used for 69-kV lines is shown in
Fig. 4.31.

Post-type insulators are frequently used on transmission lines. Development of station-type post
insulators has just begun. The major problem is the fabrication of high strength, large diameter fiberglass
tubes and sealing of the weather shed.

Insulator Failure Mechanism

Porcelain Insulators

Cap-and-pin porcelain insulators are occasionally destroyed by direct lightning strikes, which generate
a very steep wave front. Steep-front waves break down the porcelain in the cap, cracking the porcelain.
The penetration of moisture results in leakage currents and short circuits of the unit.

Mechanical failures also crack the insulator and produce short circuits. The most common cause is
water absorption by the Portland cement used to attach the cap to the porcelain. Water absorption
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FIGURE 4.31 Post-type composite insulator. (Toughened Glass Insulators. Sediver, Inc., Nanterre Cedex, France.
With permission.)

expands the cement, which in turn cracks the porcelain. This reduces the mechanical strength, which
may cause separation and line dropping.

Short circuits of the units in an insulator string reduce the electrical strength of the string, which may
cause flashover in polluted conditions.

Glass insulators use alumina cement, which reduces water penetration and the head-cracking problem.
A great impact, such as a bullet, can shatter the shell, but will not reduce the mechanical strength of the
unit.

The major problem with the porcelain insulators is pollution, which may reduce the flashover voltage
under the rated voltages. Fortunately, most areas of the U.S. are lightly polluted. However, some areas
with heavy pollution experience flashover regularly.

Insulator Pollution

Insulation pollution is a major cause of flashovers and of long-term service interruptions. Lightning-
caused flashovers produce short circuits. The short circuit current is interrupted by the circuit breaker
and the line is reclosed successfully. The line cannot be successfully reclosed after pollution-caused
flashover because the contamination reduces the insulation’s strength for a long time. Actually, the
insulator must dry before the line can be reclosed.

Ceramic Insulators
Pollution-caused flashover is an involved process that begins with the pollution source. Some sources of
pollution are: salt spray from an ocean, salt deposits in the winter, dust and rubber particles during the
summer from highways and desert sand, industrial emissions, engine exhaust, fertilizer deposits, and
generating station emissions. Contaminated particles are carried in the wind and deposited on the
insulator’s surface. The speed of accumulation is dependent upon wind speed, line orientation, particle
size, material, and insulator shape. Most of the deposits lodge between the insulator’s ribs and behind
the cap because of turbulence in the airflow in these areas (Fig. 4.32).

The deposition is continuous, but is interrupted by occasional rain. Rain washes the pollution away
and high winds clean the insulators. The top surface is cleaned more than the ribbed bottom. The
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FIGURE 4.32 Deposit accumulation. (Application Guide for Composite Suspension Insulators. Sediver, Inc., York,
SC, 1993. With permission.)

horizontal and V strings are cleaned better by the rain than the I strings. The deposit on the insulator
forms a well-dispersed layer and stabilizes around an average value after longer exposure times. However,
this average value varies with the changing of the seasons.

Fog, dew, mist, or light rain wets the pollution deposits and forms a conductive layer. Wetting is
dependent upon the amount of dissolvable salt in the contaminant, the nature of the insoluble material,
duration of wetting, surface conditions, and the temperature difference between the insulator and its
surroundings. At night, the insulators cool down with the low night temperatures. In the early morning,
the air temperature begins increasing, but the insulator’s temperature remains constant. The temperature
difference accelerates water condensation on the insulator’s surface. Wetting of the contamination layer
starts leakage currents.

Leakage current density depends upon the shape of the insulator’s sur-
face. Generally, the highest current density is around the pin. The current
heats the conductive layer and evaporates the water at the areas with high
current density. This leads to the development of dry bands around the pin.
The dry bands modify the voltage distribution along the surface. Because
of the high resistance of the dry bands, it is across them that most of the
voltages will appear. The high voltage produces local arcing. Short arcs
(Fig. 4.33) will bridge the dry bands.

Leakage current flow will be determined by the voltage drop of the arcs

and by the resistance of the wet layer in series with the dry bands. The arc
length may increase or decrease, depending on the layer resistance. Because ~ FIGURE 4.33 Dry-band
of the large layer resistance, the arc first extinguishes, but further wetting  arcing. (Application Guide for
reduces the resistance, which leads to increases in arc length. In adverse  Composite Suspension Insula-
conditions, the level of contamination is high and the layer resistance fors. Sediver, Inc., York, SC,
becomes low because of intensive wetting. After several arcing periods, the ~ 1993. With permission.)
length of the dry band will increase and the arc will extend across the

insulator. This contamination causes flashover.

In favorable conditions when the level of contamination is low, layer resistance is high and arcing
continues until the sun or wind dries the layer and stops the arcing. Continuous arcing is harmless for
ceramic insulators, but it ages nonceramic and composite insulators.

The mechanism described above shows that heavy contamination and wetting may cause insulator
flashover and service interruptions. Contamination in dry conditions is harmless. Light contamination
and wetting causes surface arcing and aging of nonceramic insulators.
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Nonceramic Insulators
Nonceramic insulators have a dirt and water repellent (hydrophobic) surface that reduces pollution
accumulation and wetting. The different surface properties slightly modify the flashover mechanism.

Contamination buildup is similar to that in porcelain insulators. However, nonceramic insulators tend
to collect less pollution than ceramic insulators. The difference is that in a composite insulator, the
diffusion of low-molecular-weight silicone oil covers the pollution layer after a few hours. Therefore, the
pollution layer will be a mixture of the deposit (dust, salt) and silicone oil. A thin layer of silicone oil,
which provides a hydrophobic surface, will also cover this surface.

Wetting produces droplets on the insulator’s hydrophobic surface. Water slowly migrates to the pol-
lution and partially dissolves the salt in the contamination. This process generates high resistivity in the
wet region. The connection of these regions starts leakage current. The leakage current dries the surface
and increases surface resistance. The increase of surface resistance is particularly strong on the shaft of
the insulator where the current density is higher.

Electrical fields between the wet regions increase. These high electrical fields produce spot discharges
on the insulator’s surface. The strongest discharge can be observed at the shaft of the insulator. This
discharge reduces hydrophobicity, which results in an increase of wet regions and an intensification of
the discharge. At this stage, dry bands are formed at the shed region. In adverse conditions, this phe-
nomenon leads to flashover. However, most cases of continuous arcing develop as the wet and dry regions
move on the surface.

The presented flashover mechanism indicates that surface wetting is less intensive in nonceramic insu-
lators. Partial wetting results in higher surface resistivity, which in turn leads to significantly higher
flashover voltage. However, continuous arcing generates local hot spots, which cause aging of the insulators.

Effects of Pollution

The flashover mechanism indicates that pollution reduces flashover voltage. The severity of flashover
voltage reduction is shown in Fig. 4.34. This figure shows the surface electrical stress (field), which causes
flashover as a function of contamination, assuming that the insulators are wet. This means that the salt
in the deposit is completely dissolved. The Equivalent Salt Deposit Density (ESDD) describes the level
of contamination.
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FIGURE 4.34 Surface electrical stress vs. ESDD of fully wetted insulators (laboratory test results). (Application
Guide for Composite Suspension Insulators. Sediver, Inc., York, SC, 1993. With permission.)
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TABLE4.6 Number of Standard Insulators for Contaminated Areas

System Voltage Level of Contamination

kv Very light Light Moderate Heavy
138 6/6 8/7 917 11/8

230 11/10 14/12 16/13 19/15
345 16/15 21/17 24/19 29/22
500 25/22 32/27 37/29 44/33
765 36/32 47/39 53/42 64/48

Note: First number is for I-string; second number is for V-string.

These results show that the electrical stress, which causes flashover, decreases by increasing the level
of pollution on all of the insulators. This figure also shows that nonceramic insulator performance is
better than ceramic insulator performance. The comparison between EPDM and silicone shows that
flashover performance is better for the latter.

Table 4.6 shows the number of standard insulators required in contaminated areas. This table can be
used to select the number of insulators, if the level of contamination is known.

Pollution and wetting cause surface discharge arcing, which is harmless on ceramic insulators, but
produces aging on composite insulators. Aging is a major problem and will be discussed in the next
section.

Composite Insulators

The Electric Power Research Institute (EPRI) conducted a survey analyzing the cause of composite
insulator failures and operating conditions. The survey was based on the statistical evaluation of failures
reported by utilities.

Results show that a majority of insulators (48%) are subjected to very light pollution and only 7%
operate in heavily polluted environments. Figure 4.35 shows the typical cause of composite insulator
failures. The majority of failures are caused by deterioration and aging. Most electrical failures are caused
by water penetration at the interface, which produces slow tracking in the fiberglass rod surface. This
tracking produces a conduction path along the fiberglass surface and leads to internal breakdown of the
insulator. Water penetration starts with corona or erosion-produced cuts, holes on the weather shed, or
mechanical load-caused separation of the end-fitting and weather shed interface.

80
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40 +
20 + 17
0 - t 1 |
Mechanical Electrical Deterioration Gunshot

Cause of Failure

FIGURE 4.35 Cause of composite insulator failure. (Schneider et al., Nonceramic insulators for transmission lines,
IEEE Transaction on Power Delivery, 4(4), 2214-2221, April, 1989.)
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Most of the mechanical failures are caused by breakage of the fiberglass rods in the end fitting. This
occurs because of local stresses caused by inappropriate crimping. Another cause of mechanical failures
is brittle fracture. Brittle fracture is initiated by the penetration of water containing slight acid from
pollution. The acid may be produced by electrical discharge and acts as a cathalizator, attacking the bonds
and the glass fibers to produce a smooth fracture. The brittle fractures start at high mechanical stress
points, many times in the end fitting.

Aging of Composite Insulators

Most technical work concentrates on the aging of nonceramic insulators and the development of test
methods that simulate the aging process. Transmission lines operate in a polluted atmosphere. Inevitably,
insulators will become polluted after several months in operation. Fog and dew cause wetting and produce
uneven voltage distribution, which results in surface discharge. Observations of transmission lines at
night by a light magnifier show that surface discharge occurs in nearly every line in wet conditions. UV
radiation and surface discharge cause some level of deterioration after long-term operation. These are
the major causes of aging in composite insulators which also lead to the uncertainty of an insulator’s
life span. If the deterioration process is slow, the insulator can perform well for a long period of time.
This is true of most locations in the U.S. and Canada. However, in areas closer to the ocean or areas
polluted by industry, deterioration may be accelerated and insulator failure may occur after a few years
of exposure. Surveys indicate that some insulators operate well for 18-20 years and others fail after a
few months. An analysis of laboratory data and literature surveys permit the formulation of the following
aging hypothesis:

1. Wind drives dust and other pollutants into the composite insulator’s water-repellent surface. The
combined effects of mechanical forces and UV radiation produces slight erosion of the surface,
increasing surface roughness and permitting the slow buildup of contamination.

2. Diffusion drives polymers out of the bulk skirt material and embeds the contamination. A thin
layer of polymer will cover the contamination, assuring that the surface maintains hydrophobicity.

3. High humidity, fog, dew, or light rain produce droplets on the hydrophobic insulator surface.
Droplets may roll down from steeper areas. In other areas, contaminants diffuse through the thin
polymer layer and droplets become conductive.

4. Contamination between the droplets is wetted slowly by the migration of water into the dry
contaminant. This generates a high resistance layer and changes the leakage current from capacitive
to resistive.

5. The uneven distribution and wetting of the contaminant produces an uneven voltage stress
distribution along the surface. Corona discharge starts around the droplets at the high stress areas.
Additional discharge may occur between the droplets.

6. The discharge consumes the thin polymer layer around the droplets and destroys hydrophobicity.

7. The deterioration of surface hydrophobicity results in dispersion of droplets and the formation
of a continuous conductive layer in the high stress areas. This increases leakage current.

8. Leakage current produces heating, which initiates local dry band formation.

9. At this stage, the surface consists of dry regions, highly resistant conducting surfaces, and hydro-
phobic surfaces with conducting droplets. The voltage stress distribution will be uneven on this
surface.

10. Uneven voltage distribution produces arcing and discharges between the different dry bands. These
cause further surface deterioration, loss of hydrophobicity, and the extension of the dry areas.

11. Discharge and local arcing produces surface erosion, which ages the insulator’s surface.

12. A change in the weather, such as the sun rising, reduces the wetting. As the insulator dries, the
discharge diminishes.

13. The insulator will regain hydrophobicity if the discharge-free dry period is long enough. Typically,
silicon rubber insulators require 6—8 h; EPDM insulators require 12—15 h to regain hydrophobicity.
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14. Repetition of the described procedure produces erosion on the surface. Surface roughness increases
and contamination accumulation accelerates aging.

15. Erosion is due to discharge-initiated chemical reactions and a rise in local temperature. Surface
temperature measurements, by temperature indicating point, show local hot-spot temperatures
between 260°C and 400°C during heavy discharge.

The presented hypothesis is supported by the observation that the insulator life spans in dry areas are
longer than in areas with a wetter climate. Increasing contamination levels reduce an insulator’s life span.
The hypothesis is also supported by observed beneficial effects of corona rings on insulator life.

DeTourreil et al. (1990) reported that aging reduces the insulator’s contamination flashover voltage.
Different types of insulators were exposed to light natural contamination for 36—42 months at two different
sites. The flashover voltage of these insulators was measured using the “quick flashover salt fog” technique,
before and after the natural aging. The quick flashover salt fog procedure subjects the insulators to salt
fog (80 kg/m’ salinity). The insulators are energized and flashed over 5-10 times. Flashover was obtained
by increasing the voltage in 3% steps every 5 min from 90% of the estimated flashover value until flashover.
The insulators were washed, without scrubbing, before the salt fog test. The results show that flashover
voltage on the new insulators was around 210 kV and the aged insulators flashed over around 184-188 kV.
The few years of exposure to light contamination caused a 10-15% reduction of salt fog flashover voltage.

Natural aging and a follow-up laboratory investigation indicated significant differences between the
performance of insulators made by different manufacturers. Natural aging caused severe damage on some
insulators and no damage at all on others.

Methods for Improving Insulator Performance

Contamination caused flashovers produce frequent outages in severely contaminated areas. Lines closer
to the ocean are in more danger of becoming contaminated. Several countermeasures have been proposed
to improve insulator performance. The most frequently used methods are:

1. Increasing leakage distance by increasing the number of units or by using fog-type insulators.
The disadvantages of the larger number of insulators are that both the polluted and the impulse
flashover voltages increase. The latter jeopardizes the effectiveness of insulation coordination
because of the increased strike distance, which increases the overvoltages at substations.

2. Application insulators are covered with a semiconducting glaze. A constant leakage current flows
through the semiconducting glaze. This current heats the insulator’s surface and reduces the
moisture of the pollution. In addition, the resistive glaze provides an alternative path when dry
bands are formed. The glaze shunts the dry bands and reduces or eliminates surface arcing. The
resistive glaze is exceptionally effective near the ocean.

3. Periodic washing of the insulators with high-pressure water. The transmission lines are washed
by a large truck carrying water and pumping equipment. Trained personnel wash the insulators
by aiming the water spray toward the strings. Substations are equipped with permanent washing
systems. High-pressure nozzles are attached to the towers and water is supplied from a central
pumping station. Safe washing requires spraying large amounts of water at the insulators in a
short period of time. Fast washing prevents the formation of dry bands and pollution-caused
flashover. However, major drawbacks of this method include high installation and operational
costs.

4. Periodic cleaning of the insulators by high pressure driven abrasive material, such as ground
corn cobs or walnut shells. This method provides effective cleaning, but cleaning of the residual
from the ground is expensive and environmentally undesirable.

5. Replacement of porcelain insulators with nonceramic insulators. Nonceramic insulators have
better pollution performance, which eliminates short-term pollution problems at most sites.
However, insulator aging may affect the long-term performance.
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6. Covering the insulators with a thin layer of room-temperature vulcanized (RTV) silicon rubber
coating. This coating has a hydrophobic and dirt-repellent surface, with pollution performance
similar to nonceramic insulators. Aging causes erosion damage to the thin layer after 5-10 years
of operation. When damage occurs, it requires surface cleaning and a reapplication of the coating.
Cleaning by hand is very labor intensive. The most advanced method is cleaning with high pressure
driven abrasive materials like ground corn cobs or walnut shells. The coating is sprayed on the
surface using standard painting techniques.

7. Covering the insulators with a thin layer of petroleum or silicon grease. Grease provides a
hydrophobic surface and absorbs the pollution particles. After one or two years of operation, the
grease saturates the particles and it must be replaced. This requires cleaning of the insulator and
application of the grease, both by hand. Because of the high cost and short life span of the grease,
it is not used anymore.
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4.4 Transmission Line Construction and Maintenance

Wilford Caulkins and Kristine Buchholz

The information herein was derived from personal observation and participation in the construction of
overhead transmission lines for over 35 years. Detailed information, specific tools and equipment have
been provided previously and are available in IEEE Standard 524-1992 and IEEE Standard 524A-1993.

The purpose of this section is to give a general overview of the steps that are necessary in the planning
and construction of a typical overhead transmission line, to give newcomers to the trade a general format
to follow, and assist transmission design engineers in understanding how such lines are built.

Stringing overhead conductors in transmission is a very specialized type of construction requiring
years of experience, as well as equipment and tools that have been designed, tried, and proven to do the
work. Because transmission of electrical current is normally at higher voltages (69 kV and above),
conductors must be larger in diameter and span lengths must be longer than in normal distribution.
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Although proximity to other energized lines may be limited on the right-of-way, extra care must be
exercised to protect the conductor so that when energized, power loss and corona are not a problem.
There are four methods that can be used to install overhead transmission conductors:

Slack stringing
Semi-tension stringing
Full-tension stringing
4. Helicopter stringing

bl A AN

Slack stringing can only be utilized if it is not necessary to keep the conductor off of the ground, and
if no energized lines lie beneath the line being strung. In this method the pulling lines are pulled out on
the ground, threaded through the stringing blocks, and the conductor is pulled in with less tension than
is required to keep it off the ground. This is not considered to be an acceptable method when demands
involve maximum utilization of transmission requirements.

Semi-tension methods are merely an upgrading of slack stringing, but do not necessarily keep the
conductor completely clear of the ground, or the lines used to pull.

Full-tension stringing is a method of installing the conductors and overhead groundwire in which
sufficient pulling capabilities on one end and tension capabilities on the other, keep the wires clear of
any obstacles during the movement of the conductor from the reel to its final sag position. This ensures
that these current-carrying cables are “clipped” into the support clamps in the best possible condition,
which is the ultimate goal of the work itself.

Stringing with helicopters, which is much more expensive per hour of work, can be much less expensive
when extremely arduous terrain exists along the right-of-way and when proper pre-planning is utilized.
Although pulling conductors themselves with a helicopter can be done, it is limited and normally not
practical. Maximum efficiency can be achieved when structures are set and pilot lines are pulled with
the helicopter, and then the conductor stringing is done in a conventional manner. Special tools (such
as stringing blocks) are needed if helicopters are used.

So that maximum protection of the conductor is realized and maximum safety of personnel is attained,
properly designed and constructed tools and equipment are tantamount to a successful job. Because the
initial cost of these tools and equipment represent such a small percentage of the overall cost of the
project, the highest quality should be used, thus minimizing “down time” and possible failure during
the course of construction.

Tools
Basic tools needed to construct overhead transmission lines are as follows:

Conductor blocks

Overhead groundwire blocks
Catch-off blocks

Sagging blocks

Pulling lines

Pulling grips

Catch-off grips

Swivels
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Running boards

_
e

Conductor lifting hooks
11. Hold-down blocks

Conductor blocks are made in the following configurations:

1. Single conductor

2. Multiple conductor

3. Multiversal type (can be converted from bundle to single, and vice versa)
4. Helicopter
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Conductor blocks should be large enough to properly accommodate the conductor and be lined with
a resilient liner such as neoprene or polyurethane and constructed of lightweight, high-strength materials.
Sheaves should be mounted on anti-friction ball bearings to reduce the tension required in stringing and
facilitate proper sagging. Conductor blocks are available for stringing single conductors or multiple
conductors. Some are convertible, thus enhancing their versatility. When stringing multiple conductors,
it is desirable to pull all conductors with a single pulling line so that all conductors in the bundle have
identical tension history. The running board makes this possible. Pulling lines are divided into two
categories:

1. Steel cable
2. Synthetic rope

Because of the extra high tension required in transmission line construction, steel pulling lines and
pilot lines are most practical to use. Torque-resistant, stranded, and swagged cable are used so that ball
bearing swivels can be utilized to prevent torque buildup from being transferred to the conductor. Some
braided or woven steel cables are also used. If synthetic ropes are utilized, the most important features
should include:

No torque

Very minimum elongation
No “kinking”

Easily spliced

High strength/small diameter

Sk w =

Excellent dielectric properties

Stringing overhead groundwires does not normally require the care of current-carrying conductors.
Most overhead groundwires are stranded steel construction and the use of steel wire with a fiber-optic
core for communications has become a common practice. Special care should be taken to ensure that
excessive bending does not occur when erecting overhead groundwires with fiber-optic centers, such as
OPT-GW (Optical Power Telecommunications — Ground Wire) and ADSS (All Dielectric Self-Support-
ing Cable). Special instructions are available from the manufacturer, which specify minimum sheave and
bullwheel diameter for construction. OPT-GW should be strung using an antirotational device to prevent
the cable from twisting.

Equipment

Pullers are used to bring in the main pulling line. Multidrum pullers, called pilot line winders, are used
to tension string the heavy pulling cable.

Primary pullers are used to tension string the conductors. These pullers are either drum type or
bullwheel type. The drum type is used more extensively in many areas of North America because the
puller and pulling cable are stored on one piece of equipment, but it is not practical in other areas because
it is too heavy. Thus, the bullwheel type is used allowing the puller and pulling cable to be separated
onto two pieces of equipment. Also, the pulling cable can be separated into shorter lengths to allow easier
handling, especially if manual labor is preferred.

Tensioners should be bullwheel type using multigroove wheels for more control. Although V groove
machines are used on some lighter, smaller conductors, they are not recommended in transmission work
because of the crushing effect on the conductor. Tensioners are either mounted on a truck or trailer.

Reel stands are used to carry the heavy reels of conductor and are equipped with brakes to hold “tailing
tension” on the conductor as it is fed into the bullwheel tensioner. These stands are usually mounted on
a trailer separated from the tensioner.

Helicopters are normally used to fly in a light line which can be used to pull in the heavier cable.
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Procedures
Once the right-of-way has been cleared, the following are normal steps taken in construction:

Framing

Pulling

Pulling overhead groundwire up to sag and installation
Pulling in main line with pilot line

Stringing conductors

Sagging conductors

Clipping in conductors

Installing spacer or spacer dampers where applicable

PNV WD

Framing normally consists of erecting poles, towers, or other structures, including foundations and
anchors on guyed structures. It is desirable for the stringing blocks to be installed, with finger lines, on
the ground before structures are set, to eliminate an extra climb later. Helicopters are used to set structures,
especially where rough terrain exists or right-of-way clearances are restricted.

Once structures are secure, overhead groundwire and pilot lines are pulled in together with a piece of
equipment such as a caterpillar or other track vehicle. A helicopter is also used to fly in these lines. Once
the overhead groundwires are in place, they are sagged and secured, thus giving the structures more
stability for the stringing of the conductors. This is especially important for guyed structures.

Normally the three pilot lines (typically 3/8 in. diameter swagged steel cable) pull in the heavier pulling
line (typically 3/4 in. diameter or 7/8 in. diameter swagged steel) under tension. The main pulling line
is then attached to the conductor which is strung under full tension. Once the conductor is “caught off,”
the main pulling line is returned for pulling of the next phase.

Once the conductors are in place, they are then brought up to final sag and clipped into the conductor
clamps provided. If the conductor is a part of a bundle per phase, the spacers or spacer dampers are
installed, using a spacer cart which is either pulled along from the ground or self-propelled.

Coordination between design engineers and construction personnel is very important in the planning
and design of transmission lines. Although it is sometimes impossible to accommodate the most efficient
capabilities of the construction department (or line contractor), much time and money can be conserved
if predesign meetings are held to discuss items such as the clearances needed for installing overhead
groundwire blocks, hardware equipped with “work” holes to secure lifting hooks or blocks, conductor
reel sizes compatible with existing reel stands, length of pull most desirable, or towers equipped to
facilitate climbing.

For maximum safety of personnel constructing transmission lines, proper and effective grounding
procedures should be utilized. Grounding can be accomplished by:

1. adequate grounding of conductors being strung and pulling cables being used, or
2. fully insulating equipment and operator, or
3. isolating equipment and personnel.

All equipment, conductors, anchors, and structures within a defined work area must be bonded
together and connected to the ground source. The recommended procedures of personnel protection are
the following:

1. Establish equipotential work zones.
2. Select grounding equipment for the worst-case fault.
3. Discontinue all work when the possibility of lightning exists which may affect the work site.

In addition to the grounding system, the best safety precaution is to treat all equipment as if it could
become energized.
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Helicopters

As already mentioned, the use of helicopters is another option that is being chosen more frequently for
transmission system construction and maintenance. There are a wide variety of projects where helicopters
become involved, making the projects easier, safer, or more economical. When choosing any construction
or maintenance method, identify the work to be accomplished, analyze the potential safety aspects, list
the possible alternatives, and calculate the economics. Helicopters add a new dimension to this analytical
process by adding to the alternatives, frequently reducing the risks of accident or injury, and potentially
reducing costs. The most critical consideration in the use of a helicopter is the ability to safely position
the helicopter and line worker at the work location.

Conductor Stringing

Helicopters are used for conductor stringing on towers through the use of pilot lines. Special stringing
blocks are installed at each tower and a helicopter is brought in and attached to a pilot line. The helicopter
flies along the tower line and slips the pilot line in through each stringing block until it reaches the end
of the set of towers for conductor pulling, where it disconnects and the pilot line is transferred to a
ground crew. The ground crew then proceeds to pull the conductor in the conventional manner (Caulkins,
1987). The helicopter may also be used to monitor the conductor pulling and is readily available to assist
if the conductor stalls at any tower location.

Structure and Material Setting

The most obvious use of helicopters is in the setting of new towers and structures. Helicopters are
frequently used in rough terrain to fly in the actual tower to a location where a ground crew is waiting
to spot the structure into a preconstructed foundation. In addition, heavy material can be transported
to remote locations, as well as the construction crew.

The use of helicopters can be especially critical if the tower line is being replaced following a catastrophe
or failure. Frequently, roads and even construction paths are impassable or destroyed following natural
disasters. Helicopters can carry crews and materials with temporary structures that can be erected within
hours to restore tower lines. Again, depending on the terrain and current conditions, whether the existing
structure is repaired or temporary tower structures are utilized, the helicopter is invaluable to carry in
the needed supplies and personnel.

Insulator Replacement

A frequent maintenance requirement on a transmission system is replacing insulators. This need is
generated for various reasons, including line upgrading, gunshots, environmental damage, or defects in
the original insulator manufacturing. With close coordinated crews, helicopters can maximize the effi-
ciency of the replacement project.

Crews are located at several towers to perform the actual insulator removal and installation. The crews
will do the required setup for a replacement, but the helicopter can be used to bring in the necessary
tools and equipment. The crew removes the old insulator string and sets it to one side of the work
location. When the crews are ready, the helicopter flies in the new insulator string to each tower. The
crew on the tower detaches the new insulator string from the helicopter, positions it, and then attaches
the old string to the helicopter, which removes the string to the staging area. With a well-coordinated
team of helicopters and experienced line workers, it is not unusual to achieve a production rate of
replacing all insulators on four three-phase structures per crew per day. Under ideal conditions, crews
are able to replace the insulators on a structure in one hour (Buchholz, 1987).

Replacing Spacers

One of the first uses of helicopters in live-line work was the replacement of spacers in the early 1980s.
This method was a historic step in live-line work since it circumvented the need for hot sticks or insulated
aerial lift devices.

© 2001 CRC PressLLC



The first projects involved a particular spacer wearing into the conductor strands, causing the sepa-
ration of the conductor. Traditionally, the transmission line would have been de-energized, grounded,
and either a line worker would have utilized a spacer cart to move out on the line to replace the spacer,
or the line would have been lowered and the spacer replaced and the conductor strengthened. The obvious
safety dilemma was whether the conductor could support a line worker on a spacer cart or whether it
was physically able to withstand the tensions of lowering it to the ground. By utilizing a helicopter and
bare-hand work methods, the spacers were able to be replaced and the conductor strengthened where
necessary with full-tension compression splices while providing total safety to the line workers and a
continuous supply of energy over the transmission lines. One of the early projects achieved a replacement
and installation of 25,000 spacers without a single accident or injury. A typical spacer replacement
required about 45 sec, including the travel time between work locations (Buchholz, 1987).

Insulator Washing

Another common practice is to utilize helicopters for insulator washing. Again, this is a method that
allows for the line to remain energized during the process. The helicopter carries a water tank that is
refilled at a staging area near the work location. A hose and nozzle are attached to a structure on the
helicopter and are operated by a qualified line worker who directs the water spray and adequately cleans
the insulator string. Again, with the ease of access afforded by the helicopter, the speed of this operation
can result in a typical three-phase tower being cleaned in a few minutes.

Inspections

Helicopters are invaluable for tower line and structure inspections. Due to the ease of the practice and
the large number of inspections that can be accomplished, utilities have increased the amount of main-
tenance inspections being done, thus promoting system reliability.

Helicopters typically carry qualified line workers who utilize stabilizing binoculars to visually inspect
the transmission tower for signs of rusting or weakness and the transmission hardware and conductor
for damage and potential failure. Infrared inspections and photographic imaging can also be accom-
plished from the helicopter, either by mounting the cameras on the helicopter or through direct use by
the crew. During these inspections, the helicopter provides a comfortable situation for accomplishing
the necessary recording of specific information, tower locations, etc. In addition, inspections from
helicopters are required following a catastrophic event or system failure. It is the only logical method of
quickly inspecting a transmission system for the exact location and extent of damage.

Helicopter Method Considerations

The ability to safely position a helicopter and worker at the actual work site is the most critical consid-
eration when deciding if a helicopter method can be utilized for construction or maintenance. The terrain
and weather conditions are obvious factors, as well as the physical spacing needed to position the
helicopter and worker in the proximity required for the work method. If live-line work methods are to
be utilized, the minimum approach distance required for energized line work must be calculated very
carefully for every situation. The geometry of each work structure, the geometry of the individual
helicopter, and the positioning of the helicopter and worker for the specific work method must be
analyzed. There are calculations that are available to analyze the approach distances (IEEE Task Force
15.07.05.05, 1999).

When choosing between construction and maintenance work methods, the safety of the line workers
is the first consideration. Depending on circumstances, a helicopter method may be the safest work
method. Terrain has always been a primary reason for choosing helicopters to assist with projects since
the ability to drive to each work site may not be possible. However, helicopters may still be the easiest
and most economic alternative when the terrain is open and flat, especially when there are many
individual tower locations that will be contacted. Although helicopters may seem to be expensive on a
per person basis, the ability to quickly position workers and easily move material can drastically reduce
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costs. When live-line methods can be utilized, the positioning of workers, material, and equipment
becomes comparatively easier.

Finally, if the safe use of the helicopter allows the transmission systems to remain energized throughout
the project, the helicopter may be the only possible alternative. Since the transmission system is a major
link in the competitive energy markets, transmission operation will have reliability performance measures
which must be achieved. Purchasing replacement energy through alternate transmission paths, as was
done in the regulated world, is no longer an option. Transmission system managers are required to keep
systems operational and will be fined if high levels of performance are not attained. The option of de-
energizing systems for maintenance practices may be too costly in the deregulated world.
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4.5 Insulated Power Cables for High-Voltage Applications

Carlos V. Niifiez-Noriega and Felimén Hernandez

The choice of transmitting and distributing electric power through underground vs. overhead systems
requires consideration of economical, technical, and environmental issues. Underground systems have
traditionally been favored when distributing electric power to densely populated areas and when reliability
or aesthetics is important. Underground distribution systems provide superior reliability because they
are not exposed to wind, lightning, vandalism, or vehicle damage. These factors are the main contributors
to failures of overhead electric power distribution systems. When designed and installed properly, under-
ground distribution systems also require less preventive maintenance. The main disadvantage of under-
ground transmission and distribution systems as compared with overhead lines is its higher cost.

Underground transmission and distribution of electric power is done through the use of insulated
power cables. Cable designs vary widely depending on many factors such as voltage, power rating,
application, etc.; however, all cables have certain common components. This section presents an overview
of insulated electric power cables, standard usage practices, and common formulas used to calculate
electric parameters important for the design of underground electric power systems.

Typical Cable Description

The basic function of an insulated power cable is to transmit electric power at a predetermined current
and voltage. A typical single-core insulated power cable consists of a copper or aluminum conductor and
several layers of insulation. The constructional design of power cables is more complex for cables designed
for higher voltages. A cable for voltage in the tens of kilovolts may also include a metallic shield to provide
a moisture barrier, an extruded semiconductive screen, and a metallic mesh or sheath which provides a
path for the return currents and a reference to ground for the voltage.

Since insulated cables present no voltage at the external protecting jacket while in operation, they can
be installed either directly buried (in direct contact with ground) or in a duct bank. Power insulated
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FIGURE 4.36 Elements of typical (a) single-core and (b) three-core, steel armored, insulated power cables.

cables are designed to endure different types of stresses such as electrical stress caused by the rated voltage
and by transient overvoltages, mechanical stress due to tension and compression during the installation,
thermal stress produced during normal operation, and chemical stress caused by the reaction with the
environment that may occur when the cable is installed in aggressive soils or in the presence of some
chemicals. An insulated power cable typically consists of the following elements: a) a central conductor
(or conductors), through which the electric current flows, b) the insulation, which withstands the applied
voltage to ground, c) the shielding, consisting of a semiconductor shield that uniformly distributes the
electric field around the insulation, d) a metallic sheath that provides a reference for the voltage and a
path for the return and short-circuit currents, and e) an external cover that provides mechanical protec-
tion. Figure 4.36(a) illustrates a single-core insulated power cable rated at 1 kV with several layers of
insulation and a metallic shield. Figure 4.36(b) shows a typical three-core, steel wire armored cable
designed for voltages up to 15 kV.

Conductor

The conductor of a typical power cable is made of copper or aluminum. A single-core cable with a
concentric configuration consists of a single central wire around which concentric layers of wire are built.
An alternative configuration is the shaped compact single-core cable. The compacted cable is obtained
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FIGURE 4.37 Cross-section view of (a) a concentric cable and (b) a single sector of a compact-shaped three-sector
conductor.

by passing the cable through compacting machines to obtain its form. Because of compacting ratios of
85 to 90%, more current capacity per unit of transversal section is achieved with compact cables, and
they are therefore sometimes preferred over regular concentric cables. Figure 4.37 illustrates (a) a cross-
section view of a concentric cable and (b) a single section of a compact-shaped three-sector cable. For
voltages of 1kV or less, cables with solid conductors are sometimes used. Solid conductors have the
disadvantage of reduced flexibility. This is partially overcome by using three or more sectors per core.

Insulation

Paper and natural rubbers were used for many years as insulating materials in underground power cables.
Presently, synthetic materials are preferred for insulation of cables. The chemical composition of such
materials can be altered to produce polymers with specific chemical, electrical, and mechanical properties.
Although the list of materials used as cable insulation is extensive, ethylene propylene (EP or EPR) and
cross-linked polyethylene (XLP or XLPE) are by far the most popular. EP and XLP insulation have similar
insulating characteristics and expected long life under the same operational conditions. Some companies
prefer the XLP to the EP because the former is transparent and phenomena like treeing, which is a
common cause of power cable failures, can be easily analyzed under the microscope. Other insulating
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FIGURE 4.38 Life vs. temperature for different insulating materials.

materials used in cables include natural rubber (NR), silicone rubber (SR), ethyl vinyl acetate (EVA),
and butyl rubber (BR).

An important consideration in the selection of insulating material is made by comparing aging
performance as it relates to the maximum operating temperature of the cable, typically 60°C. This relation
is obtained by using the Arrhenius reaction rate equation. A graph of life in days vs. temperature in °C
is obtained. A typical comparison for different materials is illustrated in Fig. 4.38.

Semiconducting Shield

In a typical high-voltage cable, two layers of semiconductor material surround the metallic core. The
first layer, placed directly around the conductor, has the following purposes:

1. To distribute the electric field uniformly around the conductor.
2. To prevent the formation of ionized voids in the conductor.
3. To dampen impulse currents traveling over the conductor surface.

The second layer of semiconductor material is placed around the first insulating layer and has the
following purposes:

1. To reduce the surface voltage to zero.

2. To confine the electric field to the insulation, eliminating tangential stresses.

3. To offer a direct path to ground for short-circuit current if the shield is grounded.
Metallic Sheath

The metallic sheath surrounding insulated cables serves several purposes: as an electrostatic shield, as a
ground fault current conductor, and as a neutral wire.
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1. The metallic sheath designed for electrostatic purpose should be made of non-magnetic tape or
non-magnetic wires. Copper is usually used for these sheaths.

2. When properly grounded, this sheath provides a path for short-circuit current.

3. With appropriate dimensions, the metallic sheath can be used as a system neutral, as in residential
distribution cables where single-phase transformers are common. When single-core cables are
used in three-phase systems, the grounded sheath provides a path for unbalanced currents.

When high-voltage underground cables require some type of moisture insulating barrier, a metallic
pipe surrounds the current-carrying cable. The materials most commonly used as moisture barriers are
lead and aluminum. The electric currents carried by the high-voltage cable will induce a voltage in the
metallic shield that surrounds the conductor, and in the shields of other surrounding cables. These
induced voltages, in turn, will generate an induced current flow with its associated heat losses. In the
case of steel shields, the losses will include magnetization and hysteresis losses.

External Layer

The purpose of the external layer in insulated power cables is to provide mechanical protection against
the environment during the installation and operation of the power cable. Currently, materials commonly
used as the external layer for extruded power cables include PVC and polyethylene of low and high
density. These materials are used for their ability to withstand the cable operating temperature, their
resistance to excessive degradation when in contact with some chemicals typical of some operating
environments, and their excellent mechanical properties for undergoing stresses during transportation,
or compression and tension during installation and operation.

Overview of Electric Parameters of Underground Power Cables

Cable Electrical Resistance

The cable operation parameters determine the cable behavior under emergency and normal operating
conditions. The cable impedance, (R + jX}), is useful for calculating regulation and losses under normal
conditions and short-circuit current magnitude under short-circuit fault conditions. Alterations in
parameters due to temperature and length variations include the change of resistance. In order to simplify
the selection of a power cable for a given application, the maximum cable operating temperature is
determined based on engineering calculations and laboratory tests. In the case of single wires, which are
stranded together following a helical path to form a cable, a factor must be added to account for the
extra length. In multi-core cables, the extra length due to the layout of the individual cores must also be
accounted for. To simplify the calculation of electrical parameters, graphs of conductor size vs. resistance
in ohm/kilometer can be developed and are provided by the manufacturer. Typically, manufacturers
provide AC and DC resistance values which are temperature dependent. In general, the DC resistance is
given by:

R, = R20[1+0(20(t5 —20)] (4.4)

where

= conductor resistance at temperature t.°C (in ohms)

s
|

= conductor resistance at temperature 20°C (in ohms)
0., = temperature coefficient of resistance of conductor material at 20°C
t. = conductor temperature (in °C)

The AC resistance of cables is important because it affects the current-carrying capacity. The AC
resistance of cables is affected mainly by skin effect and proximity effect. The analysis of these effects is
complicated and graphs and tables provided by the cable manufacturer should be used to simplify any
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FIGURE 4.39 Conductor size vs. resistance.

calculations. Figure 4.39 illustrates a typical chart of AC/DC resistance vs. cable size for two different
types of cable cores.

Cable Inductance

A variable magnetic field is created when an electric alternating current passes through a conductor. This
field interacts with the magnetic field of other adjacent current-carrying conductors. The time-varying
magnetic field divided by the time-varying current is called inductance. The total cable inductance is
composed of the self (or internal) inductance and the mutual (or external) inductance. The mutual
inductance is caused by the interaction of adjacent conductors carrying an alternating current. The
inductance L per core of either a three-core cable or three single-core cables is obtained from

L=K+0.2 ln% (in mH/km) (4.5)

where

K = a constant that accounts for the number of wires in the core (see Table 4.7)
S = distance between conductors in mm for trefoil spacing, or

= 1.26 X spacing for single-core cables in flat configuration (in mm)
d = equivalent conductor diameter (in mm)

Cable Capacitance

The capacitance between two conductors is defined as the charge between the conductors divided by the
difference in voltage between them. The capacitance of power cables is affected by several factors,
including geometry of the construction (if single-core or triplex), existence of metallic shielding, and
type and thickness of insulating material.
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TABLE 4.7 Approximate Values of K
for Stranded Conductors

Number of Wires in Conductor K
3 0.078
7 0.064
19 0.055
37 0.053
61 0.051

For a single-core cable, the capacitance per meter is given by:

c=1 (4.6)
\4
or
€
C=— 1" 4.7
18 In(D/d) “7
where

D = diameter over insulation (in meters)
d = diameter over conductor (in meters)
€, = relative permitivity

The relative permitivity is a function of the insulating material of the cables and can be safely neglected
for cables operating at 60 Hz and at normal operating temperatures.

For three-core type cables, the capacitance between one conductor and the other conductors can be
approximated using the previous equation where D becomes the diameter of one conductor plus the
thickness of the insulation between conductors plus the thickness of insulation between any conductor
and the metallic shield.

Shield Bonding Methods and Electric Parameters
Effect of Shield Bonding Method in the Electric Parameters

Metallic shields of cables can be grounded in several ways, depending on national or regional practices,
safety issues, and practical considerations. The grounding method employed is important since induced
and return currents may potentially flow through grounded shields, effectively derating the cable. A single
current-carrying conductor inside its shield can be modeled as shown in Fig. 4.40. For simplicity it is
assumed that the conductor and shield are of infinite length. Three shield bonding methods will be
discussed in this section. In the first method of shield bonding, the shield is not grounded or it is grounded
at one end only; in the second method, the shield is grounded at each end; and in the third method, the
shields are grounded and transposed at multiple locations throughout the length of the cable. In each
case, a three-phase system composed of three single-core cables is assumed.

Ungrounded and Single-Point Grounded Shields

When the shield is not grounded, the current flowing in the center conductor will induce electric and
magnetic fields in the surrounding shield and in the conductors and shields of adjacent cables. Because
induction is maximum in the shield wall closest to the inner conductor, and minimum in the outer wall
of the shield, a current flow is driven by the difference in electromagnetic fields. The losses associated
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FIGURE 4.41 Single-point grounded shield system.

with these currents are described as eddy currentlosses. In single-core lead-shield conductors, eddy current
losses are normally small when compared with conductor losses, and are therefore neglected. In the case
of more than one conductor with aluminum shield, losses may become significant, especially when the
shielded cables are in close proximity.

The single-point grounded shield system is the simplest form of bonding a cable shield. The single-
point grounded system consists of connecting and grounding the shield of each cable at a single point
along its length, usually at one end as shown in Fig. 4.41. In this condition, the shield circuit is not closed
and therefore no shield current will flow. If the phase currents are unbalanced, a return current will flow
through the earth (and the ground wires, if installed) but no return current will flow through the shield.
In the ungrounded and single-point grounded shield systems, only eddy currents flow through the shields.

Multigrounded Shields

When the shields of a cable are connected at both ends, the system is said to be multigrounded (or
multipoint grounded). A multigrounded system is illustrated in Fig. 4.42. In this system a closed path
exists for the shield currents to flow through. The shield circulating currents produce a magnetic field
that tends to cancel the magnetic field generated by the phase current. This cancellation occurs in single-
phase underground systems such as those feeding individual homes in some residential areas. The reason
for the cancellation is that phase current and return current flow in opposite directions. In multicircuit
three-phase systems, however, the magnetic field cancellation rarely occurs, mainly due to mutual induc-
tance and unpredicted current unbalances.
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FIGURE 4.42 Multigrounded shield system.

It is important to note that multigrounded systems, such as the one depicted in Fig. 4.42, are rarely
used since the shield circulating currents increases the joule losses, therefore decreasing the ampere rating
of the cable.

Cross-Bonded with Transposition and Sectionalized with Transposition

A third method of bonding cable shields is known as cross-bonded with transposition and is illustrated
in Fig. 4.43. In this method, the shields are divided into three or more sections and grounded at each
end of the route. A route consists of three or a multiple of three sections. The conductor shields are then
adequately transposed, minimizing the induced shield currents and consequent losses. The shields are
isolated from ground using polyethylene or other plastic material. A variant of this method calls for
sectionalizing the shields and grounding at both ends, each section of the shield further canceling the
shield circulating currents. It is common practice to cross-bond cables at the splices. That is, the total
length of cable that can normally be stored in a reel is the cross-bonding length. For long cable runs, the
number of cross-bonding sections must be a multiple of three, making a ground connection at every
third station. Cross-bonding with transposition and the sectionalizing with transposition techniques
reduce the induced shield currents to zero or to values low enough to be safely neglected.

The most prevalent practice for sheath bonding in the U.S., Canada, and Great Britain has been either
to use single-point grounded or sectionalized cross-bonded sheath to minimize sheath losses. A secondary
benefit of these bonding practices associated with the reduction of sheath circulating currents is a drastic
reduction of the magnetic field generated by unbalanced currents, especially at large distances from the
lines.

VA AN A A A A a4 VAN A
ground level

Phase conductor Shield

FIGURE 4.43 Multipoint grounded with transposition system.
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Calculation of Losses

When the sheath is grounded or bonded to earth at more than one point, current flows through the
sheath due to the emf induced in it by the alternating current in the central conductor. The mechanism
of induction is the same as the mechanism of induction in a transformer. The induced voltage in the
sheath of such conductor is:

E=1X (4.8)

where [ = conductor current in amperes and

X =2mM 10~ (in ohms/km) (4.9)

m

where the mutual inductance between conductors and sheath is:

M=0.2log, 621—5 (in mH/km) (4.10)

m

The impedance of the sheath is given by:

Z = \/R§+Xi] (in ohms/km) (4.11)
where R is the sheath resistance.
The sheath current is therefore:
E
VR+X)
or
X
[[=—mn— (4.13)
VR X

Finally, the sheath current losses per phase is given by:

I’X> R
If R = — (in watts/km) (4.14)
RI+X

The calculations described above assume that voltage induction by nearby conductors and nearby
sheaths is negligible.

Underground Layout and Construction

Residential Distribution Layout

In general, the design of underground distribution systems feeding residential areas is similar to overhead
distribution systems. As in overhead systems, a primary main is installed from which distribution
transformers supply consumers at a lower voltage (120-240 V). There are two widely used circuit
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FIGURE 4.44 Underground layout with area transformer.

configurations preferred in underground systems for residential areas. The selection between these two
is a matter of simple economics.

In the first case, the design is such that the primary main supplies a step-down transformer from
which several secondary mains connect to consumers. This design configuration is illustrated in Fig. 4.44.
In the second design, the primary main supplies the consumer directly through individual transformers
placed next to the consumer service entrance. In this design pattern, the secondary mains are eliminated.
This design configuration is illustrated in Fig. 4.45.
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FIGURE 4.45 Underground layout with individual transformers.
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In each case, the primary feeder radiates from a substation, and laterals are connected, usually through
adequate protective devices. The purpose of these devices is to protect the feeder from faults occurring
in the lateral circuits.

Because faults in underground systems are often difficult to locate and repair, an open loop design is
frequently used in these systems. As seen in Fig. 4.46, this design consists of a primary main, from which
a lateral supplies a group of consumers through an open loop. In the case of a fault in the primary feeder,
the faulted section is open at both ends and service to the lateral is re-established by closing the loop
through the normally open switch.

Commercial and Industrial Layout

Commercial and industrial consumers are treated differently than residential. Commercial and industrial
loads require three-phase supply and a more reliable service. In distribution circuits serving these loads,
a neutral wire is installed to carry the unbalanced current. Because digging in these areas may be restricted,
the cables and equipment are installed in ducts and manholes, improving maintenance and repair time.

Economics and quality of service required are factors to consider during the design phase of under-
ground distribution systems for commercial and industrial consumers. In general, two designs are favored.
In the first design, illustrated in Fig. 4.47, the load is connected through a transformer, the primary of
which is connected to an automatic throw-over device. In case of a fault in the main feeder, to which
the load is connected, the device automatically switches over to an alternate main feeder.

The second design is more complex and expensive, but provides superior reliability. In this design,
several primary feeders connect the primary of a group of transformers. The secondaries of the trans-
formers are connected together through fuses and protectors, forming a low-voltage network. In the
event of failure in one of the primary feeders, the appropriate protective device opens, and power
distribution continues through the other primaries without interruption.

Direct Buried Cables

Underground distribution power cables can be installed directly in a trench (direct burial) or in a duct.
In some instances, power cables can be installed with telephone, gas, water, or other facilities. Direct
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burial of power cables is commonly used in low-density residential areas. The main advantage of direct
burial installation is cost, since conduits and manholes are eliminated. The National Electrical Safety Code
(NESC) provides minimum requirements for width and depth of the trench as well as the number and
types of facilities that can be installed together with the power cable. The direct burial of cables is divided
into several stages, which commonly include surveying the land and digging trial holes to determine soil
characteristics. In the U.S., mechanized equipment is commonly used for the installation of directly buried
cable. Such equipment performs the trenching, cable lying, and backfilling in a single operation.

Cable in Ducts

Ducts or conduits are normally used under roadways, or in locations where mechanical or other types
of damage may be expected. Conduit installation is expensive and complex and the conduit type should
be selected carefully. The conduit materials most commonly used for underground cables are precast
concrete, plastic, fiber, and iron. Because iron pipes are so costly, their use is normally limited to places
where only very shallow digging is possible and mechanical rigidity is required. Conduits used under
roads and railways are commonly encased in concrete.

All pipes and ducts must be installed and joined according to the manufacturer’s specifications. It is
common practice to seal the duct to prevent foreign materials from entering the conduit. Another practice
consists of including a noncorroding draw line in the duct prior to sealing it. This is a beneficial provision,
especially in long lengths between manholes. Finally, it is not uncommon to install spare ducts for future
use during the construction stage.

Manbholes

Manbholes are typically built at the splices as a way for workers to install cables or other equipment,
provide test points, and perform routine or emergency maintenance operations. The dimensions of the
manholes should accommodate the conduits and cables entering the manhole and any equipment
installed, such as transformers or protective equipment. Finally, the manhole should be big enough to
provide adequate headroom for workers.

In less than perfect soils, manholes should be provided with adequate drainage. In extreme cases of
wet soil, and if sewer connections are possible, appropriate connections should be made from the
manholes to the sewer lines. If sewer connections are not possible, manholes should be constructed with
waterproof concrete. This is a necessary requirement where the natural water table is higher than the
bottom of the manhole.

Testing, Troubleshooting, and Fault Location

Testing of insulated cables is performed for a variety of reasons. When completed at the factory, tests are
usually an integral part of the manufacturing process. These tests aim at measuring important parameters
such as thickness of insulation, conductivity, etc. After installation, tests are performed almost exclusively
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to detect the location of failures. This section presents an overview of some commonly performed pre-
and post-installation tests.
Four types of tests are performed on cables:

1. Routine tests performed on every cable to ensure compliance with specifications and the integrity
of every cable.

2. Sample tests performed periodically on cable samples to ensure manufacturing consistency.

3. Experimental tests performed to determine characteristics of newly developed materials.

4. Site tests performed after installation in the field.

Tests 1 through 3 provide insight into cable dimensions, insulation resistance and capacitance. In
addition, high voltage, impulse voltage, and measurement of partial discharge trials are performed as
part of these tests.

Impulse Test

The purpose of the impulse voltage test is to check the cable under conditions of transient overvoltages
or other temporary high-voltage surges normally associated with switching operations or atmospheric
discharges. Such conditions are often encountered during the regular operation of a cable. During a
typical impulse voltage test, the cable is first subjected to mechanical stresses typically found in a routine
installation procedure, such as bending. A set of negative and positive impulses at the withstand level
are applied to the cable which has been heated at the maximum conductor temperature. After the impulses
are applied, the cable may be subjected to a high-voltage test.

High-Voltage Test

High-voltage tests are performed to locate defects in insulated cables. The selection of voltage level is
extremely important: if the voltage is too high, it may cause incipient damage of the cable, affecting
future service life. On the other hand, the breakdown of the insulation under high voltage is also time
dependent and therefore a number of voltage/time to breakdown tests are performed. These tests are
important for developmental purposes but have little use as predictors of service life.

Partial Discharge Test

Gas-filled voids are found in the insulation and at the juncture of dielectric and conductive sheaths of cables.
The breakdown of this gas produces a phenomenon known as partial discharge. Partial discharge occurs at
these voids because the breakdown strength of the gas within voids is much less than that of the typical
cable insulation material. In fact, discharges may occur at voltages lower than the operating voltage of the
cable. The level of voltage at which partial discharge occurs first is called the discharge inception voltage.

Incidence of Faults and Fault Location

The major causes of faults in underground cables (listed below) are an indication of some of the hazards
to which cables are exposed: accidental contact, aging, faulty installation, lightning, and others. Depend-
ing on the location, accidental contact and aging account for more than 50% of all faults. Because
accidental contacts with cables often produce only minor damage, there is a time lapse until the cable
deteriorates enough to produce failure and operation of protective equipment. When there is accidental
contact with cables, failures may occur as a result of prolonged exposure to moisture, loss of dielectric
material, corrosion, etc.

An effective location of faults in an underground cable system requires a systematic approach. Typically,
the following steps are followed to successfully locate a fault:

1. The existence and type of fault is first determined. This requires the determination of damage to
the shield and or changes in continuity of the conductor.

2. Once the existence of the fault is assured, it is necessary to diagnose the cause of the fault. This
can be determined in several ways, including ruling out faulty operation of protective equipment.
A Megger may be used to check continuity.

© 2001 CRC PressLLC



3. In the case of intermittent faults, preconditioning of the cable may be required to produce a
“stable” fault. This step may or may not be required, depending on the type of equipment available
for fault location. The most common preconditioning technique used consists of allowing current
to pass through the fault to carbonize the insulation.

4. Once a consistent fault is observed, procedures for fault prelocation are followed. This is known
as pinpointing the fault location. This step assures that the location and repair of a faulted
underground cable will be accomplished in one single excavation. Most modern instruments used
to pinpoint faults are based on traveling waves theory.
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4.6 Transmission Line Parameters

Manuel Reta-Herndndez

The power transmission line is one of the major components of an electric power system. Its major
function is to transport electric energy, with minimal losses, from the power sources to the load centers,
usually separated by long distances. The three basic electrical parameters of a transmission line are:

1. Series resistance
2. Series inductance
3. Shunt capacitance

Once evaluated, the parameters are used to model the line and to perform design calculations. The
arrangement of the parameters (equivalent circuit) representing the line depends upon the length of the
line.

Equivalent Circuit

A transmission line is defined as a short-length line if its length is less than 80 km (50 mi). In this case,
the capacitive effect is negligible and only the resistance and inductive reactance are considered. Assuming
balanced conditions, the line can be represented by the equivalent circuit of a single phase with resistance R,
and inductive reactance X in series, as shown in Fig. 4.48.
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If the line is between 80 km (50 mi) and 240 km (150 mi) long, the line is considered a medium-
length line and its single-phase equivalent circuit can be represented in a nominal @ circuit configuration.
The shunt capacitance of the line is divided into two equal parts, each placed at the sending and receiving

e

Load

FIGURE 4.48 Equivalent circuit of a short-length transmission line.
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FIGURE 4.49 Equivalent circuit of a medium-length transmission line.
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FIGURE 4.50 Equivalent circuit of a long-length transmission line.

ends of the line. Figure 4.49 shows the equivalent circuit for a medium-length line.

Both short- and medium-length transmission lines use approximated lumped-parameter models.
However, if the line is more than 240 km long, the model must consider parameters uniformly distributed
along the line. The appropriate series impedance and shunt capacitance are found by solving the corre-
sponding differential equations, where voltages and currents are described as a function of distance and

time. Figure 4.50 shows the equivalent circuit for a long line,

where Z
Y
z

y
Y

Detailed methods for calculating the three basic transmission line parameters are presented in the next

sections.

y 1= total shunt admittance (S)
series impedance per unit length (€/m)
shunt admittance per unit length (S/m)

[ :
\/Zy = propagation constant

© 2001 CRC PressLLC

= z | = equivalent total series impedance (€2)



Resistance

The AC resistance of a conductor in a transmission line is based on the calculation of its DC resistance.
If DC is flowing along a round cylindrical conductor, the current is uniformly distributed over its cross-
section area and the DC resistance is evaluated by:

_pl
R, = [Q] (4.15)
where p = conductor resistivity at a given temperature (Q-m)

I = conductor length (m)

A = conductor cross-section area (m?)

If AC current is flowing, rather than DC current, the conductor effective resistance is higher due to
the skin effect (presented in the next section).

Frequency Effect

The frequency of the AC voltage produces a second effect on the conductor resistance due to the
nonuniform distribution of the current. This phenomenon is known as skin effect. As frequency increases,
the current tends to go toward the surface of the conductor and the current density decreases at the
center. Skin effect reduces the effective cross-section area used by the current and thus the effective
resistance increases. Also, although in small amount, a further resistance increase occurs when other
current-carrying conductors are present in the immediate vicinity. A skin correction factor k, obtained
by differential equations and Bessel functions, is considered to reevaluate the AC resistance. For 60 Hz,
k is estimated around 1.02:

R =R k (4.16)

Other variations in resistance are caused by:

* temperature
+ spiraling of stranded conductors

+ bundle conductors arrangement

Temperature Effect

The resistivity of any metal varies linearly over an operating temperature, and therefore the resistance of
any conductor suffers the same variations. As temperature rises, the resistance increases linearly, according
to the following equation:

T+t,
T+t

R,=R

1

(4.17)

where R, = resistance at second temperature ¢, (°C)
R, = resistance at initial temperature ¢, (°C)
T = temperature coefficient for the particular material (°C)

Resistivity (p) and temperature coefficient (T) constants depend on the particular conductor material.
Table 4.8 lists resistivity and temperature coefficients of some typical conductor materials.
Spiraling and Bundle Conductor Effect

There are two types of transmission line conductors: overhead and underground. Overhead conductors,
made of naked metal and suspended on insulators, are preferred over underground conductors because
of the lower cost and ease of maintenance.
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TABLE 4.8 Resistivity and Temperature Coefficient of Some Materials

Material Resistivity at 20°C (2-m)  Temperature Coefficient (°C)
Silver 1.59 x 1078 243.0
Annealed copper 1.72 x 107 234.5
Hard-drawn copper 1.77 x 1078 241.5
Aluminum 2.83 x10°® 228.1

Aluminum strands

2 layers,
30 conductors

Steel strands
7 conductors

FIGURE 4.51 Stranded aluminum conductor with stranded steel core (ACSR).

In overhead transmission lines, aluminum is a common material because of the lower cost and lighter
weight compared to copper, although more cross-section area is needed to conduct the same amount of
current. The aluminum conductor, steel-reinforced (ACSR), is one of the most used conductors. It consists
of alternate layers of stranded conductors, spiraled in opposite directions to hold the strands together,
surrounding a core of steel strands as shown in Fig. 4.51. The purpose of introducing a steel core inside
the stranded aluminum conductors is to obtain a high strength-to-weight ratio. A stranded conductor
offers more flexibility and is easier to manufacture than a solid large conductor. However, the total
resistance is increased because the outside strands are larger than the inside strands due to the spiraling.

The resistance of each wound conductor at any layer, per unit length, is based on its total length as

follows:
“ 2
Ryy=P 1+t | [ m] (4.18)
Al P
where R, = resistance of wound conductor (L2)

‘ 2
) \“1+ Tl:l) = length of wound conductor (m)

| p

I
Deond = " = relative pitch of wound conductor
2r
layer
Lm = length of one turn of the spiral (m)
21 er = diameter of the layer (m)

The parallel combination of n conductors with the same diameter per layer gives the resistance per
layer as follows:

R =1 [Q/m]. (4.19)

layer n

2

Similarly, the total resistance of the stranded conductor is evaluated by the parallel combination of
resistances per layer.
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a) b) c)
FIGURE 4.52 Stranded conductors arranged in bundles of (a) two, (b) three, and (c) four.

In high-voltage transmission lines, there may be more than one conductor per phase. This is a bundle
configuration used to increase the current capability and to reduce corona discharge. By increasing the
number of conductors per phase, the current capacity is increased, and the total AC resistance is pro-
portionally decreased with respect to the number of conductors per bundle. Corona occurs when high
electric field strength along the conductor surface causes ionization of the surrounding air, producing
conducting atmosphere and thus producing corona losses, audible noise, and radio interference. Although
corona losses depend on meteorological conditions, their evaluation takes into account the conductance
between conductors and between conductors and ground. Conductor bundles may be applied to any
voltage but are always used at 345 kV and above to limit corona. To maintain the distance between bundle
conductors, spacers are used which are made of steel or aluminum bars. Figure 4.52 shows some arrange-
ments of stranded bundle configurations.

Current-Carrying Capacity (Ampacity)

In overhead transmission lines, the current-carrying capacity is determined mostly by the conductor
resistance and the heat dissipated from its surface. The heat generated in a conductor (I?R) is dissipated
from its surface area by convection and by radiation:

PR=S(w, +w,) [W] (4.20)

where R = conductor resistance (£2)

I = conductor current-carrying (A)

S conductor surface area (sq. in.)
w,. = convection heat loss (W/sq. in.)
w, = radiation heat loss (W/sq. in.)

Dissipation by convection is defined as:

w. =W At [W] (4.21)
T ™ \ e
where p = atmospheric pressure (atm)
v = wind velocity (ft/sec)
d.,,s = conductor diameter (in.)
T, = air temperature (Kelvin)
At =T,.- T, = temperature rise of the conductor (°C)
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Dissipation by radiation is obtained from the Stefan-Boltzmann law and is defined as:

w =368 E ( L. ] —(TJ [W/sq. in.] (4.22)

1000 1000

where w, = radiation heat loss (W/sq. in.)
E = emissivity constant (1 for the absolute black body and 0.5 for oxidized copper)
T, = conductor temperature (°C)

T,

a

» = ambient temperature (°C)

Substituting Egs. (4.21) and (4.22) in (4.20) we can obtain the conductor ampacity at given temperatures.

|

I= \(WC +RW”) > [4] (4.23)
{ o |[ A (0.0128\5;) s_q

1= \“E 0123—7 +[ 36.8 E(ZOOO‘TT] [A] (424)
“ T;li; \ “eond

Some approximated current-carrying capacity values for overhead aluminum and aluminum reinforced
conductors are presented in the section “Characteristics of Overhead Conductors.”

Inductance and Inductive Reactance

The magnetic flux generated by the current in transmission line conductors produces a total inductance
whose magnitude depends on the line configuration. To determine the inductance of the line, it is
necessary to calculate, as in any magnetic circuit with permeability p:

1. the magnetic field intensity H,
2. the magnetic field density B, and
3. the flux linkage A.

Inductance of a Solid, Round, Infinitely Long Conductor

Consider a long, solid, cylindrical conductor with radius r, carrying current I as shown in Fig. 4.53. If
the conductor is a nonmagnetic material, and the current is assumed to be uniformly distributed (no
skin effect), then the generated internal and external magnetic field lines are concentric circles around
the conductor with direction defined by the right-hand rule.

Internal Inductance

To obtain the internal inductance, a magnetic field at radius x inside the conductor is chosen as shown
in Fig. 4.54.
The fraction of the current I, enclosed in the area of the circle is determined by:

2
[ =% [A]. (4.25)
7l

Ampere’s law determines the magnetic field intensity Hx constant at any point along the circle contour:
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FIGURE 4.54 Internal magnetic flux.

—_ IX j— I
Ho= o= o [A/m] (4.26)

The magnetic flux density B, is obtained by

B =puH_= 5;(?) [T] (4.27)

where u = p, =4 © x 107 (H/m) for a nonmagnetic material.
The differential flux d¢ enclosed in a ring of thickness dx for a 1-m length of conductor, and the
differential flux linkage d A in the respective area are

d¢=Bxdx=M"(Ix]dx [Wo/m] (4.28)
2m| 7
nx’ u | Ix’
dn="""do="0| = |ax [Wb-turn/m|. (4.29)
nr’ 2m| !
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The internal flux linkage is obtained by integrating the differential flux linkage from x=0to x=r

ximzj.rdxzhl [Wh-tarn/m] (4.30)
0 8T

The inductance due to internal flux linkage per-unit length becomes

im=%=§7‘)ﬁ [H/m] (4.31)

External Inductance

The external inductance is evaluated assuming that the total current I is concentrated at the conductor
surface (maximum skin effect). At any point on an external magnetic field circle of radius y (Fig. 4.55),
the magnetic field intensity H, and the magnetic field density B, are

Hy:znly [A/m] and (4.32)
By=pHy=;L;)I/ [1]. (4.33)

The differential flux d¢ enclosed in a ring of thickness dy, from point D, to point D,, for a 1-m length
of conductor is

do=B, dyzl;:c)[/dy [Wb/m]. (4.34)

As the total current I flows in the surface conductor, then the differential flux linkage dA has the same
magnitude as the differential flux do.

A\ =do =;LT°UI,dy [Wb-turn/m| (4.35)

FIGURE 4.55 External magnetic flux.
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The total external flux linkage enclosed by the ring is obtained by integrating from D, to D,

D, D,
7‘1—2 :J. dk:hIJ. d—yzhl In & [Wb—turn/m]. (4.36)
D, 2n Jp, y 2w D

2
In general, the external flux linkage from the surface of the conductor to any point D is

D
A :j =110
r 2T

(DJ [Wb-turn/m]. (4.37)

r

The summation of the internal and external flux linkage at any point D permits evaluation of the total
inductance of the conductor L, per-unit length as follows,

7\‘int1+7\’ex1=h1 LI b = Mo b [Wb—turn/m] (4.38)
2n | 4 r 2T 671/41‘
Ao +A U, D
- nt ext :71 H 439
! I 2 H(GMRJ [ /m] (+:39)

where GMR (geometric mean radius) = e74 r = 0.7788 .

Inductance of a Two-Wire, Single-Phase Line

Consider a two-wire, single-phase line with conductors A and B with the same radius 7, separated by a
distance D > r, and ry, and conducting the same current I as shown in Fig. 4.56. The current flows from
the source to the load in conductor A and returns in conductor B (I, = -I).

The magnetic flux generated by one conductor links the second conductor. The total flux linking
conductor A, for instance, has two components: (a) the flux generated by conductor A, and (b) the flux
generated by conductor B which links conductor A.

As shown in Fig. 4.57, the total flux linkage from conductors A and B at point P is

)\’AP = 7\‘AAP + }\‘ABP (4.40)

Mpp=Apppthppp (4.41)

FIGURE 4.56 External magnetic flux around conductors in a two-wire, single-phase line.
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FIGURE 4.57 Flux linkage of (a) conductor A at point P, and (b) conductor B on conductor A at point P. Single-phase.

where A,,, = flux linkage from magnetic field of conductor A at point P
Aapp = flux linkage from magnetic field of conductor B on conductor A at point P
Apsp = flux linkage from magnetic field of conductor A on conductor B at point P
Agsp = flux linkage from magnetic field of conductor B at point P

A graphical description of flux linkages A, ,p and A,gp is shown in Fig. 4.57.
The equations of the different flux linkage above are found by analyzing the flux linkage in a single
conductor.

A= 5—;1 ln{%J (4.42)
Mg = J.DDBP B,,dP= —';—:51 1n[DDBPJ (4.43)
Ayup = J'DDAP B,,dP= 5—;1 1n(DDAP] (4.44)
Mgy = —5—;1 1{%] (4.45)

The total flux linkage of the system at point P is the algebraic summation of A,, and A

Ap=Apthy, :(7\’AAP+7\’ABP)_(}\’BAP+7\‘BBP) (4.46)

D D 2
A=Y rn (AP ][D ](BP J[D J — Mo h{D ) (4.47)
2 GMR, \ D,, \GMR, )\ D, ]| 2n | GMR,GMR,
If the conductors have the same radius, r, = r;= 1, and the point P is shifted to infinity, then the total
flux leakage of the system is

_H D B
r=t Iln(GMRJ [Wb tum/m], (4.48)
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and the total inductance per-unit length becomes

L peuen == ln[DJ [H/m)] (4.49)
I = GMR
It can be seen that the inductance of the single-phase system is twice the inductance of a single conductor.
For a line with stranded conductors, the inductance is determined using a new GMR value (GMR,,n4c4)
evaluated according to the number of conductors. Generally, the GMR,,,,4.q for any particular cable can
be found in conductors tables. Additionally, if the line is composed of bundle conductors, the inductance
is reevaluated taking into account the number of bundle conductors and the separation among them.
The GMR, 4. 1s introduced to determine the final inductance value.
Assuming the same separation among bundles, the equation for GMR, 4., up to three conductors
per bundle, is defined as

1/ n
GMRn bundle conductors: (d”’l GMRstranded) (450)
where n = number of conductors per bundle
GMR, .,4.a = GMR of the stranded conductor
d = distance between bundle conductors

Inductance of a Three-Phase Line

The derivations for the inductance in a single-phase system can be extended to obtain the inductance
per phase in a three-phase system. Consider a three-phase, three-conductor system as shown in Fig. 4.58.
The currents I, I, and I circulate along conductors with radius r,, 7, and r, and the separation between
conductors are D,g, Dg, and D, (where D > r).

The flux linkage calculation of conductor A at point P, is calculated as

7\'AP = >\‘AAP +)“ABP +}\'ACP (4.51)
m D

A =07 In| —42- 4.52

R n[GMRA) (452

FIGURE 4.58 Flux linkage of (a) conductor A at point B, (b) conductor B on conductor A at point P, and
(c) conductor C on conductor A at point P. Three-phase.
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Dgp
Moo :J' B, dp=top h{DBPJ (4.53)

Dyp 2n D,,
Dep D.

Mrcr =J' B dp=o1 n| “ (4.54)
Duc 27 D,

where A,, = total flux linkage of conductor A at point P
Aaap = flux linkage from magnetic field of conductor A at point P
Augp = flux linkage from magnetic field of conductor B on conductor A at point P
Aacp = flux linkage from magnetic field of conductor C on conductor B at point P

The flux linkages of conductors B and C to point P have expressions similar to those for conductor A.
All flux linkages expressions are

D D D.
LAP:h I, In| —42 }+IBln[BPJ+ICIn —r (4.55)
am| GMR, D,, D, )
D D D..
XBPZh I, In APJ-FIBIH(BP]-FICIH —Lr (4.56)
2m| A GMR, Dy )|
D D D
Dy =20l In| ZAP |41 In| 2B |41 In| 2 (4.57)
am| D, D, GMR_ )|

Rearranging the expressions, we have

m 1 1 1
Agp="0|1,1 +In[ — |+I.In| ——
- 21:[ A H[GMRAJ ' H[DABJ ¢ H[DACH

(4.58)
u
+ﬁ[1A ln(DAP)+IBln(DBP)+IC1n(DCP)]
m 1 1 1
App="—21,Inf — |+1,In +1.In| —
o Zn[ A (DBA] 8 [GMRB] ¢ {DBCH (459)
u
+ ﬁ[IA In(D,, )+ I, In(Dy )+ 1 ln(DCP)]
chz%lIAln[lJ+IBln 1)+Icln( ! ﬂ
2m D, D, GMR, (60)

CRDIRTTRRETE
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The second part of each equation is zero for practical conditions assuming that point P is shifted to
infinity. Therefore, the expressions of the total flux linkage for all conductors are

xAzh I,1n ! +I,ln 1 +I.In L (4.61)
2T GMRA DAB DAC
WL g LI 5T N 5 R (4.62)
2T DBA GMRB DBC
A=Y\ L er | L er (4.63)
AL De, Dey ) \GMR. )|

The flux linkage of each phase conductor depends on the three currents, and therefore the inductance
per phase is not only one as in the single-phase system. Instead, three different inductances (self and
mutual conductor inductances) exist. Calculating the inductance values from the equations above and
arranging the equations in a matrix form, we can obtain the set of inductances in the system

7\'A AA AB AC A
Mo l=l Lo Lys  Lyc || 1, (4.64)
7\'C LCA LCB LCC C
where Ay, Ay, Ac = total flux linkage of conductor A, B, and C
Lya> Lyg, Lec = self-inductance of conductors A, B, and C field of conductor A at
point P

Lg Lge> Leas Lgas Legs Lye = mutual inductance among conductors

With nine different inductances in a simple three-phase system, the analysis could be a little more
complicated. A single inductance per phase can be obtained, however, if the three conductors are arranged
with the same separation among them D = D, = Dy = D, (triangle configuration). In this case the
flux linkage of conductor A per-unit length is

u 1 1 1
A= 1,1 +I.In| — |+I.In| — || 4.65
! 2“[ ! H(GMRAJ ’ H(D] ‘ H(Dﬂ ( :

Assuming a balanced system (I, + I; + I.= 0, or I, = —I; — I ), then the flux linkage is

A, =;—;1A ln[G]\I/I)J [Wh-turn/m]. (4.66)
A

If the GMR value is the same in all phase conductors, the total flux linkage expression is the same for
all phases. Therefore, the equivalent inductance per phase is

. ( D
Lphase - z;;ln(cme] [H/m] (467)
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FIGURE 4.59 Arrangement of conductors in a transposed line.

Inductance of Transposed Three-Phase Transmission Lines

In actual transmission lines, the phase conductors generally do not have a symmetrical (triangular)
arrangement. However, if the phase conductors are transposed, an average distance GMD (geometrical
mean distance) is substituted for distance D, and the calculation of the phase inductance derived for
symmetrical arrangement is still valid. In a transposed system, each phase conductor occupies the location
of the other two phases for one third of the total line length as shown in Fig. 4.59.

The inductance per phase per unit length in a transmission line is

MD
L, =ty GMD. [H/m] (4.68)
o 2n GMRcond
where GMD = 3\D 3 DPpc Dy = geometrical mean distance for a three-phase line.

Once the inductance per phase is obtained, the inductive reactance can be evaluated as

=anfL,, =M, f ln[Gj\;/IAgDJ [@/m]. (4.69)

cond

XI

phase

For bundle conductors, the GMR,,,,.4.. Value is determined, as in the single-phase transmission line case,
by the number of conductors, and by the number of conductors per bundle and the separation among
them. The expression for the total inductive reactance per phase is

X, =u, f h{GMD] [©/m] (4.70)
phase GMR
bundle
where GMR, g = (@' GMR,,1400)"" = geometric mean radius of bundle conductors

GMD = geometric mean distance
GMR, a0 = geometric mean radius of stranded conductor
d = distance between bundle conductors
n = number of conductors per bundle
f = frequency (60 Hz)

Capacitance and Capacitive Reactance

To evaluate the capacitance between conductors in a surrounding medium with permitivity €, it is
necessary to first determine the voltage between the conductors, and the electric field strength of the
surrounding.
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Electric field lines A Path of integration
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FIGURE 4.60 Electric field produced from a single conductor.

Capacitance of a Single Solid Conductor

Consider a solid, cylindrical, long conductor with radius r, in a free space with permitivity €,, and with
a charge of g+ C per meter uniformly distributed on the surface. There is a constant electric field strength
on the surface of cylinder (Fig. 4.60). The resistivity of the conductor is assumed to be zero (perfect
conductor), which results in zero internal electric field due to the charge on the conductor.

The charge g+ produces an electric field radial to the conductor with equipotential surfaces concentric
to the conductor. According to Gauss’s law, the total electric flux leaving a closed surface is equal to the
total charge inside the volume enclosed by the surface. Therefore, at an outside point P separated x meters
from the center of the conductor, the electric field flux density, and the electric field intensity are

. q q
Density, =—=—"— |C| and 4.71
Ve A 2mx [ ] ( )
=ity 4 [V/m] (4.72)
€ 2me X

where Density , = electric flux density at point P
E, = electric field intensity at point P
A = surface of a concentric cylinder with one-meter length and radius x (m?)
-9

36T

€ =g, = = permitivity of free space assumed for the conductor (F/m)

The potential difference or voltage difference between two outside points P, and P, with corresponding
distances x; and x, from the conductor center is defined by integrating the electric field intensity from x, to x,

K_Z:szEPdi:JxZLdi:Lln& [V] (4.73)
x x Jy 2mg; x  2mg, !

Then, the capacitance between points P, and P, is evaluated as
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Cl_zzviz 21, [/m]. (4.74)
=2 X5
nl’ﬂ]

If point P, is located at the conductor surface (x; = r), and point P, is located at ground surface below
the conductor (x, = H), then the voltage of the conductor and the capacitance between the conductor
and ground are

ot = IH[H} [v] and (4.75)
2me, r
2
Ccond—ground = ﬁ = lnljiti;:l [F/m] (476)
r

Capacitance of a Single-Phase Line with Two Wires

Consider a two-wire, single-phase line with conductors A and B with the same radius r, separated by a
distance D > r, and r,. The conductors are energized by a voltage source such that conductor A has a
charge g* and conductor B a charge g~ as shown in Fig. 4.61.

The charge on each conductor generates independent electric fields. Charge q* on conductor A gen-
erates a voltage V,, , between both conductors. Similarly, charge g~ on conductor B generates a voltage
V5.5 between conductors.

V.4 1s calculated by integrating the electric field intensity, due to the charge on conductor A, on
conductor B from r, to D

D
Vo, =J' E,dx=—1 12|, (4.77)
9 27530 Ty

V5.5 1s calculated by integrating the electric field intensity due to the charge on conductor B from D to r,

I _ r
V. =j Edi=—T1n| ", (4.78)
AB-B p 27580 l:D:|

FIGURE 4.61 Electric field produced from a two-wire, single-phase system.
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The total voltage is the sum of the generated voltages V,; , and V,;

2
V=V +Vy =L | 2o Lol T | 4y P (4.79)
e, | 2re, | D | 2meg, |11,

A

If the conductors have the same radius, r, = r;= r, then the voltage between conductors V,;, and the
capacitance between conductors C,;, for a one-meter line length are

V., =qln[D:| [v] and (4.80)
ne, |r

C ) [F/m] (4.81)

AB
ln|:D:|
’

The voltage between each conductor and ground (Fig. 4.62) is one-half of the voltage between the two
conductors. Therefore, the capacitance from either line to ground is twice the capacitance between lines

\%
VAG:VBG:f [V] (4.82)
_q _ 2me,
Co v h{D] [/m]. (4.83)
r

Capacitance of a Three-Phase Line

Consider a three-phase line with the same voltage magnitude between phases, and assume a balanced
system with abc (positive) sequence such that g, + g + g = 0. The conductors have radii r,, r, and 7,
and the spaces between conductors are D,;, Dy, and D, (where D,;, Dy, and D, > 1, 15, and 7).
Also, the effect of earth and neutral conductors is neglected.

IYCE—
C:QG = ‘{46
a+ G Cg -
A O—) O s Vis
i Vi Vo G == v
i i BG
i Vip !

FIGURE 4.62 Capacitance between line-to-ground in a two-wire, single-phase line.
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The expression for voltage between two conductors in a single-phase system can be extended to obtain
the voltages between conductors in a three-phase system. The expressions for V,,; and V, are

D, ] [ D
VAB:% q,In| =42 |+g,1In 5 +4.In| —5< and (4.84)
TE€0 | L T, ] _DAB DAC
(D, | D
VAC=; q, In| =4 |+g,In| —£€ |+4g.In c (4.85)
2me, L T4 ] _DAB D,¢

If the three-phase system has a triangular arrangement with equidistant conductors such that D,; = Dy =
D,.= D, with the same radii for the conductors such that r, = r; = r.= r (where D > r), the expressions
for V,; and V. are

1 D] [ ] D
V,.= In| — |+g,In| — [+g.]1n
AB ome, U a qdg _DA dc I:D:H -
1 FD— —rq ‘
= In| — |+g,In| — A%
2me, I L7 s _D:| [ ]
1 D] D] r
V,.= In|— [+g,In| — |[+g.In| —
. Ine, B L "] o [ D] B [DH (4.87)
1 FDﬂ —r— .
= In +g.ln A%

Balanced line-to-line voltages with sequence abc, expressed in terms of the line-to-neutral voltage are:

[ .
V,p=V3V,,£30°%and V,.=-V,_, =3V, £~30°% where V,is the line-to-neutral voltage. There-
fore, V,y can be expressed in terms of V,; and V. as

VitV
V= 28—AC (4.88)
3
and thus, substituting V,; and V,. from Egs. (4.81) and (4.82), we have
1 D r D r
V.e=—" In| — |+g,In| —||+]| g, In| — [+g.In| —
AN ome, [qA lr:I o l:D:|:| [qA I:r:| B |:D:|:|

4.89)

- 6;80[2% h{?}r(% +qc)ln|:;:|:|.

Under balanced conditions (g, + g5 + g = 0, or —g, = (g5 + q.) then, the final expression for the line-
to-neutral voltage is
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1 D
V= d, h{] V] (4.90)
TCE‘ZO r

The positive sequence capacitance per unit length between phase A and neutral can now be obtained.
The same result is obtained for capacitance between phases B and C to neutral.

C = da = e [/m] (4.91)

80
VAN ln 2
r

Capacitance of Stranded Bundle Conductors

The calculation of the capacitance in the equation above is based on:

1. solid conductors with zero resistivity (zero internal electric field)
2. distributed charge uniformly
3. equilateral spacing of phase conductors

In actual transmission lines, the resistivity of the conductors produces a small internal electric field and,
therefore, the electric field at the conductor surface is smaller than estimated. However, the difference is
negligible for practical purposes. Because of the presence of other charged conductors, the charge
distribution is nonuniform, and therefore the estimated capacitance is different. However, this effect is
negligible for most practical calculations. In a line with stranded conductors, the capacitance is evaluated
assuming a solid conductor with the same radius as the outside radius of the stranded conductor. This
produces a negligible difference.

Most transmission lines do not have equilateral spacing of phase conductors. This causes differences
between the line-to-neutral capacitances of the three phases. However, transposing the phase conductors
balances the system, resulting in equal line-to-neutral capacitance for each phase and is developed in the
following manner.

Consider a transposed three-phase line with conductors having the same radius r, and with space
between conductors D,g, Dg., and D,., where D,g, Dg, and D, > r. Assuming abc positive sequence,
the expressions for V,; on the first, second, and third sections of the transposed line are

Vs = 27:180{% ln[DrAB } s IH[D:B} a4 le;:j: (4.92)
V b eecond = 27t180[qA lnlDfC ]+q3 ln|iD2C]+ e ln[gii:] (4.93)
Vb third = 275180[% ln|:D:C :I +q, lnlD;:| +q, lnlgzs}: . (4.94)
Similarly, the expressions for V. on the first, second, and third sections of the transposed line are
Vet = 2n1€0{qA ln[D;‘c ]+ qp ln|:gii ]+ de ln|:D:C” (4.95)
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1 D D r
VACsecond =2n£|:qA lnl :B}_{—qunl:DAC:IJquln[D‘” (496)
0 BC AB
1 D D r
Vuc hird =mlqA lnl fC]+q3 lnlDAB:|+QC IHI:D:H (4.97)
0 AC BC

Taking the average value of the three sections, we have the final expressions of V,; and V, in the
transposed line

Vv _ VAB first + VAB second + VAB third
AB transp 3
(4.98)
1 D,.D,.D ? D,.D,.D
_ q, 1n|: anZac BC:|+qun|: r :|+qclnlw]
ome, r D,y Dyc Dyc DyeDyeDye
Vv _ VAC first + VAC second + VAC third
AB transp 3
(4.99)

_ 1 q ln[DABDACDBC]+q lnlDACDACDBC]+q In r’
A B c .
omE, r’ D, DyeDyc DycDycDye

For a balanced system where —q, = (q; + q), the phase-to-neutral voltage V5 (phase voltage) is

Vv _ VAB transp + VAC transp
AN transp
1 D,.D,.D 3

= 2q,In _ArAc B +(q +q )ln B — (4.100)

18me, | r ) p,,D,.D
0 AB™TAC™™ BC

_ 1 1 DyyDycDye | 1 1 GMD v

= 4,0 3 = 4, 'n [ ]
6TE, r 2me, r

where GMD = 3\D 3Ppc Dy = geometrical mean distance for a three-phase line.

For bundle conductors, an equivalent radius r, replaces the radius r of a single conductor and is
determined by the number of conductors per bundle and the spacing of conductors. The expression of
1, is similar to GMR,,,, 4. used in the calculation of the inductance per phase, except that the actual outside
radius of the conductor is used instead of the GMR_,,4. Therefore, the expression for V, is

1 GMD
VANtrzmsp =EqA lnlr] [V] (4101)
0 e

where r, = (d"! r)V" = equivalent radius for up to three conductors per bundle (m)
d = distance between bundle conductors (m)
n = number of conductors per bundle
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Finally, the capacitance and capacitive reactance per unit length from phase to neutral can be evaluated as

2
CAN transp = qA = nsO [F/m] (4 102)
VAN transp ln GMD
e
XAN trans, = ! = 1 ln GMD [Q/m] (4103)
! 21 f CAN transp 4TEf80 rg

Characteristics of Overhead Conductors

Tables 4.9a and 4.9b present general characteristics of aluminum cable steel reinforced conductors
(ACSR). The size of the conductors (cross-section area) is specified in square millimeters and kemil,
where a cmil is the cross-section area of a circular conductor with a diameter of 1/1000 inch. Typical
values of resistance, inductive reactance, and capacitive reactance are listed. The approximate current-
carrying capacity of the conductors is also included assuming 60 Hz, wind speed of 1.4 mi/h, and
conductor and air temperatures of 75°C and 25°C, respectively. Similarly, Tables 4.10a and 4.10b present
the corresponding characteristics of aluminum conductors (AAC).
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TABLE 4.9a  Characteristics of Aluminum Cable Steel Reinforced Conductors (ACSR)

60-Hz Reactances

Cross-Section Area Diameter Approx. Current- Resistance (mQ/km) (Dm = 1m)
Total Aluminum Stranding  Conductor ~ Core Carrying Capacity = DC  AC (60 Hz) GMR X, X

Code (mm?) (kcmil) (mm?) A1/Steel (mm) (mm)  Layers (Amp.)* 25°C 25°C 50°C  75°C  (mm) (Q/km) (MQ/km)
— 1521 2776 1407 84/19 50.80 13.87 4 21.0 4.5 26.2 28.1 20.33 0.294 0.175
Joree 1344 2515 1274 76/19 47.75 10.80 4 22.7 26.0 28.0 30.0 18.93 0.299 0.178
Thrasher 1235 2312 1171 76/19 45.77 10.34 4 24.7 27.7 30.0 32.2 18.14 0.302 0.180
Kiwi 1146 2167 1098 7217 44.07 8.81 4 26.4 29.4 31.9 34.2 17.37 0.306 0.182
Bluebird 1181 2156 1092 84/19 44.75 12.19 4 26.5 29.0 31.4 33.8 17.92 0.303 0.181
Chukar 9767 1781 902 84/19 40.69 11.10 4 32.1 34.1 37.2 40.1 16.28 0.311 0.186
Falcon 908 1590 806 54/19 39.24 13.08 3 1380 35.9 37.4 40.8 44.3 15.91 0.312 0.187
Lapwing 862 1590 806 45/7 38.20 9.95 3 1370 36.7 38.7 42.1 45.6 15.15 0.316 0.189
Parrot 862 1510 765 54/19 38.23 12.75 3 1340 37.8 39.2 42.8 46.5 15.48 0.314 0.189
Nuthatch 818 1510 765 45/7 37.21 9.30 3 1340 38.7 40.5 44.2 47.9 14.78 0.318 0.190
Plover 817 1431 725 54/19 37.21 12.42 3 1300 39.9 41.2 45.1 48.9 15.06 0.316 0.190
Bobolink 775 1431 725 45/7 36.25 9.07 3 1300 35.1 42.6 46.4 50.3 14.39 0.320 0.191
Martin 772 1351 685 54/19 36.17 12.07 3 1250 42.3 43.5 47.5 51.6 14.63 0.319 0.191
Dipper 732 1351 685 45/7 35.20 8.81 3 1250 43.2 44.9 49.0 53.1 13.99 0.322 0.193
Pheasant 726 1272 645 54/19 35.10 11.71 3 1200 449 46.1 50.4 54.8 14.20 0.321 0.193
Bittern 689 1272 644 45/7 34.16 8.53 3 1200 45.9 47.5 51.9 56.3 13.56 0.324 0.194
Grackle 681 1192 604 54/19 34.00 11.33 3 1160 47.9 49.0 53.6 58.3 13.75 0.323 0.194
Bunting 646 1193 604 45/7 33.07 8.28 3 1160 48.9 50.4 55.1 59.9 13.14 0.327 0.196
Finch 636 1114 564 54/19 32.84 10.95 3 1110 51.3 52.3 57.3 62.3 13.29 0.326 0.196
Bluejay 603 1113 564 45/7 31.95 8.00 3 1110 52.4 53.8 58.9 64.0 12.68 0.329 0.197
Curlew 591 1033 523 54/7 31.62 10.54 3 1060 56.5 57.4 63.0 68.4 12.80 0.329 0.198
Ortolan 560 1033 525 45/7 30.78 7.70 3 1060 56.5 57.8 63.3 68.7 12.22 0.332 0.199
Merganser 596 954 483 30/7 31.70 13.60 2 1010 61.3 61.8 67.9 73.9 13.11 0.327 0.198
Cardinal 546 954 483 54/7 30.38 10.13 3 1010 61.2 62.0 68.0 74.0 12.31 0.332 0.200
Rail 517 954 483 45/7 29.59 7.39 3 1010 61.2 62.4 68.3 74.3 11.73 0.335 0.201
Baldpate 562 900 456 30/7 30.78 13.21 2 960 65.0 65.5 71.8 78.2 12.71 0.329 0.199
Canary 515 900 456 54/7 29.51 9.83 3 970 64.8 65.5 72.0 78.3 11.95 0.334 0.201
Ruddy 478 900 456 45/7 28.73 7.19 3 970 64.8 66.0 72.3 78.6 11.40 0.337 0.202
Crane 501 875 443 54/7 29.11 9.70 3 950 66.7 67.5 74.0 80.5 11.80 0.335 0.202
Willet 474 874 443 45/7 28.32 7.09 3 950 66.7 67.9 74.3 80.9 11.25 0.338 0.203
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TABLE 4.9a (continued)

Characteristics of Aluminum Cable Steel Reinforced Conductors (ACSR)

60-Hz Reactances

Cross-Section Area Diameter Approx. Current- Resistance (mQ/km) (Dm = 1m)
Total Aluminum Stranding  Conductor ~ Core Carrying Capacity DC  AC (60 Hz) GMR X, Xe
Code (mm?)  (kemil) (mm?)  Al/Steel (mm) (mm)  Layers (Amp.)* 25°C 25°C 50°C  75°C (mm) (Q/km) (MQ/km)
Skimmer 479 795 403 30/7 29.00 12.40 2 940 73.5 74.0 81.2 88.4 11.95 0.334 0.202
Mallard 495 795 403 30/19 28.96 12.42 2 910 73.5 74.0 81.2 88.4 11.95 0.334 0.202
Drake 469 795 403 26/7 28.14 10.36 2 900 73.3 74.0 81.2 88.4 11.43 0.337 0.203
Condor 455 795 403 54/7 27.74 9.25 3 900 73.4 74.1 81.4 88.6 11.22 0.339 0.204
Cuckoo 455 795 403 24/7 27.74 9.25 2 900 73.4 74.1 81.4 88.5 11.16 0.339 0.204
Tern 431 795 403 45/7 27.00 6.76 3 900 73.4 74.4 81.6 88.8 10.73 0.342 0.205
Coot 414 795 403 36/1 26.42 3.78 3 910 73.0 74.4 81.5 88.6 10.27 0.345 0.206
Buteo 447 715 362 30/7 27.46 11.76 2 840 81.8 82.2 90.2 98.3 11.34 0.338 0.204
Redwing 445 715 362 30/19 27.46 11.76 2 840 81.8 82.2 90.2 98.3 11.34 0.338 0.204
Starling 422 716 363 26/7 26.7 9.82 2 840 81.5 82.1 90.1 98.1 10.82 0.341 0.206
Crow 409 715 362 54/7 26.31 8.76 3 840 81.5 82.2 90.2 98.2 10.67 0.342 0.206

Source: Transmission Line Reference Book 345 kV and Above, 2nd ed., Electronic Power Research Institute, Palo Alto, CA, 1987. With permission.
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TABLE 4.9b  Characteristics of Aluminum Cable Steel Reinforced Conductors (ACSR)

60-Hz Reactances

Cross-Section Area Diameter Approx. Current- Resistance (mQ/km) (Dm = 1m)
Total Aluminum Stranding Conductor ~ Core Carrying Capacity DC  AC (60 Hz) GMR X, X
Code (mm?) (kemil) (mm?)  Al/Steel (mm)  (mm) Layers (Amp.)* 25°C 25°C 500C  75°C  (mm) (Q/km) (MQ/km)
Stilt 410 716 363 24/7 26.31 8.76 2 840 81.5 82.2 90.2 98.1  10.58 0.343 0.206
Grebe 388 716 363 45/7 25.63 6.4 3 840 81.5 82.5 90.4 98.4 10.18 0.3446 0.208
Gannet 393 666 338 26/7 25.76 9.5 2 800 87.6 88.1 96.6 1053 10.45 0.344 0.208
Gull 382 667 338 54/7 25.4 8.46 3 800 87.5 88.1 96.8 1053  10.27 0.345 0.208
Flamingo 382 667 338 24/7 25.4 8.46 2 800 87.4 88.1 96.7 1053 10.21 0.346 0.208
Scoter 397 636 322 30/7 25.88 11.1 2 800 91.9 92.3 101.4 1104 10.70 0.342 0.207
Egret 396 636 322 30/19 25.88 11.1 2 780 91.9 92.3 101.4 1104 10.70 0.342 0.207
Grosbeak 375 636 322 26/7 25.15 9.27 2 780 91.7 92.2 101.2 1103 10.21 0.346 0.209
Goose 364 636 322 54/7 24.82 8.28 3 770 91.8 92.4 101.4 1104 10.06 0.347 0.208
Rook 363 636 322 24/7 24.82 8.28 2 770 91.7 92.3 101.3 110.3  10.06 0.347 0.209
Kingbird 340 636 322 18/1 23.88 4.78 2 780 91.2 92.2 101.1  110.0 9.27 0.353 0.211
Swirl 331 636 322 36/1 23.62 3.38 3 780 91.3 92.4 101.3  110.3 9.20 0.353 0.212
Wood Duck 378 605 307 30/7 25.25 10.82 2 760 96.7 97.0 106.5 116.1  10.42 0.344 0.208
Teal 376 605 307 30/19 25.25 10.82 2 770 96.7 97.0 106.5 116.1 10.42 0.344 0.208
Squab 356 605 356 26/7 25.54 9.04 2 760 96.5 97.0 106.5 116.0 9.97 0.347 0.208
Peacock 346 605 307 24/7 24.21 8.08 2 760 96.4 97.0 106.4 115.9 9.72 0.349 0.210
Duck 347 606 307 54/7 24.21 8.08 3 750 96.3 97.0 106.3  115.8 9.81 0.349 0.210
Eagle 348 557 282 30/7 24.21 10.39 2 730 105.1 105.4 115.8 126.1 10.00 0.347 0.210
Dove 328 556 282 26/7 23.55 8.66 2 730 104.9 105.3 115.6  125.9 9.54 0.351 0.212
Parakeet 319 557 282 24/7 23.22 7.75 2 730 104.8 105.3 115.6 1259 9.33 0.352 0.212
Osprey 298 556 282 18/1 22.33 4.47 2 740 104.4 105.2 1154  125.7 8.66 0.358 0.214
Hen 298 477 242 30/7 22.43 9.6 2 670 122.6 122.9 1349 147.0 9.27 0.353 0.214
Hawk 281 477 242 26/7 21.79 8.03 2 670 122.4 122.7 134.8  146.9 8.84 0.357 0.215
Flicker 273 477 273 24/7 21.49 7.16 2 670 122.2 122.7 134.7 146.8 8.63 0.358 0.216
Pelican 255 477 242 18/1 20.68 4.14 2 680 121.7 122.4 134.4 146.4 8.02 0.364 0.218
Lark 248 397 201 30/7 20.47 8.76 2 600 147.2 147.4 1619 176.4 8.44 0.360 0.218
Ibis 234 397 201 26/7 19.89 7.32 2 590 146.9 147.2 161.7 176.1 8.08 0.363 0.220
Brant 228 398 201 24/7 19.61 6.53 2 590 146.7 147.1 161.6  176.1 7.89 0.365 0.221
Chickadee 213 397 201 18/1 18.87 3.78 2 590 146.1 146.7 161.0 1754 7.32 0.371 0.222
Oriole 210 336 170 30/7 18.82 8.08 2 530 173.8 174.0 191.2  208.3 7.77 0.366 0.222
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TABLE 4.9b (continued) Characteristics of Aluminum Cable Steel Reinforced Conductors (ACSR)

60-Hz Reactances

Cross-Section Area Diameter Approx. Current- Resistance (mQ/km) (Dm = 1m)
Total Aluminum Stranding Conductor  Core Carrying Capacity DC  AC (60 Hz) GMR X, X
Code (mm?) (kcmil) (mm?)  Al/Steel (mm) (mm)  Layers (Amp.)* 25°C 25°C 50°C  75°C  (mm) (Q/km) (MQ/km)
Linnet 198 336 170 26/7 18.29 6.73 2 530 173.6 173.8 190.9 208.1 7.41 0.370 0.224
Widgeon 193 336 170 24/7 18.03 6.02 2 530 173.4 173.7 190.8 207.9 7.5 0.371 0.225
Merlin 180 336 170 18/1 16.46 3.48 2 530 173.0 173.1 190.1  207.1 6.74 0.377 0.220
Piper 187 300 152 30/7 17.78 7.62 2 500 195.0 195.1 2144  233.6 7.35 0.370 0.225
Ostrich 177 300 152 26/7 17.27 6.38 2 490 194.5 194.8 214.0 233.1 7.01 0.374 0.227
Gadwall 172 300 152 24/7 17.04 5.69 2 490 194.5 194.8 2139 233.1 6.86 0.376 0.227
Phoebe 160 300 152 18/1 16.41 3.28 2 490 193.5 194.0 213.1 2321 6.37 0.381 0.229
Junco 167 267 135 30/7 16.76 7.19 2 570 219.2 219.4 241.1  262.6 6.92 0.375 0.228
Partridge 157 267 135 26/7 16.31 5.99 2 460 218.6 218.9 240.5 262.0 6.61 0.378 0.229
Waxwing 143 267 135 18/1 15.47 3.1 2 460 217.8 218.1 239.7 261.1 6.00 0.386 0.232

* For conductor temperature at 75°C, air at 25°C, wind speed at 1.4 mi/hr, frequency at 60 Hz.
Source: Transmission Line Reference Book 345 kV and Above, 2nd ed., Electronic Power Research Institute, Palo Alto, CA, 1987. With permission.
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TABLE 4.10a  Characteristics of All-Aluminum Conductors (AAC)

Approx. Current- Resistance (mQ/km) 60-Hz Reactances (Dm = 1 m)
Cross-Section Area Diameter Carrying Capacity DC AC (60 Hz) GMR X, X
Code (mm?)  kemil or AWG  Stranding (mm) Layers (Amp.)* 25°C 25°C 50°C 75°C (mm) (Q/km) (M€Q/km)
Coreopsis 806.2 1591 61 36.93 4 1380 36.5 39.5 42.9 46.3 14.26 0.320 0.190
Gladiolus 765.8 1511 61 35.99 4 1340 38.4 41.3 44.9 48.5 13.90 0.322 0.192
Caranation 725.4 1432 61 35.03 4 1300 40.5 43.3 47.1 50.9 13.53 0.324 0.193
Columbine 865.3 1352 61 34.04 4 1250 429 45.6 49.6 53.6 13.14 0.327 0.196
Narcissus 644.5 1272 61 33.02 4 1200 45.5 48.1 52.5 46.7 12.74 0.329 0.194
Hawthorn 604.1 1192 61 31.95 4 1160 48.7 51.0 55.6 60.3 12.34 0.331 0.197
Marigold 564.2 1113 61 30.89 4 1110 52.1 54.3 59.3 64.3 11.92 0.334 0.199
Larkspur 524 1034 61 29.77 4 1060 56.1 58.2 63.6 69.0 11.49 0.337 0.201
Bluebell 524.1 1034 37 29.71 3 1060 56.1 58.2 63.5 68.9 11.40 0.337 0.201
Goldenrod 483.7 955 61 28.6 4 1010 60.8 62.7 68.6 74.4 11.03 0.340 0.203
Magnolia 483.6 954 37 28.55 3 1010 60.8 62.7 68.6 74.5 10.97 0.340 0.203
Crocus 443.6 875 61 27.38 4 950 66.3 68.1 74.5 80.9 10.58 0.343 0.205
Anemone 443.5 875 37 27.36 3 950 66.3 68.1 74.5 80.9 10.49 0.344 0.205
Lilac 403.1 796 61 26.11 4 900 73.0 74.6 81.7 88.6 10.09 0.347 0.207
Arbutus 402.9 795 37 26.06 3 900 73.0 74.6 81.7 88.6 10.00 0.347 0.207
Nasturtium 362.5 715 61 24.76 4 840 81.2 82.6 90.5 98.4 9.57 0.351 0.209
Violet 362.8 716 37 24.74 3 840 81.1 82.5 90.4 98.3 9.48 0.351 0.209
Orchid 322.2 636 37 23.32 3 780 91.3 92.6 101.5 110.4 8.96 0.356 0.212
Mistletoe 281.8 556 37 21.79 3 730 104.4 105.5 115.8 126.0 8.38 0.361 0.215
Dahlia 281.8 556 19 21.72 2 730 104.4 105.5 115.8 125.9 8.23 0.362 0.216
Syringa 241.5 477 37 20.19 3 670 121.8 122.7 134.7 146.7 7.74 0.367 0.219
Cosmos 241.9 477 19 20.14 2 670 121.6 122.6 134.5 146.5 7.62 0.368 0.219
Canna 201.6 398 19 18.36 2 600 145.9 146.7 161.1 175.5 6.95 0.376 0.224
Tulip 170.6 337 19 16.92 2 530 172.5 173.2 190.1 207.1 6.40 0.381 0.228
Laurel 135.2 267 19 15.06 2 460 217.6 218.1 239.6 261.0 5.70 0.390 0.233
Daisy 135.3 267 7 14.88 1 460 217.5 218 239.4 260.8 5.39 0.394 0.233
Oxlip 107.3 212 or (4/0) 7 13.26 1 340 274.3 274.7 301.7 328.8 4.82 0.402 0.239
Phlox 85 168 or (3/0) 7 11.79 1 300 346.4 346.4 380.6 414.7 4.27 0.411 0.245
Aster 67.5 133 or (2/0) 7 10.52 1 270 436.1 439.5 479.4 522.5 3.81 0.40 0.25
Poppy 53.5 106 or (1/0) 7 9.35 1 230 550 550.2 604.5 658.8 3.38 0.429 0.256
Pansy 42.4 #1 AWG 7 8.33 1 200 694.2 694.2 763.2 831.6 3.02 0.438 0.261
Iris 33.6 #2 AWG 7 7.42 1 180 874.5 874.5 960.8 1047.9 2.68 0.446 0.267
Rose 21.1 #3 AWG 7 5.89 1 160 1391.5 1391.5 1528.9 1666.3 2.13 0.464 0.278
Peachbell 13.3 #4 AWG 7 4.67 1 140 2214.4 2214.4 2443.2 2652 1.71 0.481 0.289

* For conductor at 75°C, air at 25°C, wind speed at 1.4 mi/hr, frequency at 60 Hz.
Source: Transmission Line Reference Book 345 kV and Above, 2nd ed., Electronic Power Research Institute, Palo Alto, CA, 1987. With permission.
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TABLE 4.10b Characteristics of All-Aluminum Conductors (AAC)

Approx. Current- Resistance (mQ/km) 60-Hz Reactances (Dm = 1 m)
Cross-Section Area Diameter Carrying Capacity  DC  AC (60 Hz) GMR X, X

Code (mm?)  kcmil or AWG  Stranding (mm) Layers (Amp.)* 25°C 25°C 50°C 75°C (mm) (Q/km) (MQ/km)
EVEN SIZES

Bluebonnet 1773.3 3500 7 54.81 6 16.9 22.2 23.6 25.0 21.24 0.290 0.172
Trillium 1520.2 3000 127 50.75 6 19.7 24.6 26.2 27.9 19.69 0.296 0.175
Lupine 1266.0 2499 91 46.30 5 23.5 27.8 29.8 31.9 17.92 0.303 0.180
Cowslip 1012.7 1999 91 41.40 5 29.0 32.7 35.3 38.0 16.03 0.312 0.185
Jessamine 887.0 1750 61 38.74 4 33.2 36.5 39.5 42.5 14.94 0.317 0.188
Hawkweed 506.7 1000 37 29.24 3 1030 58.0 60.0 65.5 71.2 11.22 0.339 0.201
Camelia 506.4 999 61 29.26 4 1030 58.1 60.1 65.5 71.2 11.31 0.338 0.201
Snapdragon 456.3 900 61 27.79 4 970 64.4 66.3 72.5 78.7 10.73 0.342 0.204
Cockscomb 456.3 900 37 27.74 3 970 64.4 66.3 72.5 78.7 10.64 0.343 0.204
Cattail 380.1 750 61 25.35 4 870 77.4 78.9 86.4 93.9 9.78 0.349 0.208
Petunia 380.2 750 37 23.85 3 870 77.4 78.9 86.4 93.9 9.72 0.349 0.208
Flag 354.5 700 61 24.49 4 810 83.0 84.4 92.5 100.6 9.45 0.352 0.210
Verbena 354.5 700 37 24.43 3 810 83.0 84.4 92.5 100.6 9.39 0.352 0.210
Meadowswee 303.8 600 37 2.63 3 740 96.8 98.0 107.5 117.0 8.69 0.358 0.214
Hyacinth 253.1 500 37 20.65 3 690 116.2 117.2 128.5 140.0 7.92 0.365 0.218
Zinnia 253.3 500 19 20.60 2 690 116.2 117.2 128.5 139.9 7.80 0.366 0.218
Goldentuft 228.0 450 19 19.53 2 640 129.0 129.9 142.6 155.3 7.41 0.370 0.221
Daffodil 177.3 350 19 17.25 2 580 165.9 166.6 183.0 199.3 6.52 0.379 0.227
Peony 152.1 300 19 15.98 2 490 193.4 194.0 213.1 232.1 6.04 0.385 0.230
Valerian 126.7 250 19 14.55 2 420 232.3 232.8 255.6 278.6 5.52 0.392 0.235
Sneezewort 126.7 250 7 14.40 1 420 232.2 232.7 255.6 278.4 5.21 0.396 0.235

Source: Transmission Line Reference Book 345 kV and Above, 2nd ed., Electronic Power Research Institute, Palo Alto, CA, 1987. With permission.



4.7 Sag and Tension of Conductor

D.A. Douglass and Ridley Thrash

The energized conductors of transmission and distribution lines must be placed to totally eliminate the
possibility of injury to people. Overhead conductors, however, elongate with time, temperature, and
tension, thereby changing their original positions after installation. Despite the effects of weather and
loading on a line, the conductors must remain at safe distances from buildings, objects, and people or
vehicles passing beneath the line at all times. To ensure this safety, the shape of the terrain along the
right-of-way, the height and lateral position of the conductor support points, and the position of the
conductor between support points under all wind, ice, and temperature conditions must be known.

Bare overhead transmission or distribution conductors are typically quite flexible and uniform in
weight along their length. Because of these characteristics, they take the form of a catenary (Ehrenberg,
1935; Winkelmann, 1959) between support points. The shape of the catenary changes with conductor
temperature, ice and wind loading, and time. To ensure adequate vertical and horizontal clearance under
all weather and electrical loadings, and to ensure that the breaking strength of the conductor is not
exceeded, the behavior of the conductor catenary under all conditions must be known before the line is
designed. The future behavior of the conductor is determined through calculations commonly referred
to as sag-tension calculations.

Sag-tension calculations predict the behavior of conductors based on recommended tension limits under
varying loading conditions. These tension limits specify certain percentages of the conductor’s rated
breaking strength that are not to be exceeded upon installation or during the life of the line. These
conditions, along with the elastic and permanent elongation properties of the conductor, provide the basis
for determinating the amount of resulting sag during installation and long-term operation of the line.

Accurately determined initial sag limits are essential in the line design process. Final sags and tensions
depend on initial installed sags and tensions and on proper handling during installation. The final sag
shape of conductors is used to select support point heights and span lengths so that the minimum
clearances will be maintained over the life of the line. If the conductor is damaged or the initial sags are
incorrect, the line clearances may be violated or the conductor may break during heavy ice or wind loadings.

Catenary Cables

A bare-stranded overhead conductor is normally held clear of objects, people, and other conductors by
periodic attachment to insulators. The elevation differences between the supporting structures affect the
shape of the conductor catenary. The catenary’s shape has a distinct effect on the sag and tension of the
conductor, and therefore, must be determined using well-defined mathematical equations.

Level Spans

The shape of a catenary is a function of the conductor weight per unit length, w, the horizontal component
of tension, H, span length, S, and the maximum sag of the conductor, D. Conductor sag and span length
are illustrated in Fig. 4.63 for a level span.

The exact catenary equation uses hyperbolic functions. Relative to the low point of the catenary curve
shown in Fig. 4.63, the height of the conductor, y(x), above this low point is given by the following equation:

}’(x)zﬂcosh (;le]—l :W(xz) (4.104)

w 2H

Note that x is positive in either direction from the low point of the catenary. The expression to the
right is an approximate parabolic equation based upon a MacLaurin expansion of the hyperbolic cosine.

For a level span, the low point is in the center, and the sag, D, is found by substituting x = S/2 in the
preceding equations. The exact and approximate parabolic equations for sag become the following:
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(4.105)

The ratio, H/w, which appears in all of the preceding equations, is commonly referred to as the catenary
constant. An increase in the catenary constant, having the units of length, causes the catenary curve to
become shallower and the sag to decrease. Although it varies with conductor temperature, ice and wind
loading, and time, the catenary constant typically has a value in the range of several thousand feet for
most transmission-line catenaries.

The approximate or parabolic expression is sufficiently accurate as long as the sag is less than 5% of
the span length. As an example, consider a 1000-ft span of Drake conductor (w = 1.096 1b/ft) installed
at a tension of 4500 Ib. The catenary constant equals 4106 ft. The calculated sag is 30.48 ft and 30.44 ft
using the hyperbolic and approximate equations, respectively. Both estimates indicate a sag-to-span ratio
of 3.4% and a sag difference of only 0.5 in.

The horizontal component of tension, H, is equal to the conductor tension at the point in the catenary
where the conductor slope is horizontal. For a level span, this is the midpoint of the span length. At the
ends of the level span, the conductor tension, T, is equal to the horizontal component plus the conductor
weight per unit length, w, multiplied by the sag, D, as shown in the following:

T=H+wD (4.106)

Given the conditions in the preceding example calculation for a 1000-ft level span of Drake ACSR,
the tension at the attachment points exceeds the horizontal component of tension by 33 Ib. It is common
to perform sag-tension calculations using the horizontal tension component, but the average of the
horizontal and support point tension is usually listed in the output.

Conductor Length

Application of calculus to the catenary equation allows the calculation of the conductor length, L(x),
measured along the conductor from the low point of the catenary in either direction.
The resulting equation becomes:

H XZ(Wz)
L(x):—SINH Ll O I (4.107)
w H 6H*
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For a level span, the conductor length corresponding to x = S/2 is half of the total conductor length
and the total length, L, is:

SZ 2
L:(ZHJQNH(&”J=S1+(W) (4.108)
2H

w 24H*?

The parabolic equation for conductor length can also be expressed as a function of sag, D, by substi-
tution of the sag parabolic equation, giving:

8D?
L=S+

(4.109)

Conductor Slack

The difference between the conductor length, L, and the span length, S, is called slack. The parabolic
equations for slack may be found by combining the preceding parabolic equations for conductor length,

L, and sag, D:
w? 8
L-§=8| —— |=D* — (4.110)
24H? 3§

While slack has units of length, it is often expressed as the percentage of slack relative to the span
length. Note that slack is related to the cube of span length for a given H/w ratio and to the square of
sag for a given span. For a series of spans having the same H/w ratio, the total slack is largely determined
by the longest spans. It is for this reason that the ruling span is nearly equal to the longest span rather
than the average span in a series of suspension spans.

Equation (4.110) can be inverted to obtain a more interesting relationship showing the dependence
of sag, D, upon slack, L-S:

b=y

i%ﬁ:ﬁ (4.111)
8

As can be seen from the preceding equation, small changes in slack typically yield large changes in
conductor sag.

Inclined Spans

Inclined spans may be analyzed using essentially the same equations that were used for level spans. The
catenary equation for the conductor height above the low point in the span is the same. However, the
span is considered to consist of two separate sections, one to the right of the low point and the other to
the left as shown in Fig. 4.64 (Winkelmann, 1959). The shape of the catenary relative to the low point
is unaffected by the difference in suspension point elevation (span inclination).

In each direction from the low point, the conductor elevation, y(x), relative to the low point is given by:

;(x):fjcosh[(;;xJ—l]::Mj:j) (4.112)

Note that x is considered positive in either direction from the low point.
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FIGURE 4.64 Inclined catenary span.

The horizontal distance, x;, from the left support point to the low point in the catenary is:

s(h] (4113)
2 4D

The horizontal distance, x;, from the right support point to the low point of the catenary is:

S h
=21- 4.114
*r 2( 4DJ ( )

where

= horizontal distance between support points.

vertical distance between support points.

; = straight-line distance between support points.

D =sag measured vertically from a line through the points of conductor support to a line tangent
to the conductor.

S
h
S

The midpoint sag, D, is approximately equal to the sag in a horizontal span equal in length to the
inclined span, S;.

Knowing the horizonal distance from the low point to the support point in each direction, the
preceding equations for y(x), L, D, and T can be applied to each side of the inclined span.

The total conductor length, L, in the inclined span is equal to the sum of the lengths in the x; and x;
sub-span sections:

2
L:s+(x,§+x,3) 4 (4.115)
"\ 6H?

In each sub-span, the sag is relative to the corresponding support point elevation:

2 2
D=k p =" (4.116)
2H 2H
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or in terms of sag, D, and the vertical distance between support points:
2 2
h h
D,=D|1-— D, =D|1+— (4.117)
4D 4D

T,=H+wD, T,=H+wD, (4.118)

and the maximum tension is:

or in terms of upper and lower support points:

T, =T,+wh (4.119)
where
D, = sag in right sub-span section
D, = sag in left sub-span section
Tp = tension in right sub-span section
T, = tension in left sub-span section
T, = tension in conductor at upper support

T, = tension in conductor at lower support

The horizontal conductor tension is equal at both supports. The vertical component of conductor
tension is greater at the upper support and the resultant tension, T, is also greater.

Ice and Wind Conductor Loads

When a conductor is covered with ice and/or is exposed to wind, the effective conductor weight per unit
length increases. During occasions of heavy ice and/or wind load, the conductor catenary tension increases
dramatically along with the loads on angle and deadend structures. Both the conductor and its supports
can fail unless these high-tension conditions are considered in the line design.

The National Electric Safety Code (NESC) suggests certain combinations of ice and wind correspond-
ing to heavy, medium, and light loading regions of the United States. Figure 4.65 is a map of the U.S.
indicating those areas (NESC, 1993). The combinations of ice and wind corresponding to loading region
are listed in Table 4.11.

The NESC also suggests that increased conductor loads due to high wind loads without ice be
considered. Figure 4.66 shows the suggested wind pressure as a function of geographical area for the
United States (ASCE Std 7-88).

Certain utilities in very heavy ice areas use glaze ice thicknesses of as much as two inches to calculate
iced conductor weight. Similarly, utilities in regions where hurricane winds occur may use wind loads
as high as 34 Ib/ft%.

As the NESC indicates, the degree of ice and wind loads varies with the region. Some areas may have
heavy icing, whereas some areas may have extremely high winds. The loads must be accounted for in the
line design process so they do not have a detrimental effect on the line. Some of the effects of both the
individual and combined components of ice and wind loads are discussed in the following.

Ice Loading
The formation of ice on overhead conductors may take several physical forms (glaze ice, rime ice, or wet
snow). The impact of lower density ice formation is usually considered in the design of line sections at
high altitudes.

The formation of ice on overhead conductors has the following influence on line design:
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FIGURE 4.65 Ice and wind load areas of the U.S.

TABLE 4.11 Definitions of Ice and Wind Load for NESC Loading Areas

Loading Districts

Heavy  Medium Light Extreme Wind Loading

Radial thickness of ice

(in.) 0.50 0.25 0 0
(mm) 12.5 6.5 0 0
Horizontal wind pressure
(Ib/ft?) 4 4 9 See Fig. 4.66
(Pa) 190 190 430
Temperature
(°F) 0 +15 +30 +60
(°C) -20 -10 -1 +15
Constant to be added to the resultant for all conductors
(Ib/ft) 0.30 0.20 0.05 0.0
(N/m) 4.40 2.50 0.70 0.0

+ Ice loads determine the maximum vertical conductor loads that structures and foundations must
withstand.

+ In combination with simultaneous wind loads, ice loads also determine the maximum transverse
loads on structures.

+ In regions of heavy ice loads, the maximum sags and the permanent increase in sag with time
(difference between initial and final sags) may be due to ice loadings.

Ice loads for use in designing lines are normally derived on the basis of past experience, code require-
ments, state regulations, and analysis of historical weather data. Mean recurrence intervals for heavy ice
loadings are a function of local conditions along various routings. The impact of varying assumptions
concerning ice loading can be investigated with line design software.
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FIGURE 4.66 Wind pressure design values in the United States. (Source: Overend, P.R. and Smith, S., Impulse Time
Method of Sag Measurement, American Society of Civil Engineers. With permission.)

TABLE 4.12 Ratio of Iced to Bare Conductor Weight

ACSR Dc’ Whare> Wices —Wbarc + Wice

Conductor in. Ib/ft Ib/ft Whare

#1/0 AWG -6/1 0.398 0.1451 0.559 4.8
“Raven”

477 kemil-26/7 0.858 0.6553 0.845 2.3
“Hawk”

1590 kcmil-54/19 1.545 2.042 1.272 1.6
“Falcon”

The calculation of ice loads on conductors is normally done with an assumed glaze ice density of
57 Ib/ft. The weight of ice per unit length is calculated with the following equation:

w,, =1.244¢(D, +) (4.120)
where

t = thickness of ice, in.
D. = conductor outside diameter, in.

c

W, = resultant weight of ice, Ib/ft

The ratio of iced weight to bare weight depends strongly upon conductor diameter. As shown in Table 4.12
for three different conductors covered with 0.5-in radial glaze ice, this ratio ranges from 4.8 for #1/0 AWG
to 1.6 for 1590-kcmil conductors. As a result, small diameter conductors may need to have a higher elastic

modulus and higher tensile strength than large conductors in heavy ice and wind loading areas to limit sag.
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Wind Loading
Wind loadings on overhead conductors influence line design in a number of ways:
+ The maximum span between structures may be determined by the need for horizontal clearance
to edge of right-of-way during moderate winds.
+ The maximum transverse loads for tangent and small angle suspension structures are often
determined by infrequent high wind-speed loadings.
+ Permanent increases in conductor sag may be determined by wind loading in areas of light ice load.
Wind pressure load on conductors, P,, is commonly specified in 1b/ft2. The relationship between P,
and wind velocity is given by the following equation:

w

B, =0.0025(V, )2 (4.121)

where V,, = the wind speed in miles per hour.
The wind load per unit length of conductor is equal to the wind pressure load, P,, multiplied by the
conductor diameter (including radial ice of thickness ¢, if any), is given by the following equation:

I (D.+21)

w=F, (4.122)
12

Combined Ice and Wind Loading

If the conductor weight is to include both ice and wind loading, the resultant magnitude of the loads
must be determined vectorially. The weight of a conductor under both ice and wind loading is given by
the following equation:

W, .= \/(Wb +W,.)2 +(W )2 (4.123)

w

where

w, = bare conductor weight per unit length, Ib/ft

w; = weight of ice per unit length, 1b/ft
w, = wind load per unit length, Ib/ft
w,,; = resultant of ice and wind loads, Ib/ft

The NESC prescribes a safety factor, K, in pounds per foot, dependent upon loading district, to be
added to the resultant ice and wind loading when performing sag and tension calculations. Therefore,
the total resultant conductor weight, w, is:

w=w +K (4.124)

w+i

Conductor Tension Limits

The NESC recommends limits on the tension of bare overhead conductors as a percentage of the
conductor’s rated breaking strength. The tension limits are: 60% under maximum ice and wind load,
33.3% initial unloaded (when installed) at 60°F, and 25% final unloaded (after maximum loading has
occurred) at 60°F. It is common, however, for lower unloaded tension limits to be used. Except in areas
experiencing severe ice loading, it is not unusual to find tension limits of 60% maximum, 25% unloaded
initial, and 15% unloaded final. This set of specifications could easily result in an actual maximum tension
on the order of only 35 to 40%, an initial tension of 20% and a final unloaded tension level of 15%. In
this case, the 15% tension limit is said to govern.
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Transmission-line conductors are normally not covered with ice, and winds on the conductor are
usually much lower than those used in maximum load calculations. Under such everyday conditions,
tension limits are specified to limit aeolian vibration to safe levels. Even with everyday lower tension
levels of 15 to 20%, it is assumed that vibration control devices will be used in those sections of the line
that are subject to severe vibration. Aeolian vibration levels, and thus appropriate unloaded tension limits,
vary with the type of conductor, the terrain, span length, and the use of dampers. Special conductors,
such as ACSS, SDC, and VR, exhibit high self-damping properties and may be installed to the full code
limits, if desired.

Approximate Sag-Tension Calculations

Sag-tension calculations, using exacting equations, are usually performed with the aid of a computer;
however, with certain simplifications, these calculations can be made with a handheld calculator. The
latter approach allows greater insight into the calculation of sags and tensions than is possible with
complex computer programs. Equations suitable for such calculations, as presented in the preceding
section, can be applied to the following example:

It is desired to calculate the sag and slack for a 600-ft level span of 795 kcmil-26/7 ACSR “Drake”
conductor. The bare conductor weight per unit length, w,, is 1.094 Ib/ft. The conductor is installed with
a horizontal tension component, H, of 6300 Ib, equal to 20% of its rated breaking strength of 31,500 Ib.

By use of Eq. (4105), the sag for this level span is:

1.094 6002)

D= =781 ft(2.38 m)

(8)6300
The length of the conductor between the support points is determined using Eq. (4.109):

2
8(7.81)
3(600)

Note that the conductor length depends solely on span and sag. It is not directly dependent on
conductor tension, weight, or temperature. The conductor slack is the conductor length minus the span
length; in this example, it is 0.27 ft (0.0826 m).

L =600+ —600.27 ft (182.96 m)

Sag Change with Thermal Elongation

ACSR and AAC conductors elongate with increasing conductor temperature. The rate of linear thermal
expansion for the composite ACSR conductor is less than that of the AAC conductor because the steel
strands in the ACSR elongate at approximately half the rate of aluminum. The effective linear thermal
expansion coefficient of a non-homogenous conductor, such as Drake ACSR, may be found from the
following equations (Fink and Beatty):

A A
Y E P

TOTAL TOTAL

E A E.. A
O(ASZOLAL[AL](AL JHxST[S’)[S’ J (4.126)
EAS ATOTAL EAS ATOTAL

where
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E,, = Elastic modulus of aluminum, psi

Egr = Elastic modulus of steel, psi

E,s = Elastic modulus of aluminum-steel composite, psi

A, = Area of aluminum strands, square units

Agr = Area of steel strands, square units

Aqrora, = Total cross-sectional area, square units

o,; = Aluminum coefficient of linear thermal expansion, per °F

Oy = Steel coefficient of thermal elongation, per °F

0,5 = Composite aluminum-steel coefficient of thermal elongation, per °F

The elastic moduli for solid aluminum wire is 10 million psi and for steel wire is 30 million psi. The
elastic moduli for stranded wire is reduced. The modulus for stranded aluminum is assumed to be
8.6 million psi for all strandings. The moduli for the steel core of ACSR conductors varies with stranding
as follows:

+ 27.5 % 10¢ for single-strand core
+ 27.0 x 10 for 7-strand core
+ 26.5 x 10° for 19-strand core

Using elastic moduli of 8.6 and 27.0 million psi for aluminum and steel, respectively, the elastic
modulus for Drake ACSR is:

624 . .
B, =(8.6x10°) 0.6247 +(27.0x10°) 0101710 _ 11 5% 10° psi
0.7264 0.7264

and the coefficient of linear thermal expansion is:

8.6 x10° |( 0. 27.0x10° |[ 0.
0,5 =128 X107 06247\ 6.4 %10 0.1017
11.2x10° J{ 0.7264 11.2x10° ] 0.7264

=10.6 X 10 /°F

If the conductor temperature changes from a reference temperature, Ty, to another temperature, T,
the conductor length, L, changes in proportion to the product of the conductor’s effective thermal
elongation coefficient, o, and the change in temperature, T — Ty, as shown below:

L=y, (140 (T=Ty)) (4.127)

For example, if the temperature of the Drake conductor in the preceding example increases from 60°F
(15°C) to 167°F (75°C), then the length at 60°F increases by 0.68 ft (0.21 m) from 600.27 ft (182.96 m)
to 600.95 ft (183.17 m):

Ligrs) = 600.27(1 +(10.6x10°)(167- 60)) —600.95 ft

167°

Ignoring for the moment any change in length due to change in tension, the sag at 167°F (75°C) may
be calculated for the conductor length of 600.95 ft (183.17 m) using Eq. (4.111):

—
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Using a rearrangement of Eq. (4.105), this increased sag is found to correspond to a decreased tension of:

w(sz) 1.094(6002)
H= =
8D 8(14.62)

=33671b

If the conductor were inextensible, that is, if it had an infinite modulus of elasticity, then these values
of sag and tension for a conductor temperature of 167°F would be correct. For any real conductor,
however, the elastic modulus of the conductor is finite and changes in tension do change the conductor
length. Use of the preceding calculation, therefore, will overstate the increase in sag.

Sag Change Due to Combined Thermal and Elastic Effects

With moduli of elasticity around the 8.6 million psi level, typical bare aluminum and ACSR conductors
elongate about 0.01% for every 1000 psi change in tension. In the preceding example, the increase in
temperature caused an increase in length and sag and a decrease in tension, but the effect of tension
change on length was ignored.

As discussed later, concentric-lay stranded conductors, particularly non-homogenous conductors such
as ACSR, are not inextensible. Rather, they exhibit quite complex elastic and plastic behavior. Initial
loading of conductors results in elongation behavior substantially different from that caused by loading
many years later. Also, high tension levels caused by heavy ice and wind loads cause a permanent increase
in conductor length, affecting subsequent elongation under various conditions.

Accounting for such complex stress-strain behavior usually requires a sophisticated, computer-aided
approach. For illustration purposes, however, the effect of permanent elongation of the conductor on sag
and tension calculations will be ignored and a simplified elastic conductor assumed. This idealized conductor
is assumed to elongate linearly with load and to undergo no permanent increase in length regardless of
loading or temperature. For such a conductor, the relationship between tension and length is as follows:

H-H
L,=L, (1+REF) (4.128)
E.A
where

L, = Length of conductor under horizontal tension H
Ly, = Length of conductor under horizontal reference tension Hy;
E. = Elastic modulus of elasticity of the conductor, psi
A = Cross-sectional area, in.?

In calculating sag and tension for extensible conductors, it is useful to add a step to the preceding
calculation of sag and tension for elevated temperature. This added step allows a separation of thermal
elongation and elastic elongation effects, and involves the calculation of a zero tension length, ZTL, at
the conductor temperature of interest, T, .

This ZTL(T,,,) is the conductor length attained if the conductor is taken down from its supports and
laid on the ground with no tension. By reducing the initial tension in the conductor to zero, the elastic
elongation is also reduced to zero, shortening the conductor. It is possible, then, for the zero tension
length to be less than the span length.

Consider the preceding example for Drake ACSR in a 600-ft level span. The initial conductor temper-
ature is 60°F, the conductor length is 600.27 ft, and E,g is calculated to be 11.2 million psi. Using
Eq. (4.128), the reduction of the initial tension from 6300 Ib to zero yields a ZTL (60°F) of:

0-6300

~599.81 ft
(11.2 x 106)0.7264

=600.27| 1+

V4 TL(

60°F)
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Keeping the tension at zero and increasing the conductor temperature to 167°F yields a purely thermal
elongation. The zero tension length at 167°F can be calculated using Eq. (4.127):

L) = 599.81(1 + (10.6 x 10"6)(167 - 60)) = 600.49 ft

167°F)
According to Egs. (4.105) and (4.111), this length corresponds to a sag of 10.5 ft and a horizontal

tension of 4689 Ib. However, this length was calculated for zero tension and will elongate elastically under

tension. The actual conductor sag-tension determination requires a process of iteration as follows:

1. As described above, the conductor’s zero tension length, calculated at 167°F (75°C), is 600.49 ft,
sag is 10.5 ft, and the horizontal tension is 4689 Ib.

2. Because the conductor is elastic, application of Eq. (4.128) shows the tension of 4689 Ib will
increase the conductor length from 600.49 ft to:

L =600.49| 1+ 4689-0

. — 600.84 ft
(157r) 0.7264(1 12 % 106)

3. The sag, D, .., corresponding to this length is calculated using Eq. (4.111):

1(167°F
R

—\/3(6001(0'84) =13.72 ft

1(167*'1’)

4. Using Eq. (4.105), this sag yields a new horizontal tension, H, ., of:
1.094(600°)
H = =3588 Ib
8(13.7)

A new trial tension is taken as the average of H and H,, and the process is repeated. The results are
described in Table 4.13.

Note that the balance of thermal and elastic elongation of the conductor yields an equilibrium tension
of approximately 3700 Ibs and a sag of 13.3 ft. The calculations of the previous section, which ignored
elastic effects, results in lower tension, 3440 lb, and a greater sag, 14.7 ft.

Slack is equal to the excess of conductor length over span length. The preceding table can be replaced
by a plot of the catenary and elastic curves on a graph of slack vs tension. The solution occurs at the
intersection of the two curves. Figure 4.67 shows the tension versus slack curves intersecting at a tension
of 3700 b, which agrees with the preceding calculations.

Sag Change Due to Ice Loading

As a final example of sag-tension calculation, calculate the sag and tension for the 600-ft Drake span
with the addition of 0.5 inches of radial ice and a drop in conductor temperature to 0°F. Employing
Eq. (4.120), the weight of the conductor increases by:

w,, =1.244t(D+)

1

w,, =1.244(0.5)(1.108+0.5) =1.000 Ib/ f

1
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TABLE 4.13 Interative Solution for Increased Conductor Temperature

Length,L,, Sag,D,, Tension, H, New Trial Tension,

Iteration # ft ft b b
ZTL 600.550 11.1 4435 —
1 600.836 13.7 3593
443543593
ST S 4014
2
2 600.809 13.5 3647
3647 +4014
— =3831
2
3 600.797 13.4 3674
3674+ 3831
— =3753
2
4 600.792 13.3 3702
3702 +3753
—=3727
2
5000 o

4500

3500 [
3000 F

2500

Catenary

Tension, Ibs

0.5 0.75 1 1.25 1.5
Slack / Elongation, ft

FIGURE 4.67 Sag-tension solution for 600-ft span of Drake at 167°F.

As in the previous example, the calculation uses the conductor’s zero tension length at 60°F, which is
the same as that found in the previous section, 599.81 ft. The ice loading is specified for a conductor
temperature of 0°F, so the ZTL(0°F), using Eq. (4.127), is:

2Tl = 599.81[1 +(10.6x10°) 0~ 60)] =599.43 ft

As in the case of sag-tension at elevated temperatures, the conductor tension is a function of slack and
elastic elongation. The conductor tension and the conductor length are found at the point of intersection
of the catenary and elastic curves (Fig. 4.68). The intersection of the curves occurs at a horizontal tension
component of 12,275 1b, not very far from the crude initial estimate of 12,050 b that ignored elastic
effects. The sag corresponding to this tension and the iced conductor weight per unit length is 9.2 ft.

In spite of doubling the conductor weight per unit length by adding 0.5 in. of ice, the sag of the
conductor is much less than the sag at 167°F. This condition is generally true for transmission conductors
where minimum ground clearance is determined by the high temperature rather than the heavy loading
condition. Small distribution conductors, such as the 1/0 AWG ACSR in Table 4.11, experience a much
larger ice-to-conductor weight ratio (4.8), and the conductor sag under maximum wind and ice load
may exceed the sag at moderately higher temperatures.

The preceding approximate tension calculations could have been more accurate with the use of actual
stress-strain curves and graphic sag-tension solutions, as described in detail in Graphic Method for Sag
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FIGURE 4.68 Sag-tension solution for 600-ft span of Drake at 0°F and 0.5 in. ice.

Tension Calculations for ACSR and Other Conductors (Aluminum Company of America, 1961). This
method, although accurate, is very slow and has been replaced completely by computational methods.

Numerical Sag-Tension Calculations

Sag-tension calculations are normally done numerically and allow the user to enter many different loading
and conductor temperature conditions. Both initial and final conditions are calculated and multiple
tension constraints can be specified. The complex stress-strain behavior of ACSR-type conductors can
be modeled numerically, including both temperature, and elastic and plastic effects.

Stress-Strain Curves

Stress-strain curves for bare overhead conductor include a minimum of an initial curve and a final curve
over a range of elongations from 0 to 0.45%. For conductors consisting of two materials, an initial and
final curve for each is included. Creep curves for various lengths of time are typically included as well.

Overhead conductors are not purely elastic. They stretch with tension, but when the tension is reduced
to zero, they do not return to their initial length. That is, conductors are plastic; the change in conductor
length cannot be expressed with a simple linear equation, as for the preceding hand calculations. The
permanent length increase that occurs in overhead conductors yields the difference in initial and final
sag-tension data found in most computer programs.

Figure 4.69 shows a typical stress-strain curve for a 26/7 ACSR conductor (Aluminum Association,
1974); the curve is valid for conductor sizes ranging from 266.8 to 795 kcmil. A 795 kemil-26/7 ACSR
“Drake” conductor has a breaking strength of 31,500 Ib (14,000 kg) and an area of 0.7264 in.? (46.9 mm?)
so that it fails at an average stress of 43,000 psi (30 kg/mm?). The stress-strain curve illustrates that when
the percent of elongation at a stress is equal to 50% of the conductor’s breaking strength (21,500 psi),
the elongation is less than 0.3% or 1.8 ft (0.55 m) in a 600-ft (180 m) span.

Note that the component curves for the steel core and the aluminum stranded outer layers are
separated. This separation allows for changes in the relative curve locations as the temperature of the
conductor changes.

For the preceding example, with the Drake conductor at a tension of 6300 Ib (2860 kg), the length of
the conductor in the 600-ft (180 m) span was found to be 0.27 ft longer than the span. This tension
corresponds to a stress of 8600 psi (6.05 kg/mm?). From the stress-strain curve in Fig. 4.69, this corre-
sponds to an initial elongation of 0.105% (0.63 ft). As in the preceding hand calculation, if the conductor
is reduced to zero tension, its unstressed length would be less than the span length.

Figure 4.70 is a stress-strain curve (Aluminum Association, 1974) for an all-aluminum 37-strand
conductor ranging in size from 250 kcmil to 1033.5 kemil. Because the conductor is made entirely of
aluminum, there is only one initial and final curve.
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5.1 Gas Insulated Substations

Philip Bolin

A gas insulated substation (GIS) uses a superior dielectric gas, SF6, at moderate pressure for phase-to-
phase and phase-to-ground insulation. The high voltage conductors, circuit breaker interrupters,
switches, current transformers, and voltage transformers are in SF6 gas inside grounded metal enclosures.
The atmospheric air insulation used in a conventional, air insulated substation (AIS) requires meters of
air insulation to do what SF6 can do in centimeters. GIS can therefore be smaller than AIS by up to a
factor of ten. A GIS is mostly used where space is expensive or not available. In a GIS the active parts
are protected from the deterioration from exposure to atmospheric air, moisture, contamination, etc. As
a result, GIS is more reliable and requires less maintenance than AIS.

GIS was first developed in various countries between 1968 and 1972. After about 5 years of experience,
the use rate increased to about 20% of new substations in countries where space is limited. In other
countries with space easily available, the higher cost of GIS relative to AIS has limited use to special cases.
For example, in the U.S., only about 2% of new substations are GIS. International experience with GIS
is described in a series of CIGRE papers (CIGRE, 1992; 1994; 1982). The IEEE (IEEE Std. C37. 122-1993;
IEEE Std C37. 122.1-1993) and the IEC (IEC, 1990) have standards covering all aspects of the design,
testing, and use of GIS. For the new user, there is a CIGRE application guide (Katchinski et al., 1998).
IEEE has a guide for specifications for GIS (IEEE Std. C37.123-1996).

SF6

Sulfur hexaflouride is an inert, non-toxic, colorless, odorless, tasteless, and non-flammable gas consisting
of a sulfur atom surrounded by and tightly bonded to six flourine atoms. It is about five times as dense
as air. SF6 is used in GIS at pressures from 400 to 600 kPa absolute. The pressure is chosen so that the
SF6 will not condense into a liquid at the lowest temperatures the equipment experiences. SF6 has two
to three times the insulating ability of air at the same pressure. SF6 is about one hundred times better
than air for interrupting arcs. It is the universally used interrupting medium for high voltage circuit
breakers, replacing the older mediums of oil and air. SF6 decomposes in the high temperature of an
electric arc, but the decomposed gas recombines back into SF6 so well that it is not necessary to replenish
the SF6 in GIS. There are some reactive decomposition byproducts formed because of the trace presence
of moisture, air, and other contaminants. The quantities formed are very small. Molecular sieve absor-
bants inside the GIS enclosure eliminate these reactive byproducts. SF6 is supplied in 50-kg gas cylinders
in a liquid state at a pressure of about 6000 kPa for convenient storage and transport. Gas handling
systems with filters, compressors, and vacuum pumps are commercially available. Best practices and the
personnel safety aspects of SF6 gas handling are covered in international standards (IEC, 1995).

The SF6 in the equipment must be dry enough to avoid condensation of moisture as a liquid on the
surfaces of the solid epoxy support insulators because liquid water on the surface can cause a dielectric
breakdown. However, if the moisture condenses as ice, the breakdown voltage is not affected. So dew
points in the gas in the equipment need to be below about —10°C. For additional margin, levels of less
than 1000 ppmv of moisture are usually specified and easy to obtain with careful gas handling. Absorbants
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inside the GIS enclosure help keep the moisture level in the gas low, even though over time, moisture
will evolve from the internal surfaces and out of the solid dielectric materials (IEEE Std. 1125-1993).

Small conducting particles of mm size significantly reduce the dielectric strength of SF6 gas. This effect
becomes greater as the pressure is raised past about 600 kPa absolute (Cookson and Farish, 1973). The
particles are moved by the electric field, possibly to the higher field regions inside the equipment or deposited
along the surface of the solid epoxy support insulators, leading to dielectric breakdown at operating voltage
levels. Cleanliness in assembly is therefore very important for GIS. Fortunately, during the factory and field
power frequency high voltage tests, contaminating particles can be detected as they move and cause small
electric discharges (partial discharge) and acoustic signals, so they can be removed by opening the equip-
ment. Some GIS equipment is provided with internal “particle traps” that capture the particles before they
move to a location where they might cause breakdown. Most GIS assemblies are of a shape that provides
some “natural” low electric field regions where particles can rest without causing problems.

SF6 is a strong greenhouse gas that could contribute to global warming. At an international treaty
conference in Kyoto in 1997, SF6 was listed as one of the six greenhouse gases whose emissions should
be reduced. SF6 is a very minor contributor to the total amount of greenhouse gases due to human
activity, but it has a very long life in the atmosphere (half-life is estimated at 3200 years), so the effect
of SF6 released to the atmosphere is effectively cumulative and permanent. The major use of SF6 is in
electrical power equipment. Fortunately, in GIS the SF6 is contained and can be recycled. By following
the present international guidelines for use of SF6 in electrical equipment (Mauthe et al., 1997), the
contribution of SF6 to global warming can be kept to less than 0.1% over a 100-year horizon. The emission
rate from use in electrical equipment has been reduced over the last three years. Most of this effect has
been due to simply adopting better handling and recycling practices. Standards now require GIS to leak
less than 1% per year. The leakage rate is normally much lower. Field checks of GIS in service for many
years indicate that the leak rate objective can be as low as 0.1% per year when GIS standards are revised.

Construction and Service Life

GIS is assembled of standard equipment modules (circuit breaker, current transformers, voltage trans-
formers, disconnect and ground switches, interconnecting bus, surge arresters, and connections to the
rest of the electric power system) to match the electrical one-line diagram of the substation. A cross-
section view of a 242-kV GIS shows the construction and typical dimensions (Fig. 5.1). The modules are
joined using bolted flanges with an “O” ring seal system for the enclosure and a sliding plug-in contact
for the conductor. Internal parts of the GIS are supported by cast epoxy insulators. These support
insulators provide a gas barrier between parts of the GIS, or are cast with holes in the epoxy to allow gas
to pass from one side to the other.

Up to about 170 kV system voltage, all three phases are often in one enclosure (Fig. 5.2). Above 170 kV,
the size of the enclosure for “three-phase enclosure,” GIS becomes too large to be practical. So a “single-
phase enclosure” design (Fig. 5.1) is used. There are no established performance differences between
three-phase enclosure and single-phase enclosure GIS. Some manufacturers use the single-phase enclo-
sure type for all voltage levels.

Enclosures today are mostly cast or welded aluminum, but steel is also used. Steel enclosures are
painted inside and outside to prevent rusting. Aluminum enclosures do not need to be painted, but may
be painted for ease of cleaning and a better appearance. The pressure vessel requirements for GIS
enclosures are set by GIS standards (IEEE Std. C37.122-1993; IEC, 1990), with the actual design, man-
ufacture, and test following an established pressure vessel standard of the country of manufacture. Because
of the moderate pressures involved, and the classification of GIS as electrical equipment, third-party
inspection and code stamping of the GIS enclosures are not required.

Conductors today are mostly aluminum. Copper is sometimes used. It is usual to silver plate surfaces
that transfer current. Bolted joints and sliding electrical contacts are used to join conductor sections.
There are many designs for the sliding contact element. In general, sliding contacts have many individually
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sprung copper contact fingers working in parallel. Usually the contact fingers are silver plated. A contact
lubricant is used to ensure that the sliding contact surfaces do not generate particles or wear out over
time. The sliding conductor contacts make assembly of the modules easy and also allow for conductor
movement to accommodate the differential thermal expansion of the conductor relative to the enclosure.
Sliding contact assemblies are also used in circuit breakers and switches to transfer current from the
moving contact to the stationary contacts.

Support insulators are made of a highly filled epoxy resin cast very carefully to prevent formation of
voids and/or cracks during curing. Each GIS manufacturer’s material formulation and insulator shape
has been developed to optimize the support insulator in terms of electric field distribution, mechanical
strength, resistance to surface electric discharges, and convenience of manufacture and assembly. Post,
disc, and cone type support insulators are used. Quality assurance programs for support insulators include
a high voltage power frequency withstand test with sensitive partial discharge monitoring. Experience
has shown that the electric field stress inside the cast epoxy insulator should be below a certain level to
avoid aging of the solid dielectric material. The electrical stress limit for the cast epoxy support insulator
is not a severe design constraint because the dimensions of the GIS are mainly set by the lightning impulse
withstand level and the need for the conductor to have a fairly large diameter to carry to load current
of several thousand amperes. The result is space between the conductor and enclosure for support
insulators having low electrical stress.

Service life of GIS using the construction described above has been shown by experience to be more
than 30 years. The condition of GIS examined after many years in service does not indicate any approach-
ing limit in service life. Experience also shows no need for periodic internal inspection or maintenance.
Inside the enclosure is a dry, inert gas that is itself not subject to aging. There is no exposure of any of
the internal materials to sunlight. Even the “O” ring seals are found to be in excellent condition because
there is almost always a “double seal” system — Fig. 5.3 shows one approach. The lack of aging has been
found for GIS, whether installed indoors or outdoors.

Circuit Breaker

GIS uses essentially the same dead tank SF6 puffer circuit breakers used in AIS. Instead of SF6-to-air as
connections into the substation as a whole, the nozzles on the circuit breaker enclosure are directly
connected to the adjacent GIS module.

GAS SEAL FOR GIS ENCLOSURE
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FIGURE 5.3 Gas seal for GIS enclosure.

© 2001 CRC PressLLC



Insulator

Enclosure SFs gas

Current transformer Primary conductor
FIGURE 5.4 Current transformers for GIS.

Current Transformers

CTs are inductive ring type installed either inside the GIS enclosure or outside the GIS enclosure (Fig. 5.4).
The GIS conductor is the single turn primary for the CT. CTs inside the enclosure must be shielded from
the electric field produced by the high voltage conductor or high transient voltages can appear on the
secondary through capacitive coupling. For CTs outside the enclosure, the enclosure itself must be
provided with an insulating joint, and enclosure currents shunted around the CT. Both types of con-
struction are in wide use.

Voltage Transformers

VTs are inductive type with an iron core. The primary winding is supported on an insulating plastic film
immersed in SF6. The VT should have an electric field shield between the primary and secondary windings
to prevent capacitive coupling of transient voltages. The VT is usually a sealed unit with a gas barrier
insulator. The VT is either easily removable so the GIS can be high voltage tested without damaging the
VT, or the VT is provided with a disconnect switch or removable link (Fig. 5.5).

~___—Insulator

—— —Enclosure

Primary
conductor

—Terminal box

Coil

FIGURE5.5 Voltage transformers for GIS.
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Disconnect Switches

Disconnect switches (Fig. 5.6) have a moving contact that opens or closes a gap between stationary
contacts when activated by a insulating operating rod that is itself moved by a sealed shaft coming through
the enclosure wall. The stationary contacts have shields that provide the appropriate electric field distri-
bution to avoid too high a surface stress. The moving contact velocity is relatively low (compared to a
circuit breaker moving contact) and the disconnect switch can interrupt only low levels of capacitive
current (for example, disconnecting a section of GIS bus) or small inductive currents (for example,
transformer magnetizing current). Load break disconnect switches have been furnished in the past, but
with improvements and cost reductions of circuit breakers, it is not practical to continue to furnish load
break disconnect switches, and a circuit breaker should be used instead.

Ground Switches

Ground switches (Fig. 5.7) have a moving contact that opens or closes a gap between the high voltage
conductor and the enclosure. Sliding contacts with appropriate electric field shields are provided at the
enclosure and the conductor. A “maintenance” ground switch is operated either manually or by motor
drive to close or open in several seconds and when fully closed to carry the rated short-circuit current
for the specified time period (1 or 3 sec) without damage. A “fast acting” ground switch has a high speed
drive, usually a spring, and contact materials that withstand arcing so it can be closed twice onto an
energized conductor without significant damage to itself or adjacent parts. Fast-acting ground switches
are frequently used at the connection point of the GIS to the rest of the electric power network, not only
in case the connected line is energized, but also because the fast-acting ground switch is better able to
handle discharge of trapped charge and breaking of capacitive or inductive coupled currents on the
connected line.

Ground switches are almost always provided with an insulating mount or an insulating bushing for
the ground connection. In normal operation the insulating element is bypassed with a bolted shunt to
the GIS enclosure. During installation or maintenance, with the ground switch closed, the shunt can be
removed and the ground switch used as a connection from test equipment to the GIS conductor. Voltage
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and current testing of the internal parts of the GIS can then be done without removing SF6 gas or opening
the enclosure. A typical test is measurement of contact resistance using two ground switches (Fig. 5.8).

Bus

To connect GIS modules that are not directly connected to each other, an SF6 bus consisting of an inner
conductor and outer enclosure is used. Support insulators, sliding electrical contacts, and flanged enclo-
sure joints are usually the same as for the GIS modules.

Air Connection

SE6-to-air bushings (Fig. 5.9) are made by attaching a hollow insulating cylinder to a flange on the end
of a GIS enclosure. The insulating cylinder contains pressurized SF6 on the inside and is suitable for
exposure to atmospheric air on the outside. The conductor continues up through the center of the
insulating cylinder to a metal end plate. The outside of the end plate has provisions for bolting to an air
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insulated conductor. The insulating cylinder has a smooth interior. Sheds on the outside improve the
performance in air under wet and/or contaminated conditions. Electric field distribution is controlled
by internal metal shields. Higher voltage SF6-to-air bushings also use external shields. The SF6 gas inside
the bushing is usually the same pressure as the rest of the GIS. The insulating cylinder has most often
been porcelain in the past, but today many are a composite consisting of a fiberglass epoxy inner cylinder
with an external weather shed of silicone rubber. The composite bushing has better contamination
resistance and is inherently safer because it will not fracture as will porcelain.

Cable Connections

A cable connecting to a GIS is provided with a cable termination kit that is installed on the cable to
provide a physical barrier between the cable dielectric and the SF6 gas in the GIS (Fig. 5.10). The cable
termination kit also provides a suitable electric field distribution at the end of the cable. Because the
cable termination will be in SF6 gas, the length is short and sheds are not needed. The cable conductor
is connected with bolted or compression connectors to the end plate or cylinder of the cable termination
kit. On the GIS side, a removable link or plug in contact transfers current from the cable to the GIS
conductor. For high voltage testing of the GIS or the cable, the cable is disconnected from the GIS by
removing the conductor link or plug-in contact. The GIS enclosure around the cable termination usually
has an access port. This port can also be used for attaching a test bushing.

Direct Transformer Connections

To connect a GIS directly to a transformer, a special SF6-to-oil bushing that mounts on the transformer
is used (Fig. 5.11). The bushing is connected under oil on one end to the transformer’s high voltage leads.
The other end is SF6 and has a removable link or sliding contact for connection to the GIS conductor.
The bushing may be an oil-paper condenser type or more commonly today, a solid insulation type. Because
leakage of SF6 into the transformer oil must be prevented, most SF6-to-oil bushings have a center section
that allows any SF6 leakage to go to the atmosphere rather than into the transformer. For testing, the SF6
end of the bushing is disconnected from the GIS conductor after gaining access through an opening in
the GIS enclosure. The GIS enclosure of the transformer can also be used for attaching a test bushing.
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Surge Arrester

Zinc oxide surge arrester elements suitable for immersion in SF6 are supported by an insulating cylinder
inside a GIS enclosure section to make a surge arrester for overvoltage control (Fig. 5.12). Because the
GIS conductors are inside in a grounded metal enclosure, the only way for lightning impulse voltages to
enter is through the connections of the GIS to the rest of the electrical system. Cable and direct transformer
connections are not subject to lightning strikes, so only at SF6-to-air bushing connections is lightning a
concern. Air insulated surge arresters in parallel with the SF6-to-air bushings usually provide adequate
protection of the GIS from lightning impulse voltages at a much lower cost than SF6 insulated arresters.
Switching surges are seldom a concern in GIS because with SF6 insulation the withstand voltages for
switching surges are not much less than the lightning impulse voltage withstand. In AIS there is a
significant decrease in withstand voltage for switching surges than for lightning impulse because the
longer time span of the switching surge allows time for the discharge to completely bridge the long
insulation distances in air. In the GIS, the short insulation distances can be bridged in the short time
span of a lightning impulse so the longer time span of a switching surge does not significantly decrease
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the breakdown voltage. Insulation coordination studies usually show there is no need for surge arresters
in a GIS; however, many users specify surge arresters at transformers and cable connections as the most
conservative approach.

Control System

For ease of operation and convenience in wiring the GIS back to the substation control room, a local
control cabinet (LCC) is provided for each circuit breaker position (Fig. 5.13). The control and power
wires for all the operating mechanisms, auxiliary switches, alarms, heaters, CTs, and VTs are brought
from the GIS equipment modules to the LCC using shielded multiconductor control cables. In addition
to providing terminals for all the GIS wiring, the LCC has a mimic diagram of the part of the GIS being
controlled. Associated with the mimic diagram are control switches and position indicators for the circuit
breaker and switches. Annunciation of alarms is also usually provided in the LCC. Electrical interlocking
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FIGURE 5.13 Local control cabinet for GIS.

and some other control functions can be conveniently implemented in the LCC. Although the LCC is
an extra expense, with no equivalent in the typical AIS, it is so well established and popular that attempts
to eliminate it to reduce cost have not succeeded. The LCC does have the advantage of providing a very
clear division of responsibility between the GIS manufacturer and user in terms of scope of equipment
supply.

Switching and circuit breaker operation in a GIS produces internal surge voltages with a very fast rise
time on the order of nanoseconds and a peak voltage level of about 2 per unit. These “very fast transient
overvoltages” are not a problem inside the GIS because the duration of this type of surge voltage is very
short — much shorter than the lightning impulse voltage. However, a portion of the VFTO will emerge
from the inside of the GIS at any place where there is a discontinuity of the metal enclosure — for
example, at insulating enclosure joints for external CTs or at the SF6-to-air bushings. The resulting
“transient ground rise voltage” on the outside of the enclosure may cause some small sparks across the
insulating enclosure joint or to adjacent grounded parts. These may alarm nearby personnel but are not
harmful to a person because the energy content is very low. However, if these VFT voltages enter the
control wires, they could cause faulty operation of control devices. Solid-state controls can be particularly
affected. The solution is thorough shielding and grounding of the control wires. For this reason, in a
GIS, the control cable shield should be grounded at both the equipment and the LCC ends using either
coaxial ground bushings or short connections to the cabinet walls at the location where the control cable
first enters the cabinet.
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Gas Monitor System

The insulating and interrupting capability of the SF6 gas depends on the density of the SF6 gas being at
a minimum level established by design tests. The pressure of the SF6 gas varies with temperature, so a
mechanical temperature-compensated pressure switch is used to monitor the equivalent of gas density
(Fig. 5.14). GIS is filled with SF6 to a density far enough above the minimum density for full dielectric
and interrupting capability so that from 10% to 20% of the SF6 gas can be lost before the performance
of the GIS deteriorates. The density alarms provide a warning of gas being lost, and can be used to operate
the circuit breakers and switches to put a GIS that is losing gas into a condition selected by the user.
Because it is much easier to measure pressure than density, the gas monitor system usually has a pressure
gage. A chart is provided to convert pressure and temperature measurements into density. Microproces-
sor-based measurement systems are available that provide pressure, temperature, density, and even
percentage of proper SF6 content. These can also calculate the rate at which SF6 is being lost. However,
they are significantly more expensive than the mechanical temperature-compensated pressure switches,
so they are supplied only when requested by the user.

Gas Compartments and Zones

A GIS is divided by gas barrier insulators into gas compartments for gas handling purposes. In some
cases, the use of a higher gas pressure in the circuit breaker than is needed for the other devices, requires
that the circuit breaker be a separate gas compartment. Gas handling systems are available to easily process
and store about 1000 kg of SF6 at one time, but the length of time needed to do this is longer than most
GIS users will accept. GIS is therefore divided into relatively small gas compartments of less than several
hundred kg. These small compartments may be connected with external bypass piping to create a larger
gas zone for density monitoring. The electrical functions of the GIS are all on a three-phase basis, so
there is no electrical reason not to connect the parallel phases of a single-phase enclosure type of GIS
into one gas zone for monitoring. Reasons for not connecting together many gas compartments into
large gas zones include a concern with a fault in one gas compartment causing contamination in adjacent
compartments and the greater amount of SF6 lost before a gas loss alarm. It is also easier to locate a leak
if the alarms correspond to small gas zones, but a larger gas zone will, for the same size leak, give more
time to add SF6 between the first alarm and second alarm. Each GIS manufacturer has a standard
approach to gas compartments and gas zones, but will, of course, modify the approach to satisfy the
concerns of individual GIS users.
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Electrical and Physical Arrangement

For any electrical one-line diagram there are usually several possible physical arrangements. The shape
of the site for the GIS and the nature of connecting lines and/or cables should be considered. Figure 5.15
compares a “natural” physical arrangement for a breaker and a half GIS with a “linear” arrangement.

Most GIS designs were developed initially for a double bus, single breaker arrangement (Fig. 5.2). This
widely used approach provides good reliability, simple operation, easy protective relaying, excellent
economy, and a small footprint. By integrating several functions into each GIS module, the cost of the
double bus, single breaker arrangement can be significantly reduced. An example is shown in Fig. 5.16.
Disconnect and ground switches are combined into a “three-position switch” and made a part of each
bus module connecting adjacent circuit breaker positions. The cable connection module includes the
cable termination, disconnect switches, ground switches, a VT, and surge arresters.

Grounding

The individual metal enclosure sections of the GIS modules are made electrically continuous either by
the flanged enclosure joint being a good electrical contact in itself or with external shunts bolted to the
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flanges or to grounding pads on the enclosure. While some early single-phase enclosure GIS were “single
point grounded” to prevent circulating currents from flowing in the enclosures, today the universal
practice is to use “multipoint grounding” even though this leads to some electrical losses in the enclosures
due to circulating currents. The three enclosures of a single-phase GIS should be bonded to each other
at the ends of the GIS to encourage circulating currents to flow. These circulating enclosure currents act
to cancel the magnetic field that would otherwise exist outside the enclosure due to the conductor current.
Three-phase enclosure GIS does not have circulating currents, but does have eddy currents in the
enclosure, and should also be multipoint grounded. With multipoint grounding and the resulting many
parallel paths for the current from an internal fault to flow to the substation ground grid, it is easy to
keep the touch and step voltages for a GIS to the safe levels prescribed in IEEE 80.

Testing

Test requirements for circuit breakers, CTs, VTs, and surge arresters are not specific for GIS and will not be
covered in detail here. Representative GIS assemblies having all of the parts of the GIS except for the circuit
breaker are design tested to show that the GIS can withstand the rated lightning impulse voltage, switching
impulse voltage, power frequency overvoltage, continuous current, and short-circuit current. Standards
specify the test levels and how the tests must be done. Production tests of the factory-assembled GIS
(including the circuit breaker) cover power frequency withstand voltage, conductor circuit resistance, leak
checks, operational checks, and CT polarity checks. Components such as support insulators, VTs, and CTs
are tested in accordance with the specific requirements for these items before assembly into the GIS. Field
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tests repeat the factory tests. The power frequency withstand voltage test is most important as a check of
the cleanliness of the inside of the GIS in regard to contaminating conducting particles, as explained in the
SF6 section above. Checking of interlocks is also very important. Other field tests may be done if the GIS
is a very critical part of the electric power system, when, for example, a surge voltage test may be requested.

Installation

The GIS is usually installed on a monolithic concrete pad or the floor of a building. It is most often
rigidly attached by bolting and/or welding the GIS support frames to embedded steel plates or beams.
Chemical drill anchors can also be used. Expansion drill anchors are not recommended because dynamic
loads may loosen expansion anchors when the circuit breaker operates. Large GIS installations may need
bus expansion joints between various sections of the GIS to adjust to the fit-up in the field and, in some
cases, provide for thermal expansion of the GIS. The GIS modules are shipped in the largest practical
assemblies. At the lower voltage level, two or more circuit breaker positions can be delivered fully
assembled. The physical assembly of the GIS modules to each other using the bolted flanged enclosure
joints and sliding conductor contacts goes very quickly. More time is used for evacuation of air from gas
compartments that have been opened, filling with SF6 gas, and control system wiring. The field tests are
then done. For a high voltage GIS shipped as many separate modules, installation and testing takes about
two weeks per circuit breaker position. Lower voltage systems shipped as complete bays, and mostly
factory-wired, can be installed more quickly.

Operation and Interlocks

Operation of a GIS in terms of providing monitoring, control, and protection of the power system as a
whole is the same as for an AIS except that internal faults are not self-clearing so reclosing should not
be used for faults internal to the GIS. Special care should be taken for disconnect and ground switch
operation because if these are opened with load current flowing, or closed into load or fault current, the
arcing between the switch moving and stationary contacts will usually cause a phase-to-phase fault in
three-phase enclosure GIS or to a phase-to-ground fault in single-phase enclosure GIS. The internal fault
will cause severe damage inside the GIS. A GIS switch cannot be as easily or quickly replaced as an AIS
switch. There will also be a pressure rise in the GIS gas compartment as the arc heats the gas. In extreme
cases, the internal arc will cause a rupture disk to operate or may even cause a burn-through of the
enclosure. The resulting release of hot, decomposed SF6 gas may cause serious injury to nearby personnel.
For both the sake of the GIS and the safety of personnel, secure interlocks are provided so that the circuit
breaker must be open before an associated disconnect switch can be opened or closed, and the disconnect
switch must be open before the associated ground switch can be closed or opened.

Maintenance

Experience has shown that the internal parts of GIS are so well protected inside the metal enclosure that
they do not age and as a result of proper material selection and lubricants, there is negligible wear of the
switch contacts. Only the circuit breaker arcing contacts and the teflon nozzle of the interrupter experience
wear proportional to the number of operations and the level of the load or fault currents being inter-
rupted. Good contact and nozzle materials combined with the short interrupting time of modern circuit
breakers provide, typically, for thousands of load current interruption operations and tens of full-rated
fault current interruptions before there is any need for inspection or replacement. Except for circuit
breakers in special use such as at a pumped storage plant, most circuit breakers will not be operated
enough to ever require internal inspection. So most GIS will not need to be opened for maintenance.
The external operating mechanisms and gas monitor systems should be visually inspected, with the
frequency of inspection determined by experience.

Economics of GIS

The equipment cost of GIS is naturally higher than that of AIS due to the grounded metal enclosure, the
provision of an LCC, and the high degree of factory assembly. A GIS is less expensive to install than an
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AIS. The site development costs for a GIS will be much lower than for an AIS because of the much
smaller area required for the GIS. The site development advantage of GIS increases as the system voltage
increases because high voltage AIS take very large areas because of the long insulating distances in
atmospheric air. Cost comparisons in the early days of GIS projected that, on a total installed cost basis,
GIS costs would equal AIS costs at 345 kV. For higher voltages, GIS was expected to cost less than AIS.
However, the cost of AIS has been reduced significantly by technical and manufacturing advances (espe-
cially for circuit breakers) over the last 30 years, but GIS equipment has not shown any cost reduction
until very recently. Therefore, although GIS has been a well-established technology for a long time, with
a proven high reliability and almost no need for maintenance, it is presently perceived as costing too
much and is only applicable in special cases where space is the most important factor.

Currently, GIS costs are being reduced by integrating functions as described in the arrangement section
above. As digital control systems become common in substations, the costly electromagnetic CTs and
VTs of a GIS will be replaced by less-expensive sensors such as optical VTs and Rogowski coil CTs. These
less-expensive sensors are also much smaller, reducing the size of the GIS and allowing more bays of GIS
to be shipped fully assembled. Installation and site development costs are correspondingly lower. The
GIS space advantage over AIS increases. GIS can now be considered for any new substation or the
expansion of an existing substation without enlarging the area for the substation.
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5.2 Air Insulated Substations — Bus/Switching Configurations

Michael J. Bio

Various factors affect the reliability of a substation or switchyard, one of which is the arrangement of the
buses and switching devices. In addition to reliability, arrangement of the buses/switching devices will
impact maintenance, protection, initial substation development, and cost.
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FIGURE 5.17 Single bus.

There are six types of substation bus/switching arrangements commonly used in air insulated substations:

Single bus

Double bus, double breaker

Main and transfer (inspection) bus
Double bus, single breaker

Ring bus

Breaker and a half

AN e

Single Bus (Fig. 5.17)

This arrangement involves one main bus with all circuits connected directly to the bus. The reliability
of this type of an arrangement is very low. When properly protected by relaying, a single failure to the
main bus or any circuit section between its circuit breaker and the main bus will cause an outage of the
entire system. In addition, maintenance of devices on this system requires the de-energizing of the line
connected to the device. Maintenance of the bus would require the outage of the total system, use of
standby generation, or switching, if available.

Since the single bus arrangement is low in reliability, it is not recommended for heavily loaded
substations or substations having a high availability requirement. Reliability of this arrangement can be
improved by the addition of a bus tiebreaker to minimize the effect of a main bus failure.

Double Bus, Double Breaker (Fig. 5.18)

This scheme provides a very high level of reliability by having two separate breakers available to each
circuit. In addition, with two separate buses, failure of a single bus will not impact either line. Maintenance
of a bus or a circuit breaker in this arrangement can be accomplished without interrupting either of the
circuits.

This arrangement allows various operating options as additional lines are added to the arrangement;
loading on the system can be shifted by connecting lines to only one bus.

A double bus, double breaker scheme is a high-cost arrangement, since each line has two breakers and
requires a larger area for the substation to accommodate the additional equipment. This is especially
true in a low profile configuration. The protection scheme is also more involved than a single bus scheme.

Main and Transfer Bus (Fig. 5.19)

This scheme is arranged with all circuits connected between a main (operating) bus and a transfer bus
(also referred to as an inspection bus). Some arrangements include a bus tie breaker that is connected
between both buses with no circuits connected to it. Since all circuits are connected to the single, main
bus, reliability of this system is not very high. However, with the transfer bus available during mainte-
nance, de-energizing of the circuit can be avoided. Some systems are operated with the transfer bus
normally de-energized.
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FIGURE 5.18 Double bus, double breaker.
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FIGURE 5.19 Main and transfer bus.

When maintenance work is necessary, the transfer bus is energized by either closing the tie breaker,
or when a tie breaker is not installed, closing the switches connected to the transfer bus. With these
switches closed, the breaker to be maintained can be opened along with its isolation switches. Then the
breaker is taken out of service. The circuit remaining in service will now be connected to both circuits
through the transfer bus. This way, both circuits remain energized during maintenance. Since each circuit
may have a different circuit configuration, special relay settings may be used when operating in this
abnormal arrangement. When a bus tie breaker is present, the bus tie breaker is the breaker used to
replace the breaker being maintained, and the other breaker is not connected to the transfer bus.

A shortcoming of this scheme is that if the main bus is taken out of service, even though the circuits
can remain energized through the transfer bus and its associated switches, there would be no relay
protection for the circuits. Depending on the system arrangement, this concern can be minimized through
the use of circuit protection devices (reclosure or fuses) on the lines outside the substation.
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FIGURE 5.20 Double bus, single breaker.

This arrangement is slightly more expensive than the single bus arrangement, but does provide more
flexibility during maintenance. Protection of this scheme is similar to that of the single bus arrangement.
The area required for a low profile substation with a main and transfer bus scheme is also greater than
that of the single bus, due to the additional switches and bus.

Double Bus, Single Breaker (Fig. 5.20)

This scheme has two main buses connected to each line circuit breaker and a bus tie breaker. Utilizing
the bus tie breaker in the closed position allows the transfer of line circuits from bus to bus by means
of the switches. This arrangement allows the operation of the circuits from either bus. In this arrangement,
a failure on one bus will not affect the other bus. However, a bus tie breaker failure will cause the outage
of the entire system.

Operating the bus tie breaker in the normally open position defeats the advantages of the two main
buses. It arranges the system into two single bus systems, which as described previously, has very low
reliability.

Relay protection for this scheme can be complex, depending on the system requirements, flexibility,
and needs. With two buses and a bus tie available, there is some ease in doing maintenance, but
maintenance on line breakers and switches would still require outside the substation switching to avoid
outages.

Ring Bus (Fig. 5.21)

In this scheme, as indicated by the name, all breakers are arranged in a ring with circuits tapped between
breakers. For a failure on a circuit, the two adjacent breakers will trip without affecting the rest of the
system. Similarly, a single bus failure will only affect the adjacent breakers and allow the rest of the system
to remain energized. However, a breaker failure or breakers that fail to trip will require adjacent breakers
to be tripped to isolate the fault.

Maintenance on a circuit breaker in this scheme can be accomplished without interrupting any circuit,
including the two circuits adjacent to the breaker being maintained. The breaker to be maintained is
taken out of service by tripping the breaker, then opening its isolation switches. Since the other breakers
adjacent to the breaker being maintained are in service, they will continue to supply the circuits.

In order to gain the highest reliability with a ring bus scheme, load and source circuits should be
alternated when connecting to the scheme. Arranging the scheme in this manner will minimize the
potential for the loss of the supply to the ring bus do to a breaker failure.
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FIGURE 5.21 Ring bus.

Relaying is more complex in this scheme than some previously identified. Since there is only one bus
in this scheme, the area required to develop this scheme is less than some of the previously discussed
schemes. However, expansion of a ring bus is limited, due to the practical arrangement of circuits.

Breaker-and-a-Half (Fig. 5.22)

The breaker-and-a-half scheme can be developed from a ring bus arrangement as the number of circuits
increase. In this scheme, each circuit is between two circuit breakers, and there are two main buses. The
failure of a circuit will trip the two adjacent breakers and not interrupt any other circuit. With the three
breaker arrangement for each bay, a center breaker failure will cause the loss of the two adjacent circuits.
However, a breaker failure of the breaker adjacent to the bus will only interrupt one circuit.

Maintenance of a breaker on this scheme can be performed without an outage to any circuit. Further-
more, either bus can be taken out of service with no interruption to the service.

This is one of the most reliable arrangements, and it can continue to be expanded as required. Relaying
is more involved than some schemes previously discussed. This scheme will require more area and is
costly due to the additional components.

FIGURE 5.22 Breaker-and-a-half.
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TABLE 5.1 Comparison of Configurations

Configuration Reliability Cost Available Area

Single bus Least reliable — single failure can cause Least cost (1.0) — fewer Least area — fewer
complete outage components components

Double bus Highly reliable — duplicated components; High cost (1.8) — Greater area — twice as

Main bus and
transfer

Double bus,
single breaker
Ring bus

Breaker-and-a-
half

single failure normally isolates single
component

Least reliable — same as Single bus, but
flexibility in operating and maintenance
with transfer bus

Moderately reliable — depends on
arrangement of components and bus

High reliability — single failure isolates
single component

Highly reliable — single circuit failure
isolates single circuit, bus failures do not
affect circuits

duplicated components

Moderate cost (1.76) —
fewer components

Moderate cost (1.78) —
more components

Moderate cost (1.56) —
more components

Moderate cost (1.57) —
breaker-and-a-half for
each circuit

many components

Low area requirement —
fewer components

Moderate area — more
components

Moderate area— increases
with number of circuits

Greater area — more
components per circuit

Note: The number shown in parenthesis is a per unit amount for comparison of configurations.

Comparison of Configurations

In planning an electrical substation or switchyard facility, one should consider major parameters as
discussed above: reliability, cost, and available area. Table 5.1 has been developed to provide specific items
for consideration.

In order to provide a complete evaluation of the configurations described, other circuit-related factors
should also be considered. The arrangement of circuits entering the facility should be incorporated in
the total scheme. This is especially true with the ring bus and breaker and a half schemes, since reliability
in these schemes can be improved by not locating source circuits or load circuits adjacent to each other.
Arrangement of the incoming circuits can add greatly to the cost and area required.

Second, the profile of the facility can add significant cost and area to the overall project. A high-profile
facility can incorporate multiple components on fewer structures. Each component in a low-profile layout
requires a single area, thus necessitating more area for an arrangement similar to a high-profile facility.

Therefore, a four-circuit, high-profile ring bus may require less area and be less expensive than a four-
circuit, low-profile main and transfer bus arrangement.

5.3 High Voltage Switching Equipment

David L. Harris

The design of the high voltage substation must include consideration for the safe operation and main-
tenance of the equipment. Switching equipment is used to provide isolation, no load switching, load
switching, and/or interruption of fault currents. The magnitude and duration of the load and fault
currents will be significant in the selection of the equipment used.

System operations and maintenance must also be considered when equipment is selected. One signif-
icant choice is the decision of single-phase or three-phase operation. High voltage power systems are
generally operated as a three-phase system, and the imbalance that will occur when operating equipment
in a single-phase mode, must be considered.

Ambient Conditions

Air-insulated high voltage electrical equipment is generally covered by standards based on assumed
ambient temperatures and altitudes. Ambient temperatures are generally rated over a range from —40°C to
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+40°C for equipment that is air-insulated and dependent on ambient cooling. Altitudes above 1000 meters
(3300 feet) may require derating.

At higher altitudes, air density decreases, hence the dielectric strength is also reduced and derating of
the equipment is recommended. Operating (strike distances) clearances must be increased to compensate
for the reduction in dielectric strength of the ambient air. Also, current ratings generally decrease at
higher elevations due to the decreased density of the ambient air, which is the cooling medium used for
dissipation of the heat generated by the load losses associated with load current levels.

Disconnect Switches

A disconnect switch is a mechanical device used to change connections within a circuit or isolate a circuit
from its power source, and are normally used to provide isolation of the substation equipment for
maintenance. Typically a disconnect switch would be installed on each side of a piece of equipment to
provide a visible confirmation that the power conductors have been opened for personnel safety. Once
the switches are placed in the open position, safety grounds can be attached to the de-energized equipment
for worker protection. Switches can be equipped with grounding blades to perform the safety grounding
function.

Disconnect switches are designed to continuously carry load currents and momentarily carry higher
capacity for short-circuit currents for a specified duration (typically specified in seconds). They are
designed for no load switching, opening or closing circuits where negligible currents are made or
interrupted, or when there is no significant voltage across the open terminals of the switch. They are
relatively slow-speed operating devices and therefore are not designed for arc interruption. Disconnect
switches are also installed to bypass breakers or other equipment for maintenance and can also be used
for bus sectionalizing. Interlocking equipment is available to prevent inadvertent operating sequence by
inhibiting operation of the disconnect switch operation until the fault and/or load currents have been
interrupted by the appropriate equipment.

Single-phase or three-phase operation is possible for some switches. Operating mechanisms are nor-
mally installed to permit operation of the disconnect switch by an operator standing at ground level.
The operating mechanisms provide a swing arm or gearing to permit operation with reasonable effort
by utility personnel. Motor operating mechanisms are also available and are applied when remote
switching is necessary.

Disconnect switch operation can be designed for vertical or horizontal operating of the switch blades.
Several configurations are frequently used for switch applications including:

* Vertical break

+ Double break switches
+ V switches

+ Center-break switches
+ Hook stick switches

* Vertical reach switches
+ Grounding switches

Phase spacing is usually adjusted to satisfy the spacing of the bus system installed in the substation.

Load Break Switches

A load break switch is a disconnect switch that has been designed to provide making or breaking of
specified currents. This is accomplished by addition of equipment that increases the operating speed of
the disconnect switch blade and the addition of some type of equipment to alter the arcing phenomena
and allow the safe interruption of the arc resulting when switching load currents.

Disconnect switches can be supplied with equipment to provide a limited load switching capability.
Arcing horns, whips, and spring actuators are typical at lower voltages. These switches are used to
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de-energize or energize a circuit that possesses some limited amount of magnetic or capacitive current,
such as transformer exciting current or line charging currents.

An air switch can be modified to include a series interrupter (typically vacuum or SF6) for higher
voltage and current interrupting levels. These interrupters increase the load break capability of the
disconnect switch and can be applied for switching load or fault currents of the associated equipment.

High Speed Grounding Switches

Automatic high-speed grounding switches are applied for protection of transformer banks when the cost
of supplying other protective equipment is too costly. The switches are generally actuated by discharging
a spring mechanism to provide the “high-speed” operation. The grounding switch operates to provide
a deliberate ground on the high voltage bus supplying the equipment (generally a transformer bank),
which is detected by protective relaying equipment remotely, and operates the transmission line breakers
at the remote end of the line supplying the transformer. This scheme also imposes a voltage interruption
to all other loads connected between the same remote breakers. A motor-operated disconnect switch is
frequently installed along with a relay system to sense bus voltage and allow operation of a motor-operated
disconnect switch when there is no voltage on the transmission line to provide automatic isolation of
the faulted bank, and allow reclosing operation of the remote breaker to restore service to the transmission
line.

The grounding switch scheme is dependent on the ability of the source transmission line relay pro-
tection scheme to recognize and clear the fault by opening the remote line circuit breaker. Clearing times
are necessarily longer since the fault levels are not normally within the levels appropriate for an instan-
taneous trip response. The lengthening of the trip time also imposes additional stress on the equipment
being protected and should be considered when selecting this method for bank protection. Grounding
switches are usually considered when relative fault levels are low so that there is not the risk of significant
damage to the equipment with the associated extended trip times.

Power Fuses

Power fuses are a generally accepted means of protecting power transformers in distribution substations.
The primary purpose of a power fuse is to provide interruption of permanent faults. Fusing is an
economical alternative to circuit switcher or circuit breaker protection. Fuse protection is generally limited
to voltages from 34.5 kV through 69 kV, but has been applied for protection of 115-kV and 138-kV
transformers.

To provide the greatest protective margin, it is necessary to use the smallest fuse rating possible. The
advantage of close fusing is the ability of the fuse unit to provide backup protection for some secondary
faults. For the common delta-wye connected transformer, a fusing ratio of 1.0 would provide backup
protection for a phase-to-ground fault as low as 230% of the secondary full-load rating. Fusing ratio is
defined as the ratio of the fuse rating to the transformer full load current rating. With low fusing ratios,
the fuse may also provide backup protection for line-to-ground faults remote to the substation on the
distribution network.

Fuse ratings also must consider parameters other than the full load current of the transformer being
protected. Coordination with other overcurrent devices, accommodation of peak overloadings, and severe
duty may require increased ratings of the fuse unit. The general purpose of the power transformer fuse
is to accommodate, not interrupt, peak loads. Fuse ratings must consider the possibility of nuisance trips
if the rating is selected too low for all possible operating conditions.

The concern of unbalanced voltages in a three-phase system must be considered when selecting fusing
for power transformer protection. The possibility of one or two fuses blowing must be reviewed. Unbal-
anced voltages can cause tank heating in three-phase transformers and overheating and damage to three-
phase motor loads. The potential for ferroresonance must be considered for some transformer configu-
rations when using fusing.
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Fuses are available in a number of tripping curves (standard, slow, and very slow) to provide coordi-
nation with other system protective equipment. Fuses are not voltage-critical; they may be applied at any
voltage equal to or greater than their rated voltage. Fuses may not require additional structures, and are
generally mounted on the incoming line structure, resulting in space savings in the substation layout.

Circuit Switchers

Circuit switchers have been developed to overcome some of the limitations of fusing for substation trans-
formers. They are designed to provide three-phase interruption (solving the unbalanced voltage consider-
ations) and provide protection for transient overvoltages and overloads at a competitive cost between the
costs of fuses and circuit breakers. Additionally, they can provide protection from transformer faults based
on differential, sudden pressure, and overcurrent relay schemes as well as critical operating constraints such
as low oil level, high oil or winding temperature, pressure relief device operation, and others.

Circuit switchers are designed and supplied as a combination of a circuit breaking interrupter and an
isolating disconnect switch. Later models have been designed with improved interrupters that have reduced
the number of gaps and eliminated the necessity of the disconnect switch blades in series with the
interrupter. Interrupters are now available in vertical or horizontal mounting configurations, with or
without an integral disconnect switch. Circuit switchers have been developed for applications involving
protection of power transformers, lines, capacitors, and line connected or tertiary connected shunt reactors.

Circuit switchers are an alternative to the application of circuit breakers for equipment protection.
Fault duties may be lower and interrupting times longer than a circuit breaker. Some previous designs
employed interrupters with multiple gaps and grading resistors and the integral disconnect switch as
standard. The disconnect switch was required to provide open-circuit isolation in some earlier models
of circuit switchers.

Circuit switchers originally were intended to be used for transformer primary protection. Advance-
ments in the interrupter design have resulted in additional circuit switcher applications, including:

+ Line and switching protection

+ Cable switching and protection

+ Single shunt capacitor bank switching and protection

+ Shunt reactor switching and protection (line connected or tertiary connected reactors)

Circuit Breakers

A circuit breaker is defined as “a mechanical switching device capable of making, carrying and breaking
currents under normal circuit conditions and also making, carrying and breaking for a specified time,
and breaking currents under specified abnormal circuit conditions such as a short circuit” (IEEE Std.
C37.100-1992).

Circuit breakers are generally classified according to the interrupting medium used to cool and elongate
the electrical arc permitting interruption. The types are:

* Air magnetic
+ Oil

+ Air blast

* Vacuum

+ SF6 gas

Air magnetic circuit breakers are limited to older switchgear and have generally been replaced by
vacuum or SF6 for switchgear applications. Vacuum is used for switchgear applications and some outdoor
breakers, generally 38 kV class and below. Air blast breakers, used for high voltages (=765 kV), are no
longer manufactured and have been replaced by breakers using SF6 technology.

Oil circuit breakers have been widely used in the utility industry in the past but have been replaced
by other breaker technologies for newer installations. Two designs exist — bulk oil (dead tank designs)
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dominant in the U.S.; and oil minimum breaker technology (live tank design). Bulk oil circuit breakers
were designed as single-tank or three-tank mechanisms; generally, at higher voltages, three-tank designs
were dominant. Oil circuit breakers were large and required significant foundations to support the weight
and impact loads occurring during operation. Environmental concerns forcing the necessity of oil
retention systems, maintenance costs, and the development of the SF6 gas circuit breaker have led to the
gradual replacement of the oil circuit breaker for new installations.

Oil circuit breaker development has been relatively static for many years. The design of the interrupter
employs the arc caused when the contacts are parted and the breaker starts to operate. The electrical arc
generates hydrogen gas due to the decomposition of the insulating mineral oil. The interrupter is designed
to use the gas as a cooling mechanism to cool the arc and to use the pressure to elongate the arc through
a grid (arc chutes), allowing extinguishing of the arc when the current passes through zero.

Vacuum circuit breakers use an interrupter that is a small cylinder enclosing the moving contacts
under a high vacuum. When the contacts part, an arc is formed from contact erosion. The arc products
are immediately forced to and deposited on a metallic shield surrounding the contacts. Without anything
to sustain the arg, it is quickly extinguished.

Vacuum circuit breakers are widely employed for metal-clad switchgear up to 38 kV class. The small
size of the breaker allows vertically stacked installations of breakers in a two-high configuration within
one vertical section of switchgear, permitting significant savings in space and material compared to earlier
designs employing air magnetic technology. When used in outdoor circuit breaker designs, the vacuum
cylinder is housed in a metal cabinet or oil-filled tank for dead tank construction popular in the U.S.
market.

Gas circuit breakers generally employ SF6 (sulfur hexaflouride) as an interrupting and sometimes as
an insulating medium. In “single puffer” mechanisms, the interrupter is designed to compress the gas
during the opening stroke and use the compressed gas as a transfer mechanism to cool the arc and to
elongate the arc through a grid (arc chutes), allowing extinguishing of the arc when the current passes
through zero. In other designs, the arc heats the SF6 gas and the resulting pressure is used for elongating
and interrupting the arc. Some older two-pressure SF6 breakers employed a pump to provide the high-
pressure SF6 gas for arc interruption.

Gas circuit breakers typically operate at pressures between six and seven atmospheres. The dielectric
strength of SF6 gas reduces significantly at lower pressures, normally as a result of lower ambient
temperatures. Monitoring of the density of the SF6 gas is critical and some designs will block operation
of the circuit breaker in the event of low gas density.

Circuit breakers are available as live-tank or dead-tank designs. Dead-tank designs put the interrupter
in a grounded metal enclosure. Interrupter maintenance is at ground level and seismic withstand is
improved versus the live-tank designs. Bushings are used for line and load connections which permit
installation of bushing current transformers for relaying and metering at a nominal cost. The dead-tank
breaker does require additional insulating oil or gas to provide the insulation between the interrupter
and the grounded tank enclosure.

Live-tank circuit breakers consist of an interrupter chamber that is mounted on insulators and is at
line potential. This approach allows a modular design as interrupters can be connected in series to operate
at higher voltage levels. Operation of the contacts is usually through an insulated operating rod or rotation
of a porcelain insulator assembly by an operator at ground level. This design minimizes the quantity of
oil or gas used for interrupting the arc as no additional quantity is required for insulation of a dead-tank
enclosure. The design also readily adapts to the addition of pre-insertion resistors or grading capacitors
when they are required. Seismic capability requires special consideration due to the high center of gravity
of the interrupting chamber assembly.

Interrupting times are usually quoted in cycles and are defined as the maximum possible delay between
energizing the trip circuit at rated control voltage and the interruption of the main contacts in all poles.
This applies to all currents from 25 to 100% of the rated short-circuit current.

Circuit breaker ratings must be examined closely. Voltage and interrupting ratings are stated at a
maximum operating voltage rating, i.e., 38 kV voltage rating for a breaker applied on a nominal 34.5-kV
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circuit. The breakers have an operating range designated as K factor per IEEE C37.06, (see Table 3 in the
document’s appendix). For a 72-kV breaker, the voltage range is 1.21, indicating that the breaker is capable
of its full interrupting rating down to a voltage of 60 kV.

Breaker ratings need to be checked for some specific applications. Applications requiring reclosing
operation should be reviewed to be sure that the duty cycle of the circuit breaker is not being exceeded.
Some applications for out-of-phase switching or back-to-back switching of capacitor banks also require
review and may require specific-duty circuit breakers to insure proper operation of the circuit breaker
during fault interruption.

GIS Substations

Advancements in the use of SF6 as an insulating and interrupting medium have resulted in the develop-
ment of gas insulated substations. Environmental and/or space limitations may require the consideration
of GIS (gas insulated substation) equipment. This equipment utilizes SF6 as an insulating and interrupting
medium and permits very compact installations.

Three-phase or single-phase bus configurations are normally available up to 145 kV class, and single-
phase bus to 500 kV and higher, and all equipment (disconnect/isolating switches, grounding switches,
circuit breakers, metering current, and potential transformers, etc.) are enclosed within an atmosphere
of SF6 insulating gas. The superior insulating properties of SF6 allow very compact installations.

GIS installations are also used in contaminated environments and as a means of deterring animal
intrusions. Although initial costs are higher than conventional substations, a smaller substation footprint
can offset the increased initial costs by reducing the land area necessary for the substation.

Environmental Concerns

Environmental concerns will have an impact on the siting, design, installation, maintenance, and oper-
ation of substation equipment.

Sound levels, continuous as well as momentary, can cause objections. The operation of a disconnect
switch, switching cables, or magnetizing currents of a transformer will result in an audible noise associated
with the arc interruption in air. Interrupters can be installed to mitigate this noise. Closing and tripping
of a circuit breaker will result in an audible momentary sound from the operating mechanism. Trans-
formers and other magnetic equipment will emit continuous audible noise.

Oil insulated circuit breakers and power transformers may require the installation of systems to contain
or control an accidental discharge of the insulating oil and prevent accidental migration beyond the
substation site. Lubricating oils and hydraulic fluids should also to be considered in the control/contain-
ment decision.
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5.4 High Voltage Power Electronics Substations

Gerhard Juette

Details on power electronics are provided in Chapter 15, whereas gas insulated and air insulated substa-
tions in general are covered in Sections 5.1 and 5.2 of this chapter. This section focuses on the specifics
of power electronics as applied in substations for power transmission purposes.

The dramatic development of power electronics in the past few decades made significant progress in
electric power transmission technology possible, resulting in special types of transmission substations.

The most important high voltage power electronics substations are frequency converters, above all for
High Voltage Direct Current (HVDC) transmission, and controllers for Flexible AC Transmission Systems
(FACTY), including electric energy storage, Static VAr Compensators (SVC), Static Compensator (STAT-
COM), Thyristor Controlled Series Compensation (TCSC), and the Unified Power Flow Controller
(UPFC). Detailed descriptions of these circuits can be found in Chapter 15, Power Electronics.

In addition to the conventional substation elements covered in Sections 5.1 and 5.2, high voltage power
electronic substations typically include harmonic filtering and reactive compensation equipment, as well as
the main power electronic equipment with its dedicated transformers, buildings, coolers, and auxiliaries.

Most high voltage power electronics substations are air insulated, although some use combinations of
air and gas insulation. Typically, passive filters and reactive compensation equipment are air insulated
and outdoors, while power and control electronics, active filters, and most communication and auxiliary
systems are air insulated, but indoors.

Basic community considerations, grounding, lightning protection, seismic, and fire protection con-
siderations also apply. In addition, high voltage power electronic substations may emit characteristic
electric and acoustic noise and may require extra fire protection.

The IEEE, CIGRE, and other international technical societies continue to develop technical standards,
disseminate information, and facilitate the exchange of know-how in this high-tech power engineering
field. Within the IEEE, the following group is concerned with high voltage power electronics substations:
Power Engineering Society (PES) — Substations Committee — High Voltage Power Electronics Stations
Subcommittee. The related Web page is: http://home.att.net/(gengmann/.

Types

The high voltage power electronic circuits covered here are frequency converters, with an emphasis on
HVDC and FACTS controllers, including recent developments.

Frequency Converters (HVDC)

Frequency converters transmit power between systems with different constant or variable frequencies. Some
examples are converters between variable speed machines and power grids, energy storage converters,
converters for railroad systems, and, most importantly, HVDC (High Voltage Direct Current transmission).
HVDC converters convert AC power to DC power and vice versa. They terminate DC transmission
lines and cables or form back-to-back asynchronous AC system couplings. When connected to DC
transmission lines, the converter voltages can be on the order of a million volts (500 kV) and power
ratings can reach thousands of megawatts. With back-to-back converters, where DC line economies are
not a consideration, the DC voltage and current are chosen so as to minimize converter cost. This choice
results in DC voltages up to and exceeding 100 kV at power ratings up to several hundred megawatts.
Most HVDC converters are line commutated Graetz bridge converters that require substantial AC
harmonic filtering and reactive compensation. Converters connected to DC lines have harmonic filters
on the DC side as well. Traditionally, passive filters which consist of capacitors, reactors, and resistors
have been used. Recently, self-commutated HVDC converters are being introduced (Torgerson et al.,
1997; Asplund, 1998; EPRI, 1998), as are active (electronic) AC and DC harmonic filters (Pereira, 1995;
Andersen, 1997), using GTO thyristors, IGBTs, and other devices with gate-turn-off capability.
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The AC system or systems to which a converter station is connected significantly impact the station’s
design in many ways. This is true for harmonic filters, reactive compensation devices, fault duties, and
insulation coordination. Weak AC systems (i.e., low short-circuit ratios), represent special challenges for
the design of HVDC converters (IEEE Std. 1204-1997). Some stations include temporary overvoltage
limiting devices, which consist of MOV arresters with forced cooling or fast switches (deLaneuville et al.,
1991).

Many converter stations, HVDC stations in particular, require DC voltage insulation coordination.
Internal equipment insulation, for example the insulation of transformers and bushings, must take the
DC voltage gradient distribution in solid and mixed dielectrics into account. Substation clearances and
creepage distances must have the proper dimensions. Standards for indoor and outdoor clearances and
creepage distances are currently being promulgated (CIGRE Working Group 33-05, 1984). DC electric
fields enhance the pollution of exposed surfaces. This pollution, particularly in combination with water,
can adversely influence the conductivity, voltage distribution, and withstand capability of insulating
surfaces. Therefore, it is especially important with converter stations to apply either grease, special
compounds, and/or booster sheds, and to engage in adequate cleaning practices. Insulation problems
with extra high voltage DC bushings continue to be a matter of concern and study (Schneider et al.,
1991; Porrino et al., 1995).

A specific issue with DC transmission is the use of ground return. Used during contingencies, ground
(and/or sea) return can increase the economy and availability of long distance HVDC transmission. The
necessary electrodes are usually located at some distance from the station, with a neutral line that leads
to them. The related neutral buswork, switching devices, and protection systems form part of the station.
Electrode design depends on the local soil or water conditions (Tykeson et al., 1996; Holt et al., 1997).
The National Electric Safety Code (NESC) does not allow the use of ground as the sole conductor.
Monopolar HVDC operation is permitted only under emergencies and for a limited time. The IEEE-PES
is working toward the introduction of changes to the code to better meet the needs of HVDC transmission
while addressing potential side effects to other systems.

Disconnect switches are the only mechanical switching devices on the DC side of a typical HVDC
converter station. No true DC breakers exist and DC fault currents are best and fastest interrupted by
the converters themselves. Mechanical breaker systems with limited DC current interrupting capability
have been developed (Vithayathil et al., 1985). They include commutation circuits, i.e., parallel L/C
resonance circuits that create current zeroes across the breaker contacts. So far, only experimental “DC
breakers” have ever been installed in actual HVDC stations.

Figures 5.23 through 5.26 show photos of different converter stations. The station shown in Fig. 5.23
is one of several asynchronous links between the western and eastern North American power grids. In
the photo, one can recognize the control building (next to the communication tower), the valve hall
attached to it, the converter transformers on both sides, the AC filter circuits (near the center line), as
well as the AC buses (at the outer left and right) with major reactive power compensation and TOV
suppression equipment which was used in this low-short-circuit-ratio installation. The valve groups
shown in Fig. 5.24 are arranged back-to-back, i.e., across the aisle in the same room. Fig. 5.25 shows a
500 kV long-distance HVDC valve hall, with the valves suspended from the ceiling to withstand major
seismic events. The converter station shown in Fig. 5.26 is the south terminal of the Nelson River + 500 kV
HVDC transmission sytem in Manitoba, Canada. It consists of two bipoles completed in 1973 and 1985.
The DC yard and line connections are on the left side, while the 230 kV AC yard with harmonic filters
and converter transformers is on the right side of the picture. In total, the station is rated 3670 MW.

FACTS Controllers

Different types of FACTS controllers and the theory underlying their function are covered in Chapter 15,
Power Electronics. Typical ratings of these controllers range from about thirty to several hundred MVA.
Normally, FACTS controllers are an integral part of AC substations. Like HVDC, they require controls,
cooling systems, harmonic filters, fixed capacitors, transformers, and building facilities.
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FIGURE5.23 200 MW HVDC back-to-back converter station, at Sidney, Nebraska. (Photo courtesy Siemens.)

Static VAr Compensators (SVC) have been used successfully for many years, either for load (flicker)
compensation of large industrial loads, or for transmission compensation in utility systems. Harmonic
filter and capacitor banks, as well as (normally air core) reactors, step down transformers, a building,
breakers and disconnect switches on the high voltage side, and heavy duty busbars on the medium voltage
side characterize most SVC stations. The power electronic (thyristor) controllers can have air or liquid
cooling. A new type of controlled shunt compensator, called STATCOM, uses voltage source inverters
(Schander et al., 1995). STATCOM requires fewer harmonic filters and capacitors than an SVC, and no
reactors at all. This fact makes the footprint of a STATCOM station significantly more compact than that
of a conventional SVC.

Thyristor Controlled Series Capacitors (TCSC) (Piwko et al., 1994; Montoya et al., 1990) involve
insulated platforms at phase potential, with weatherproof valve housings, as well as communication links
between platform and ground. Liquid cooling requires ground-to-platform pipes made of insulating
material. Auxiliary platform power, where needed, is extracted from the line current via CTs. As most
conventional SCs, TCSCs are typically integrated into existing substations. Upgrading an existing SC to
TCSC is generally possible.

While SVC and STATCOM controllers are shunt devices, and TCSC are series devices, the UPFC
(Unified Power Flow Controller) is a combination of both (Mehraban etal., 1996). It uses a shunt
connected transformer and a transformer with series connected line windings, both of which are inter-
connected to a DC capacitor via related power electronic circuits in the control building. The newest
FACTS station project (Fardanesh et al., 1998) involves similar shunt and series elements as the UPFC,
and can be reconfigured to meet changing system requirements.

The ease with which FACTS stations can be reconfigured or even relocated, may be important and
can influence the substation design (Renz et al., 1994; Knight et al., 1998). Changes in generation and
load patterns may make such flexibility desirable.

Figures 5.27 through 5.31 are photos of FACTS substations. In Fig. 5.27, one can distinguish the 500-kV
feeder (on the left side), the transformers (three single-phase units plus one spare), the medium voltage
bus work and three Thyristor Switched Capacitor (TSC) banks, as well as the building which houses the
thyristor switches and controls. The SVC shown in Fig. 5.28 is also connected to 500 kV. It uses Thyristor
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FIGURE 5.24 600 MW HVDC back-to-back converter valves. (Photo courtesy Siemens.)

Controlled Reactors (TCRs) and TSCs, which are visible together with the 11 kV high current buswork
behind the building. The harmonic filters are before the building and are not visible in the photo.
Figure 5.29 shows the three 500-kV platforms of one of the world’s first commercial TCSC installations
in Brazil. The platform-mounted valve housings are clearly visible. Figure 5.30 shows an SVC being
relocated. The controls and valves are in container-like e-houses, which allow for faster relocation.
Figure 5.31 is a photo of the world’s first Unified Power Flow Controller (UPFC) connected to AEP’s
“Inez” 138-kV substation in eastern Kentucky, U.S. The main components are identified and clearly visible.

Control

HVDC and FACTS controllers allow steady-state, quasi-steady-state, dynamic, and transient control
actions and they provide important equipment and system protection functions. Fault monitoring and
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FIGURE 5.26 Dorsey Terminal of the Nelson River HVDC transmission system. (Photo courtesy Manitoba Hydro.)

sequence of event recording equipment are used in most power electronics stations. Typically, these
stations are remotely controlled and offer full local controllability. Man-machine interfaces are often
highly computerized, with extensive supervision and control being exercised via monitor and keyboard.
All of these functions add to the basic substation secondary systems described in Section 5.4.
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FIGURE5.27 500 kV, 400 MVAr SVC at Adelanto, California. (Photo courtesy Siemens.)

FIGURE 5.28 500 kV, 400 MVAr SVC Chinu, 1.S.A., Colombia. (Photo courtesy Siemens.)

One of the most complex control algorithms applies to HVDC converters. Real power, reactive power,
AC bus frequency and voltage, start-up and shut-down sequences, contingency and fault recovery
sequences, remedial action schemes, modulation schemes for system oscillation and SSR damping, and
loss of communication are some of the applicable control parameters and conditions. Special v/i control
characteristics are used for converters in multi-terminal HVDC systems to allow their safe operation
even under a loss of inter-station communication. Furthermore, HVDC controls provide equipment and
system protection, such as thyristor overcurrent, thyristor temperature, and DC line fault protection.
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6.1 Power System Loads

Raymond R. Shoults and Larry D. Swift

The physical structure of most power systems consists of generation facilities feeding bulk power into a
high-voltage bulk transmission network, that in turn serves any number of distribution substations. A
typical distribution substation will serve from one to as many as ten feeder circuits. A typical feeder
circuit may serve numerous loads of all types. A light to medium industrial customer may take service
from the distribution feeder circuit primary, while a large industrial load complex may take service
directly from the bulk transmission system. All other customers, including residential and commercial,
are typically served from the secondary of distribution transformers that are in turn connected to a
distribution feeder circuit. Figure 6.1 illustrates a representative portion of a typical configuration.

Load Classification

The most common classification of electrical loads follows the billing categories used by the utility
companies. This classification includes residential, commercial, industrial, and other. Residential cus-
tomers are domestic users, whereas commercial and industrial customers are obviously business and
industrial users. Other customer classifications include municipalities, state and federal government
agencies, electric cooperatives, educational institutions, etc.

Although these load classes are commonly used, they are often inadequately defined for certain types
of power system studies. For example, some utilities meter apartments as individual residential customers,
while others meter the entire apartment complex as a commercial customer. Thus, the common classi-
fications overlap in the sense that characteristics of customers in one class are not unique to that class.
For this reason some utilities define further subdivisions of the common classes.

A useful approach to classification of loads is by breaking down the broader classes into individual
load components. This process may altogether eliminate the distinction of certain of the broader classes,
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FIGURE 6.1 Representative portion of a typical power system configuration.

but it is a tried and proven technique for many applications. The components of a particular load, be it
residential, commercial, or industrial, are individually defined and modeled. These load components as
a whole constitute the composite load and can be defined as a “load window.”

Modeling Applications

It is helpful to understand the applications of load modeling before discussing particular load charac-
teristics. The applications are divided into two broad categories: static (“snap-shot” with respect to time)
and dynamic (time varying). Static models are based on the steady-state method of representation in
power flow networks. Thus, static load models represent load as a function of voltage magnitude. Dynamic
models, on the other hand, involve an alternating solution sequence between a time-domain solution of
the differential equations describing electromechanical behavior and a steady-state power flow solution
based on the method of phasors. One of the important outcomes from the solution of dynamic models
is the time variation of frequency. Therefore, it is altogether appropriate to include a component in the
static load model that represents variation of load with frequency. The lists below include applications
outside of Distribution Systems but are included because load modeling at the distribution level is the
fundamental starting point.

Static applications: Models that incorporate only the voltage-dependent characteristic include the
following.

+ Power flow (PF)
+ Distribution power flow (DPF)
+ Harmonic power flow (HPF)
+ Transmission power flow (TPF)
+ Voltage stability (VS)

Dynamic applications: Models that incorporate both the voltage- and frequency-dependent charac-
teristics include the following.

+ Transient stability (TS)
+ Dynamic stability (DS)
+ Operator training simulators (OTS)
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Strictly power-flow based solutions utilize load models that include only voltage dependency charac-
teristics. Both voltage and frequency dependency characteristics can be incorporated in load modeling for
those hybrid methods that alternate between a time-domain solution and a power flow solution, such as
found in Transient Stability and Dynamic Stability Analysis Programs, and Operator Training Simulators.

Load modeling in this section is confined to static representation of voltage and frequency dependen-
cies. The effects of rotational inertia (electromechanical dynamics) for large rotating machines are
discussed in Chapters 11 and 12. Static models are justified on the basis that the transient time response
of most composite loads to voltage and frequency changes is fast enough so that a steady-state response
is reached very quickly.

Load Modeling Concepts and Approaches

There are essentially two approaches to load modeling: component based and measurement based. Load
modeling research over the years has included both approaches (EPRI, 1981; 1984; 1985). Of the two,
the component-based approach lends itself more readily to model generalization. It is generally easier to
control test procedures and apply wide variations in test voltage and frequency on individual components.

The component-based approach is a “bottom-up” approach in that the different load component types
comprising load are identified. Each load component type is tested to determine the relationship between
real and reactive power requirements versus applied voltage and frequency. A load model, typically in
polynomial or exponential form, is then developed from the respective test data. The range of validity
of each model is directly related to the range over which the component was tested. For convenience,
the load model is expressed on a per-unit basis (i.e., normalized with respect to rated power, rated voltage,
rated frequency, rated torque if applicable, and base temperature if applicable). A composite load is
approximated by combining appropriate load model types in certain proportions based on load survey
information. The resulting composition is referred to as a “load window.”

The measurement approach is a “top-down” approach in that measurements are taken at either a
substation level, feeder level, some load aggregation point along a feeder, or at some individual load
point. Variation of frequency for this type of measurement is not usually performed unless special test
arrangements can be made. Voltage is varied using a suitable means and the measured real and reactive
power consumption recorded. Statistical methods are then used to determine load models. A load survey
may be necessary to classify the models derived in this manner. The range of validity for this approach
is directly related to the realistic range over which the tests can be conducted without damage to
customers’ equipment. Both the component and measurement methods were used in the EPRI research
projects EL-2036 (1981) and EL-3591 (1984-85). The component test method was used to characterize
a number of individual load components that were in turn used in simulation studies. The measurement
method was applied to an aggregate of actual loads along a portion of a feeder to verify and validate the
component method.

Load Characteristics and Models

Static load models for a number of typical load components appear in Tables 6.1 and 6.2 (EPRI 1984-85).
The models for each component category were derived by computing a weighted composite from test
results of two or more units per category. These component models express per-unit real power and
reactive power as a function of per-unit incremental voltage and/or incremental temperature and/or per-
unit incremental torque. The incremental form used and the corresponding definition of variables are
outlined below:

AV =V, — 1.0 (incremental voltage in per unit)

AT =T, — 95°F (incremental temperature for Air Conditioner model)
=T, — 47°F (incremental temperature for Heat Pump model)

At =1 Taed (Incremental motor torque, per unit)

act
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If ambient temperature is known, it can be used in the applicable models. If it is not known, the

temperature difference, AT, can be set to zero. Likewise, if motor load torque is known, it can be used
in the applicable models. If it is not known, the torque difference, A, can be set to zero.

Based on the test results of load components and the developed real and reactive power models as
presented in these tables, the following comments on the reactive power models are important.

The reactive power models vary significantly from manufacturer to manufacturer for the same
component. For instance, four load models of single-phase central air-conditioners show a Q/P
ratio that varies between 0 and 0.5 at 1.0 p.u. voltage. When the voltage changes, the AQ/AV of
each unit is quite different. This situation is also true for all other components, such as refrigerators,
freezers, fluorescent lights, etc.

It has been observed that the reactive power characteristic of fluorescent lights not only varies
from manufacturer to manufacturer, from old to new, from long tube to short tube, but also varies
from capacitive to inductive depending upon applied voltage and frequency. This variation makes
it difficult to obtain a good representation of the reactive power of a composite system and also
makes it difficult to estimate the AQ/AV characteristic of a composite system.

The relationship between reactive power and voltage is more non-linear than the relationship
between real power and voltage, making Q more difficult to estimate than P.

For some of the equipment or appliances, the amount of Q required at the nominal operating
voltage is very small; but when the voltage changes, the change in Q with respect to the base Q
can be very large.

Many distribution systems have switchable capacitor banks either at the substations or along
feeders. The composite Q characteristic of a distribution feeder is affected by the switching strategy
used in these banks.

Static Load Characteristics

The component models appearing in Tables 6.1 and 6.2 can be combined and synthesized to create other

more convenient models. These convenient models fall into two basic forms: exponential and polynomial.

Exponential Models

The exponential form for both real and reactive power is expressed in Egs. (6.1) and (6.2) below as a
function of voltage and frequency, relative to initial conditions or base values. Note that neither temper-
ature nor torque appear in these forms. Assumptions must be made about temperature and/or torque

values when synthesizing from component models to these exponential model forms.
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The per-unit models of Egs. (6.1) and (6.2) are as follows.
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-
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TABLE 6.1 Static Models of Typical Load Components — AC, Heat Pump, and Appliances

Load Component

Static Component Model

1-¢ Central Air Conditioner

3-¢ Central Air Conditioner

Room Air Conditioner (115V
Rating)

Room Air Conditioner
(208/230V Rating)

3-¢0 Heat Pump (Heating Mode)

3-¢ Heat Pump (Cooling Mode)

1-¢ Heat Pump (Heating Mode)

1-¢ Heat Pump (Cooling Mode)

Refrigerator

Freezer

Washing Machine

Clothes Dryer

Television

Fluorescent Lamp

Mercury Vapor Lamp

Sodium Vapor Lamp

Incandescent

Range with Oven

Microwave Oven

Water Heater

P =1.0 + 0.4311*AV + 0.9507*AT + 2.070*AV? + 2.388*AT? — 0.900*AV*AT

Q =0.3152 + 0.6636*AV + 0.543*AV? + 5.422*AV? + 0.839*AT? — 1.455*AV*AT
P =10 + 0.2693*AV + 0.4879*AT + 1.005*AV? — 0.188*AT? — 0.154*AV*AT

Q = 0.6957 + 2.3717*AV + 0.0585*AT + 5.81*AV? + 0.199*AT? — 0.597*AV*AT
P =1.0 + 0.2876*AV + 0.6876*AT + 1.241*AV? + 0.089*AT? — 0.558*AV*AT

Q =0.1485 + 0.3709*AV + 1.5773*AT + 1.286*AV? + 0.266*AT? — 0.438*AV*AT
P = 1.0 + 0.5953*AV + 0.5601*AT + 2.021*AV? + 0.145*AT? — 0.491*AV*AT

Q = 0.4968 + 2.4456*AV + 0.0737*AT + 8.604*AV? — 0.125*AT? — 1.293*AV*AT
P =10 + 0.4539*AV + 0.2860*AT + 1.314¥AV? — 0.024*AV*AT

Q =0.9399 + 3.013*AV — 0.1501*AT + 7.460*AV? — 0.312*AT? — 0.216¥AV*AT
= 1.0 + 0.2333*AV + 0.5915*AT + 1.362*AV? + 0.075*AT? — 0.093*AV*AT

= 0.8456 + 2.3404*AV — 0.1806*AT + 6.896*AV? + 0.029*AT? — 0.836*AV*AT
= 1.0 + 0.3953*AV + 0.3563*AT + 1.679*AV? + 0.083*AV*AT

=0.3427 + 1.9522*AV - 0.0958*AT + 6.458*AV? — 0.225*AT? — 0.246*AV*AT
=1.0 + 0.3630%AV + 0.7673*AT + 2.101*AV? + 0.122*AT? — 0.759*AV*AT
=0.3605 + 1.6873*AV + 0.2175*AT + 10.055*AV? — 0.170*AT? — 1.642*AV*AT
= 1.0 + 1.3958%AV + 9.881*AV?2 + 84.72*AV3 + 293*AV*

= 1.2507 + 4.387*AV + 23.801*AV? + 1540*AV3 + 555*AV*

= 1.0+ 1.3286*AV + 12.616*AV? + 133.6¥AV?> + 380*AV*

= 1.3810 + 4.6702*AV + 27.276*AV? + 293.0*AV? + 995*AV*

= 1.0+1.2786*AV+3.099*AV2+5.939*AV?

= 1.6388 + 4.5733*AV + 12.948%¥AV?+55.677*AV?

1.0 — 0.1968*AV — 3.6372*AV? — 28.32%AV3

Q =0.209 + 0.5180*AV + 0.363*AV? — 4.7574*AV?

P =1.0 + 1.2471*AV + 0.562*AV?

Q =0.2431 + 0.9830*AV + 1.647*AV?

P =1.0 + 0.6534*AV — 1.65*AV?

Q =-10.1535 — 0.0403*AV + 2.734*AV?

P =1.0 + 0.1309*AV + 0.504*AV?

Q =-10.2524 + 2.3329*AV + 7.811*AV?

P = 1.0 + 0.3409*AV -2.389*AV?

Q =0.060 + 2.2173*AV + 7.620* AV?

P =1.0 + 1.5209*AV + 0.223*AV?

Q=0.0

P =10 + 2.1018*AV + 5.876*AV? + 1.236*AV?

Q=00

P = 1.0 + 0.0974*AV + 2.071*AV?

Q =0.2039 + 1.3130*AV + 8.738*AV?

P =10 + 0.3769*AV + 2.003*AV?

TOTMOTOTOYOTO T

Q=00
Resistance Heating P =1.0 + 2*AV + AV?
Q=00
By Br
Q_Q,|V f
Q,=—=—2|— — (6.4)

PO PO VO fO

The ratio Q,/P, can be expressed as a function of power factor (pf) where + indicates a lagging/leading

power factor, respectively.
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TABLE 6.2 Static Models of Typical Load Components — Transformers and Induction Motors

Load Component Static Component Model

Transformer .
Core Loss Model = M [O.OOZ67VZ £0.73 %107 x 613.5\’2]

KVA (system base)

= M [O.OOI67V2 +0.268 x 107" x ez”(“’z]

KVA (system base)

where V is voltage magnitude in per unit
1-¢ Motor P =1.0 + 0.5179*AV + 0.9122*At + 3.721*AV? + 0.350%A1? — 1.326*AV*At
Constant Torque Q =0.9853 + 2.7796*AV + 0.0859*At +7.368*AV? + 0.218*A1? — 1.799*AV*At
3-¢ Motor (I-10HP) P = 1.0 + 0.2250*AV + 0.9281*AT + 0.970*AV? + 0. 086*At? — 0.329*AV*AT
Const. Torque Q =0.7810 + 2.3532%AV + 0.1023*AT — 5.951*AV? + 0.446*AT? — 1.48*AV*AT
3-¢ Motor (10HP/Above) P =1.0 + 0.0199*AV + 1.0463*At + 0.341*AV? + 0.116*A1? — 0.457*AV*At
Const. Torque Q = 0.6577 + 1.2078%AV + 0.3391*AT + 4. 097*AV? + 0.289At? — 1.477*AV*At
1-¢ Motor P =1.0 + 0.7101*AV + 0.9073*At + 2.13*AV? + 0.245*A1?> — 0.310*AV*At
Variable Torque Q =0.9727 + 2.7621*AV + 0.077*At + 6.432*AV? + 0.174*AT? — 1.412*AV*At
3-¢ Motor (I-10HP) P =1.0 + 0.3122*AV + 0.9286*At + 0.489*AV? + 0.081*A1? — 0.079*AV*At
Variable Torque Q =0.7785 + 2.3648*AV + 0.1025%AT + 5.706*AV? + 0.13*A1?> — 1.00*AV*At
3-¢ Motor (10HP & Above) P =1.0 + 0.1628*AV + 1.0514*At £ 0.099*AV? + 0.107*AT? + 0.061*AV*At
Variable Torque Q = 0.6569 + 1.2467*AV + 0.3354%AT + 3.685*AV? + 0.258*A1? — 1.235*AV*AT

After substituting R for Q,/P,, Eq. (6.4) becomes the following.

By Be
\Y% f
=R|— — 6.5
Q=R | | (6.5)

Egs. (6.1) and (6.2) [or (6.3) and (6.5)] are valid over the voltage and frequency ranges associated
with tests conducted on the individual components from which these exponential models are derived.
These ranges are typically £10% for voltage and £2.5% for frequency. The accuracy of these models
outside the test range is uncertain. However, one important factor to note is that in the extreme case of
voltage approaching zero, both P and Q approach zero.

EPRI-sponsored research resulted in model parameters such as found in Table 6.3 (EPRI, 1987; Price
et al.,, 1988). Eleven model parameters appear in this table, of which the exponents o0 and B and the
power factor (pf) relate directly to Egs. (6.3) and (6.5). The first six parameters relate to general load
models, some of which include motors, and the remaining five parameters relate to nonmotor loads —
typically resistive type loads. The first is load power factor (pf). Next in order (from left to right) are the
exponents for the voltage (o, o) and frequency (B,, B;) dependencies associated with real and reactive
power, respectively. N is the motor-load portion of the load. For example, both a refrigerator and a
) and voltage (0> Ogm) and
frequency (B,m»> Brm) parameters for the nonmotor portion of the load. Since the refrigerator and freezer
are 80% motor loads (i.e., N, = 0.8), the nonmotor portion of the load must be 20%.

freezer are 80% motor load. Next in order are the power factor (pf,

nm

Polynomial Models

A polynomial form is often used in a Transient Stability program. The voltage dependency portion of
the model is typically second order. If the nonlinear nature with respect to voltage is significant, the order
can be increased. The frequency portion is assumed to be first order. This model is expressed as follows.

2
P=P |a_+a, vl +a, Vi [1+D, Af] (6.6)
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TABLE 6.3 Parameters for Voltage and Frequency Dependencies of Static Loads

Component/Parameters pf o, o B, B¢ N, Pl O%am O%m Bum  Bim
Resistance Space Heater 1.0 2.0 0.0 0.0 0.0 0.0 — — — — —
Heat Pump Space Heater ~ 0.84 0.2 09 25 -1.3 09 1.0 2.0 0.0 0.0 0.0
Heat Pump/Central A/C 0.81 0.2 09 25 -2.7 1.0 — — — — —
Room Air Conditioner 075 0.5 0.6 25 -2.8 1.0 — — — — —
Water Heater & Range 1.0 2.0 0.0 0.0 0.0 0.0 — — — — —
Refrigerator & Freezer 0.84 0.8 05 25 -14 038 1.0 2.0 0.0 0.0 0.0
Dish Washer 099 1.8 0.0 35 -14 08 1.0 2.0 0.0 0.0 0.0
Clothes Washer 0.65 0.08 29 1.6 1.8 1.0 — — — — —
Incandescent Lighting 1.0 1.54 0.0 0.0 0.0 0.0 — — — — —
Clothes Dryer 099 2.0 0.0 3.3 -2.6 0.2 1.0 2.0 0.0 0.0 0.0
Colored Television 0.77 2.0 0.0 52 -4.6 0.0 — — — — —
Furnace Fan 0.73  0.08 29 1.6 1.8 1.0 — — — — —
Commercial Heat Pump 0.84 0.1 1.0 25 -1.3 09 1.0 2.0 0.0 0.0 0.0
Heat Pump Comm. A/C 0.81 0.1 1.0 25 -1.3 1.0 — — — — —
Commercial Central A/C  0.75 0.1 1.0 25 -1.3 1.0 — — — — —
Commercial Room A/C 0.75 0.5 0.6 25 -28 1.0 — — — — —
Fluorescent Lighting 090 0.08 1.0 3.0 -2.8 0.0 — — — — —
Pump, Fan, (Motors) 0.87  0.08 29 1.6 1.8 1.0 — — — — —
Electrolysis 090 1.8 -0.3 22 0.6 0.0 — — — — —
Arc Furnace 0.72 23 -1.0 161 -1.0 0.0 — — — — —
Small Industrial Motors 0.83 0.1 29 0.6 -1.8 1.0 — — — — —
Industrial Motors Large 0.89  0.05 1.9 05 1.2 1.0 — — — — —
Agricultural H,O Pumps ~ 0.85 1.4 56 14 42 1.0 — — — — —
Power Plant Auxiliaries 0.80  0.08 29 1.6 1.8 1.0 — — — — —
2
Q=Q,[b, +b,| = |[+b,[ | [[1+D, af] (6.7)
A% \Y% q
o o

where a, +a,+a,=1
b,+b;+b,=1
D, = real power frequency damping coefficient, per unit

D, = reactive power frequency damping coefficient, per unit

Af = frequency deviation from scheduled value, per unit

The per-unit form of Egs. (6.6) and (6.7) is the following.

2
p v v
B= o =a el ol [1+DpAf] (6.8)
Q_Q v vY
Q,=p =7 b, +b, v +b, v [1+D, Af] (6.9)

Combined Exponential and Polynomial Models

The two previous kinds of models may be combined to form a synthesized static model that offers greater
flexibility in representing various load characteristics (EPRI, 1987; Price et al., 1988). The mathematical
expressions for these per-unit models are the following.
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P +P  +P

p —_rpoly el T Tep2 6.10

u PU ( )

Q =only+Qexpl+QeXPZ (611)
u P0

where
% v Y

PPUI)'=aO+a1(\]O)+a3[\/0] (6.12)
v "

pexpl=a4(v()] [1+DplAf] (6.13)
v )"

pexﬂ:a{VO] [1+Dp2Af] (6.14)

The expressions for the reactive components have similar structures. Devices used for reactive power
compensation are modeled separately.

The flexibility of the component models given here is sufficient to cover most modeling needs.
Whenever possible, it is prudent to compare the computer model to measured data for the load.

Table 6.4 provides typical values for the frequency damping characteristic, D, that appears in Egs. (6.6)
through (6.9), (6.13), and (6.14) (EPRI, 1979). Note that nearly all of the damping coefficients for reactive
power are negative. This means that as frequency declines, more reactive power is required which can
cause an exacerbating effect for low-voltage conditions.

Comparison of Exponential and Polynomial Models

Both models provide good representation around rated or nominal voltage. The accuracy of the expo-
nential form deteriorates when voltage significantly exceeds its nominal value, particularly with exponents
(o) greater than 1.0. The accuracy of the polynomial form deteriorates when the voltage falls significantly
below its nominal value when the coefficient a, is non zero. A nonzero a, coefficient represents some
portion of the load as constant power. A scheme often used in practice is to use the polynomial form,
but switch to the exponential form when the voltage falls below a predetermined value.

TABLE 6.4 Static Load Frequency Damping Characteristics

Frequency Parameters

Component D, D,
Three-Phase Central AC 1.09818 —0.663828
Single-Phase Central AC 0.994208 —0.307989
Window AC 0.702912 —1.89188
Duct Heater w/blowers 0.528878 —0.140006
Water Heater, Electric Cooking 0.0 0.0
Clothes Dryer 0.0 —0.311885
Refrigerator, Ice Machine 0.664158 —1.10252
Incandescent Lights 0.0 0.0
Florescent Lights 0.887964 —-1.16844
Induction Motor Loads 1.6 -0.6
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Devices Contributing to Modeling Difficulties

Some load components have time-dependent characteristics that must be considered if a sequence of
studies using static models is performed that represents load changing over time. Examples of such a
study include Voltage Stability and Transient Stability. The devices that affect load modeling by contrib-
uting abrupt changes in load over periods of time are listed below.

Protective Relays — Protective relays are notoriously difficult to model. The entire load of a substation
can be tripped off line or the load on one of its distribution feeders can be tripped off line as a result of
protective relay operations. At the utilization level, motors on air conditioner units and motors in many
other residential, commercial, and industrial applications contain thermal and/or over-current relays
whose operational behavior is difficult to predict.

Thermostatically Controlled Loads — Air conditioning units, space heaters, water heaters, refriger-
ators, and freezers are all controlled by thermostatic devices. The effects of such devices are especially
troublesome to model when a distribution load is reenergized after an extended outage (cold-load
pickup). The effect of such devices to cold-load pickup characteristics can be significant.

Voltage Regulation Devices — Voltage regulators, voltage controlled capacitor banks, and automatic
LTCs on transformers exhibit time-dependent effects. These devices are present at both the bulk power
and distribution system levels.

Discharge Lamps (Mercury Vapor, Sodium Vapor, and Fluorescent Lamps) — These devices exhibit
time-dependent characteristics upon restart, after being extinguished by a low-voltage condition —
usually about 70% to 80% of rated voltage.

Load Window Modeling

The static load models found in Tables 6.1 and 6.2 can be used to define a composite load referred to as
the “load window” mentioned earlier. In this scheme, a distribution substation load or one of its feeder
loads is defined in as much detail as desired for the model. Using the load window scheme, any number
of load windows can be defined representing various composite loads, each having as many load com-
ponents as deemed necessary for accurate representation of the load. Figure 6.2 illustrates the load
window concept. The width of each subwindow denotes the percentage of each load component to the
total composite load.

Construction of a load window requires certain load data be available. For example, load saturation
and load diversity data are needed for various classes of customers. These data allow one to (1) identify
the appropriate load components to be included in a particular load window, (2) assign their relative
percentage of the total load, and (3) specify the diversified total amount of load for that window. If load
modeling is being used for Transient Stability or Operator Training Simulator programs, frequency
dependency can be added. Let P(V) and Q(V) represent the composite load models for P and Q,

Fluorescent Electric
Light Heating Clothes Range
! | P |
!
Incan- . N . Hot
descent Air Conditioning le:e%ef’ Water |TV|Others
Light ’ Heater

- Total Demand =

FIGURE 6.2 A typical load window with % composition of load components.
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TABLE 6.5 Composition of Six Different Load Window Types

IW 1 Iw 2 Iw 3 IW 4 LW 5 LW 6

Load Window Type Res.1 Res.2 Res.3 Coml Com2 Indust
Load Component (%) (%) (%) (%) (%) (%)
3-Phase Central AC 25 30 10 35 40 20
Window Type AC 5 0 20 0 0 0
Duct Heater with Blower 5 0 0 0 0 0
Water Heater, Range Top 10 10 10 0 0 0
Clothes Dryer 10 10 10 0 0 0
Refrigerator, Ice Machine 15 15 10 30 0 0
Incandescent Lights 10 5 10 0 0 0
Fluorescent Lights 20 30 30 25 30 10
Industrial (Induct. Motor) 0 0 0 10 30 70

respectively, with only voltage dependency (as developed using components taken from Tables 6.1 and
6.2). Frequency dependency is easily included as illustrated below.

P=P(V)x (1+Dp Af)
Q=q(V) ><(1+Dq Af)

Table 6.5 shows six different composite loads for a summer season in the southwestern portion of the
U.S. This “window” serves as an example to illustrate the modeling process. Note that each column must
add to 100%. The entries across from each component load for a given window type represent the
percentage of that load making up the composite load.
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6.2 Distribution System Modeling and Analysis

William H. Kersting

Modeling

Radial distribution feeders are characterized by having only one path for power to flow from the source
(“distribution substation”) to each customer. A typical distribution system will consist of one or more
distribution substations consisting of one or more “feeders”. Components of the feeder may consist of
the following:

+ Three-phase primary “main” feeder

+ Three-phase, two-phase (“V” phase), and single-phase laterals

+ Step-type voltage regulators or load tap changing transformer (LTC)
+ In-line transformers

+ Shunt capacitor banks

+ Three-phase, two-phase, and single-phase loads

The loading of a distribution feeder is inherently unbalanced because of the large number of unequal
single-phase loads that must be served. An additional unbalance is introduced by the nonequilateral
conductor spacings of the three-phase overhead and underground line segments.

Because of the nature of the distribution system, conventional power-flow and short-circuit programs
used for transmission system studies are not adequate. Such programs display poor convergence char-
acteristics for radial systems. The programs also assume a perfectly balanced system so that a single-
phase equivalent system is used.

If a distribution engineer is to be able to perform accurate power-flow and short-circuit studies, it is
imperative that the distribution feeder be modeled as accurately as possible. This means that three-phase
models of the major components must be utilized. Three-phase models for the major components will
be developed in the following sections. The models will be developed in the “phase frame” rather than
applying the method of symmetrical components.

Figure 6.3 shows a simple one-line diagram of a three-phase feeder; it illustrates the major components
of a distribution system. The connecting points of the components will be referred to as “nodes.” Note
in the figure that the phasing of the line segments is shown. This is important if the most accurate models
are to be developed.

The following sections will present generalized three-phase models for the “series” components of a
feeder (line segments, voltage regulators, transformer banks). Additionally, models are presented for the
“shunt” components (loads, capacitor banks). Finally, the “ladder iterative technique” for power-flow
studies using the models is presented along with a method for computing short-circuit currents for all
types of faults.

Line Impedance

The determination of the impedances for overhead and underground lines is a critical step before analysis
of distribution feeder can begin. Depending upon the degree of accuracy required, impedances can be
calculated using Carson’s equations where no assumptions are made, or the impedances can be deter-
mined from tables where a wide variety of assumptions are made. Between these two limits are other
techniques, each with their own set of assumptions.

Carson’s Equations

Since a distribution feeder is inherently unbalanced, the most accurate analysis should not make any
assumptions regarding the spacing between conductors, conductor sizes, or transposition. In a classic
paper, John Carson developed a technique in 1926 whereby the self and mutual impedances for ncond
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FIGURE 6.3 Distribution feeder.

overhead conductors can be determined. The equations can also be applied to underground cables. In
1926, this technique was not met with a lot of enthusiasm because of the tedious calculations that had
to be done on the slide rule and by hand. With the advent of the digital computer, Carson’s equations
have now become widely used.

In his paper, Carson assumes the earth is an infinite, uniform solid, with a flat uniform upper surface
and a constant resistivity. Any “end effects” introduced at the neutral grounding points are not large at
power frequencies, and therefore are neglected. The original Carson equations are given in Egs. (6.15)
and (6.16).

Self-impedance:

A , S, ,
z,=r+4BPG+ ](Xi +20G,- lnR”+4(DQiiGJ Ohms/mile (6.15)

1

Mutual impedance:

q

S..
21.], =40PG+ j(Z(DG . lnD—l] + 4injGJ Ohms/mile (6.16)

N>
|

where = self-impedance of conductor i in Ohms/mile

= mutual impedance between conductors i and j in ohms/mile
= resistance of conductor i in Ohms/mile

= system angular frequency in radians per second

= 0.1609347 x 107 Ohm-cm/abohm-mile

: radius of conductor i in feet

GMR,; = geometric mean radius of conductor i in feet

N>
o

o a -
|
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FIGURE 6.4 Conductors and images.

f = system frequency in Hertz

p = resistivity of earth in ohm-meters

D = distance between conductors i and j in feet

= distance between conductor i and image j in feet

= angle between a pair of lines drawn from conductor i to its own image and to the image
of conductor j

X.=20G-1n R Ohms/mile (6.17)
’ GMR,
k2
R..=E—;ki.cos(ei.)+lcos(29i.)- 0.6728+1n > (6.18)
78 3.2 " 716 ! k;
Q,.j=—0.0386+lln3+ikijcos(eg) (6.19)
2 ki 3.2
k,=8.565% 1075, - L (6.20)
P

As indicated above, Carson made use of conductor images; that is, every conductor at a given distance
above ground has an image conductor the same distance below ground. This is illustrated in Fig. 6.4.

Modified Carson’s Equations
Only two approximations are made in deriving the “Modified Carson Equations.” These approximations
involve the terms associated with P; and Q;. The approximations are shown below:

P, =g (6.21)
1, 2
Q= —0.03860+51nk— (6.22)

ij
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It is also assumed:

f = frequency = 60 Hertz
p = resistivity = 100 Ohm-meter

Using these approximations and assumptions, Carson’s equations reduce to:

z.=1.+0.0953+70.12134| In ! +7.93402 Ohms/mile (6.23)
n 1 GMRl
21.1. =0.0953+;0.12134 lnDi +7.93402 Ohms/mile (6.24)

y

Overhead and Underground Lines

Equations (6.23) and (6.24) can be used to compute an ncond X ncond “primitive impedance” matrix.
For an overhead four wire, grounded wye distribution line segment, this will result in a 4 X 4 matrix.
For an underground grounded wye line segment consisting of three concentric neutral cables, the resulting
matrix will be 6 X 6. The primitive impedance matrix for a three-phase line consisting of m neutrals will
be of the form:

aa ab Zm. | Zanl ‘ anm
Zha Zpb Zpe | Zpm : Z prm
Zm Zrh ch | cnl ‘ me
ana anb Zrtlc | nlnl ‘ annm

. o . | . B .

L Z ma Z ymb Z e | Z ymn : nmnm_|
In partitioned form Eq. 6.11 becomes:
]
an'mitivc - [ A ] [ A ] ( . )
z . z
nj nn

Phase Impedance Matrix

For most applications, the primitive impedance matrix needs to be reduced to a 3 x 3 “phase frame”
matrix consisting of the self and mutual equivalent impedances for the three phases. One standard method
of reduction is the “Kron” reduction (1952) where the assumption is made that the line has a multi-
grounded neutral. The Kron reduction results in the “phase impedances matrix” determined by using
Eq. 6.27 below:

[eu] = (22 2] 2] (6.27)

For two-phase (V-phase) and single-phase lines in grounded wye systems, the modified Carson equa-
tions can be applied, which will lead to initial 3 X 3 and 2 X 2 primitive impedance matrices. Kron reduction
will reduce the matrices to 2 X 2 and a single element. These matrices can be expanded to 3 x 3 “phase
frame” matrices by the addition of rows and columns consisting of zero elements for the missing phases.
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FIGURE 6.5 Three-phase line segment.

The phase frame matrix for a three-wire delta line is determined by the application of Carson’s
equations without the Kron reduction step.

The phase frame matrix can be used to accurately determine the voltage drops on the feeder line
segments once the currents flowing have been determined. Since no approximations (transposition, for
example) have been made regarding the spacing between conductors, the effect of the mutual coupling
between phases is accurately taken into account. The application of Carson’s equations and the phase
frame matrix leads to the most accurate model of a line segment.

Figure 6.5 shows the equivalent circuit of a line segment.

The voltage equation in matrix form for the line segment is given by Eq. (6.28).

z.  Z,
ag ag aa a ac a
el =\ Vie| *1 2 Zw 2o ||1, (6.28)
. Z, |
g |, g |, ca l cc c

where Z;; = z; - length
The “phase impedance matrix” is defined in Eq. (6.29). The phase impedance matrix for single-phase
and “V”-phase lines will have a row and column of zeros for each missing phase.

Zua Zab Zuc
[Zabc = 2w Zw (6.29)
Zm Z(b ch
Equation (6.28) can be written in “condensed” form as:
[VLG,] =[VLGu] +[Zue){Luc] (6.30)

This condensed notation will be used throughout the document.

Sequence Impedances

Many times the analysis of a feeder will use the positive and zero sequence impedances for the line
segments. There are basically two methods for obtaining these impedances. The first method incorporates
the application of Carson’s equations and the Kron reduction to obtain the phase frame impedance
matrix. The 3 X 3 “sequence impedance matrix” can be obtained by:

[zm] = [AS]_1 -[zﬂbc}[As] Ohms/mile (6.31)
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where 2 (6.32)

a=1.0/120 a’=1.0/240

The resulting sequence impedance matrix is of the form:

Ohms/mile (6.33)

(2]

Il
NN N

where z,, = the zero sequence impedance
z,, = the positive sequence impedance
z,, = the negative sequence impedance

In the idealized state, the off diagonal terms of Eq. (6.33) would be zero. When the off diagonal terms
of the phase impedance matrix are all equal, the off diagonal terms of the sequence impedance matrix
will be zero. For high voltage transmission lines, this will generally be the case because these lines are
transposed, which causes the mutual coupling between phases (off diagonal terms) to be equal. Distri-
bution lines are rarely if ever transposed. This causes unequal mutual coupling between phases, which
causes the off diagonal terms of the phase impedance matrix to be unequal. For the nontransposed line,
the diagonal terms of the phase impedance matrix will also be unequal. In most cases, the off diagonal
terms of the sequence impedance matrix are very small compared to the diagonal terms and errors made
by ignoring the off diagonal terms are small.

Sometimes the phase impedance matrix is modified such that the three diagonal terms are equal and
all of the off diagonal terms are equal. The usual procedure is to set the three diagonal terms of the phase
impedance matrix equal to the average of the diagonal terms of Eq. (6.29) and the off diagonal terms
equal to the average of the off diagonal terms of Eq. (6.29). When this is done, the self and mutual
impedances are defined as:

ZSZ

~(zm+zbh+zm) (6.34)

W | =

m

z zg(zub+zbc+zm) (6.35)

The phase impedance matrix is now defined as:

ZS ZI’H m
[lebf] = m ZS Z}’H Ohms/mile (6'36)
Zﬂ’l ZI’H ZS

When Eq. (6.31) is used with this phase impedance matrix, the resulting sequence matrix is diagonal
(off diagonal terms are zero). The sequence impedances can be determined directly as:

Zyp=2,%t2-2
(6.37)
z

11 :ZZZ :Zs _Zm
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A second method that is commonly used to determine the sequence impedances directly is to employ
the concept of Geometric Mean Distances (GMD). The GMD between phases is defined as:

Djj:GMDjj:iDab-DthDm (6.38)
The GMD between phases and neutral is defined as:

D, =GMD, =3D,,-D,,-D, (6.39)

The GMDs as defined above are used in Egs. (6.23) and (6.24) to determine the various self and mutual
impedances of the line resulting in:

2, =1+0.0953+;0.12134-| In L 14793402 (6.40)
GMR,

z =t +0.0953+j0.12134-|:ln[ 1R )+7.93402] (6.41)

2;=0.0953+;0.12134- ln[DlJ+7.93402 (6.42)
ij

ém=o.0953+j0.12134-{ln(D1+7.93402 } (6.43)

Equations (6.40) through (6.43) will define a matrix of order ncond X ncond, where ncond is the
number of conductors (phases plus neutrals) in the line segment. Application of the Kron reduction
(Eq. 6.27) and the sequence impedance transformation [Eq. (6.37)] leads to the following expressions
for the zero, positive, and negative sequence impedances:

A2
Zin ] Ohms/mile (6.44)

nn

A

Z4 =zii+2-zij—3-(z

(6.45)
z

i

D,
=25 =ri+]o.12134-ln[GMfR ] Ohms/mile

Eq. (6.45) is recognized as the standard equation for the calculation of the line impedances when a
balanced three-phase system and transposition are assumed.

Example 1

The spacings for an overhead three-phase distribution line is constructed as shown in Fig. 6.6. The phase
conductors are 336,400 26/7 ACSR (Linnet) and the neutral conductor is 4/0 6/1 ACSR.

a. Determine the phase impedance matrix.
b. Determine the positive and zero sequence impedances.

© 2001 CRC PressLLC



k28 Sh 45

'y °? N

0

ViR

- o

FIGURE 6.6 Three-phase distribution line spacings.

From the table of standard conductor data, it is found that:

336,400 26/7 ACSR:  GMR = 0.0244 ft

Resistance = 0.306 Ohms/mile
GMR = 0.00814 ft

Resistance = 0.5920 Ohms/mile

4/0 6/1 ACSR:

From Fig. 6.6 the following distances between conductors can be determined:

D,, =25 ft
D,, = 5.6569 ft

D,=45ft D,=70ft
D,,= 4272 ft D, =5.0ft

Applying Carson’s modified equations [Eqs. (6.23) and (6.24)] results in the “primitive impedance
matrix.”

0.4013+;1.4133  0.0953+;0.8515  0.0953+;0.7266  0.0953+;0.7524
B 0.0053+j0.8515 040134714133 0.0953+j0.7802  0.0953+j0.7865|
z|= .
0.0953+;0.7266  0.0953+;0.7802  0.4013+;1.4133  0.0953+;0.7674
0.0953+70.7524  0.0953+;j0.7865  0.0953+;0.7674  0.6873+1.5465
The “Kron” reduction of Eq. (6.27) results in the “phase impedance matrix.”
0.4576+;71.0780  0.1560+;0.5017  0.1535+;0.3849
[zabc]= 0.1560+70.5017  0.4666+71.0482  0.1580+70.4236 | Ohms/mile  (6.47)

0.1535+;0.3849  0.1580+;0.4236  0.4615+;1.0651

>

The phase impedance matrix of Eq. (6.47) can be transformed into the “sequence impedance matrix’
with the application of Eq. (6.31).

0.7735+71.9373
[202] = | -0.0321+j0.0159
0.0256+70.0115

0.0256+;0.0115
0.3061+;0.6270
0.0723-750.0059

~0.0321+0.0159
—0.0723—70.0060 | Ohms/mile
0.3061+;0.6270

(6.48)
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In Eq. (6.48), the 1,1 term is the zero sequence impedance, the 2,2 term is the positive sequence
impedance, and the 3,3 term is the negative sequence impedance. Note that the off-diagonal terms are
not zero, which implies that there is mutual coupling between sequences. This is a result of the nonsym-
metrical spacing between phases. With the off-diagonal terms nonzero, the three sequence networks
representing the line will not be independent. However, it is noted that the off-diagonal terms are small
relative to the diagonal terms.

In high voltage transmission lines, it is usually assumed that the lines are transposed and that the
phase currents represent a balanced three-phase set. The transposition can be simulated in this example
by replacing the diagonal terms of Eq. (6.47) with the average value of the diagonal terms (0.4619 +
j1.0638) and replacing each off-diagonal term with the average of the off-diagonal terms (0.1558 +
j0.4368). This modified phase impedance matrix becomes:

0.3619+j1.0638  0.1558+70.4368  0.1558+;0.4368
[21,,,]=]0.1558+j0.4368  0.3619+/1.0638  0.1558+;0.4368 | Ohms/mile ~ (6.49)
0.1558+j0.4368  0.1558+j0.4368  0.3619+1.0638

Using this modified phase impedance matrix in the symmetrical component transformation, Eq. (6.31)
results in the modified sequence impedance matrix.

0.7735+/1.9373 0 0
[21,,,]= 0 0.3061+;0.6270 0 Ohms/mile  (6.50)
0 0 0.3061+0.6270

Note now that the off-diagonal terms are all equal to zero, meaning that there is no mutual coupling
between sequence networks. It should also be noted that the zero, positive, and negative sequence
impedances of Eq. (6.50) are exactly equal to the same sequence impedances of Eq. (6.48).

The results of this example should not be interpreted to mean that a three-phase distribution line can
be assumed to have been transposed. The original phase impedance matrix of Eq. (6.47) must be used
if the correct effect of the mutual coupling between phases is to be modeled.

Underground Lines
Figure 6.7 shows the general configuration of three underground cables (concentric neutral, or tape
shielded) with an additional neutral conductor.

Carson’s equations can be applied to underground cables in much the same manner as for overhead
lines. The circuit of Fig. 6.7 will result in a 7 X 7 primitive impedance matrix. For underground circuits
that do not have the additional neutral conductor, the primitive impedance matrix will be 6 x 6.

Two popular types of underground cables in use today are the “concentric neutral cable” and the “tape
shield cable.” To apply Carson’s equations, the resistance and GMR of the phase conductor and the
equivalent neutral must be known.

D14 !

D13

D12 . D23 D34

FIGURE 6.7 Three-phase underground with additional neutral.
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FIGURE 6.8 Concentric neutral cable.

Concentric Neutral Cable
Figure 6.8 shows a simple detail of a concentric neutral cable. The cable consists of a central “phase
conductor” covered by a thin layer of nonmetallic semiconducting screen to which is bonded the insu-
lating material. The insulation is then covered by a semiconducting insulation screen. The solid strands
of concentric neutral are spiralled around the semiconducting screen with a uniform spacing between
strands. Some cables will also have an insulating “jacket” encircling the neutral strands.

In order to apply Carson’s equations to this cable, the following data needs to be extracted from a
table of underground cables.

d. = phase conductor diameter (inches)

d,y = nominal outside diameter of the cable (inches)

d, = diameter of a concentric neutral strand (inches)
GMR, = geometric mean radius of the phase conductor (ft)
GMR, = geometric mean radius of a neutral strand (ft)

I, = resistance of the phase conductor (Ohms/mile)

I, = resistance of a solid neutral strand (Ohms/mile)

k = number of concentric neutral strands

The geometric mean radii of the phase conductor and a neutral strand are obtained from a standard
table of conductor data. The equivalent geometric mean radius of the concentric neutral is given by:

GMR, =% GMR -k-R"" (6.51)

cn

where R = radius of a circle passing through the center of the concentric neutral strands

R=a=d g (6.52)
24

The equivalent resistance of the concentric neutral is:

r, :% Ohms/mile (6.53)

The various spacings between a concentric neutral and the phase conductors and other concentric
neutrals are as follows:
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FIGURE 6.10 Three-phase concentric neutral cable spacing.

Concentric neutral to its own phase conductor

D; =R [Eq. (6.52) above]
Concentric neutral to an adjacent concentric neutral

D;; = center-to-center distance of the phase conductors
Concentric neutral to an adjacent phase conductor

Figure 6.9 shows the relationship between the distance between centers of concentric neutral cables
and the radius of a circle passing through the centers of the neutral strands.

The geometric mean distance between a concentric neutral and an adjacent phase conductor is given
by Eq. (6.54).

D, =" D}, -R (ft) (6.54)

where D,,, = center-to-center distance between phase conductors

For cables buried in a trench, the distance between cables will be much greater than the radius R and
therefore very little error is made if D; in Eq. (6.54) is set equal to D,,,. For cables in conduit, that
assumption is not valid.

Example 2

Three concentric neutral cables are buried in a trench with spacings as shown in Fig. 6.10. The cables
are 15 kV, 250,000 CM stranded all aluminum with 13 strands of #14 annealed coated copper wires (1/3
neutral). The data for the phase conductor and neutral strands from a conductor data table are:

250,000 AA phase conductor: GMR, = 0.0171 ft, resistance = 0.4100 Ohms/mile

# 14 copper neutral strands: ~ GMR, = 0.00208 ft, resistance = 14.87 Ohms/mile
Diameter (d,) = 0.0641 in.

The equivalent GMR of the concentric neutral [Eq. (6.51)] = 0.04864 ft

The radius of the circle passing through strands [Eq. (6.52)] = 0.0511 ft

The equivalent resistance of the concentric neutral [Eq. (6.53)] = 1.1440 Ohms/mile
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Since R (0.0511 ft) is much less than D, (0.5 ft) and D, (1.0 ft), then the distances between concentric
neutrals and adjacent phase conductors are the center-to-center distances of the cables.

Applying Carson’s equations results in a 6 X 6 primitive impedance matrix. This matrix in partitioned

form [Eq. (6.26)] is:

0.5053+/1.4564  0.0953+j1.0468
|2,]=|0.0953+j1.0468  0.5053+j1.4564
0.0953+70.9627  0.0953+1.0468

0.0953+j1.3236  0.0953+ j1.0468
[2,]=]0.0953+j1.0468  0.0953+ j1.3236
0.0953+0.9627  0.0953+ j1.0468

[Z"J'] - [an]

1.2393+1.3296  0.0953+j1.0468
[2,,]=| 0.0953+ j1.0468 12393+ j1.3296
0.0953+70.9627  0.0953+ j1.0468

0.0953+;0.9627
0.0953 +71.0468
0.5053+;1.4564

0.0953+70.9627
0.0953+ 1.0468
0.0953+j1.3236

0.0953+70.9627
0.0953+1.0468
1.2393+;1.3296

Using the Kron reduction [Eq. (6.27)] results in the phase impedance matrix:

0.7982+j0.4463  0.3192+0.0328
[2,,.]=| 03192+70.0328  0.7891+ j0.4041
0.28490—j0.0143  0.3192+j0.0328

0.2849-70.0143

0.3192+70.0328 | Ohms/mile
0.7982+ j0.4463

The sequence impedance matrix for the concentric neutral three-phase line is determined using

Eq. (6.17). The resulting sequence impedance matrix is:

1.4106+j0.4665  —0.0028— j0.0081
[201,]=|-0.0056 +j0.0065  0.4874+ j0.4151
~0.0028—70.0081  0.0523+j0.0003

Tape Shielded Cables

Figure 6.11 shows a simple detail of a tape shielded cable.
Parameters of Fig. 6.11 are:

d. = diameter of phase conductor (in.)
. = inside diameter of tape shield (in.)
= outside diameter over jacket (in.)
= thickness of copper tape shield in mils
= 5 mils (standard)

- oo
=
(T

—0.0056+70.0065

—0.0264+ j0.0451 | Ohms/mile
0.4867 +j0.4151

Once again, Carson’s equations will be applied to calculate the self-impedances of the phase conductor
and the tape shield as well as the mutual impedance between the phase conductor and the tape shield.
The resistance and GMR of the phase conductor are found in a standard table of conductor data.
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CU Tape Shield

Jacket

FIGURE 6.11 Taped shielded cable.

The resistance of the tape shield is given by:

18826
shield d-T

s

Ohms/mile (6.55)

The resistance of the tape shield given in Eq. (6.55) assumes a resistivity of 100 Ohm-meter and a
temperature of 50°C. The diameter of the tape shield d, is given in inches and the thickness of the tape
shield T is in mils.

The GMR of the tape shield is given by:

d T

S

__2 2000 ft (6.56)

GMRshieId - 12

The various spacings between a tape shield and the conductors and other tape shields are as follows:
Tape shield to its own phase conductor

Dij = GMRmpe =radius to midpoint of the shield (6.57)
Tape shield to an adjacent tape shield
D, = center-to-center distance of the phase conductors (6.58)

Tape shield to an adjacent phase or neutral conductor

D;=D,, (6.59)
where D,,, = center to center distance between phase conductors.
In applying Carson’s equations for both concentric neutral and tape shielded cables, the numbering
of conductors and neutrals is important. For example, a three-phase underground circuit with an
additional neutral conductor must be numbered as:

1 = phase conductor #1
2 = phase conductor #2
3 = phase conductor #3
4 = neutral of conductor #1
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FIGURE 6.12  Single-phase @

tape shield with neutral.

5 = neutral of conductor #2
6 = neutral of conductor #3
7 = additional neutral conductor (if present)

Example 3
A single-phase circuit consists of a 1/0 AA tape shielded cable and a 1/0 CU neutral conductor as shown
in Fig. 6.12.

Cable Data:  1/0 AA
Inside diameter of tape shield = d, = 1.084 in.
Resistance = 0.97 Ohms/mi
GMR, = 0.0111 ft
Tape shield thickness = T = 8 mils
Neutral Data: 1/0 Copper, 7 strand
Resistance = 0.607 Ohms/mi
GMR, = 0.01113 ft

Distance between cable and neutral = D, = 3 in.
The resistance of the tape shield is computed according to Eq. (6.55):

18.826 _ 18.826

Tt = = =2.1705 Ohms/mile
d-T  1.084-8

The GMR of the tape shield is computed according to Eq. (6.56):

d T 1084 8

S

GMR, =2 15000 =2 = 2000 — 0,0455 ft

Using the relations defined in Egs. (6.57) to (6.59) and Carson’s equations results in a 3 X 3 primitive

impedance matrix:

1.0653+71.5088  0.0953+71.3377  0.0953+ j1.1309
z =10.0953+71.3377  2.2658+71.3377  0.0953+ ;1.1309 Ohms/mile

primitive

0.0953+;1.1309  0.0953+;1.1309  0.7023+ j1.5085

Applying Kron’s reduction method will result in a single impedance which represents the equivalent
single-phase impedance of the tape shield cable and the neutral conductor.

z,, = 1.3368 + j0.6028 Ohms/mile
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Shunt Admittance

When a high-voltage transmission line is less than 50 miles in length, the shunt capacitance of the line
is typically ignored. For lightly loaded distribution lines, particularly underground lines, the shunt
capacitance should be modeled.

The basic equation for the relationship between the charge on a conductor to the voltage drop between
the conductor and ground is given by:

Q,=C,V, (6.60)

ng ' ng

where Q, = charge on the conductor
C,, = capacitance between the conductor and ground

V,, = voltage between the conductor and ground

For a line consisting of ncond (number of phase plus number of neutral) conductors, Eq. (6.60) can
be written in condensed matrix form as:

[al=[c] V] (6:61)

where [Q] = column vector of order ncond
[C] = ncond X ncond matrix
[V] = column vector of order ncond

Equation (6.61) can be solved for the voltages:

[v]=[c] " [a]-[#]q] (6:62)

where [P] = [C] oo "Potential Coefficient Matrix" (6.63)

Overhead Lines
The determination of the shunt admittance of overhead lines starts with the calculation of the “potential
coefficient matrix” (Glover and Sarma, 1994). The elements of the matrix are determined by:

S.
P,=11.17689-In i (6.64)

RD,

S.
P.=11.17689-In—L (6.65)
l] D

.
See Fig. 6.4 for the following definitions.
S..

n

= distance between a conductor and its image below ground in ft
S; = distance between conductor i and the image of conductor j below ground in ft
D;; = overhead spacing between two conductors in ft
RDi = radius of conductor i in ft
The potential coefficient matrix will be an ncond x ncond matrix. If one or more of the conductors
is a grounded neutral, then the matrix must be reduced using the “Kron” method to an nphase x nphase

matrix [P,,].
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The inverse of the potential coefficient matrix will give the nphase X nphase capacitance matrix [C,, ].
The shunt admittance matrix is given by:

y |=j-o-[C, | micro-S/mile (6.66)
D)= 5[]

where ® =2 - T f = 376.9911

Example 4

Determine the shunt admittance matrix for the overhead line of Example 1. Assume that the neutral
conductor is 25 ft above ground.
For this configuration, the image spacing matrix is computed to be:

58 58.0539  58.4209  54.1479
[S] _[58.0539 58 58.1743  54.0208
58.4209 58.1743 58 54.0833

54.1479  54.0208 54.0835 58

The primitive potential coefficient matrix is computed to be:

84.56 351522  23.7147  25.2469

[ o ]= 35.4522  84.56 28.6058  28.359
primitel 1237147 28.6058  84.56 26.6131
252469 28.359  26.6131  85.6659

“Kron” reduce to a 3 X 3 matrix:

771194  26.7944 15.8714
[P] =126.7944 75172 19.7957
15.8714  19.7957  76.2923

Invert [P] to determine the shunt capacitance matrix:

0015 —0.0049 —0.0019
[C..]=[P] =|-0.0019  0.0159  -0.0031
~0.0019  —-0.0031  0.0143

Multiply [C,,.] by the radian frequency to determine the final three-phase shunt admittance matrix.

j5.6711  —j1.8362 —j0.7033
|=j-3769911[C,, |=| -j1.8362  j5.9774  —jl.169 | uS/mile
-j0.7033  —j1.169  j5.391

¥,

abc

Underground Lines

Because the electric fields of underground cables are confined to the space between the phase conductor
and its concentric neutral to tape shield, the calculation of the shunt admittance matrix requires only
the determination of the “self” admittance terms.
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Concentric Neutral
The self-admittance in micro-S/mile for a concentric neutral cable is given by:

77.582

YL'”:].
In L3 —l-ln kR,
R ) k R,

where R, = radius of a circle to center of concentric neutral strands (ft)
R, = radius of phase conductor (ft)
R, = radius of concentric neutral strand (ft)
k = number of concentric neutral strands

(6.67)

Example 5

Determine the three-phase shunt admittance matrix for the concentric neutral line of Example 2.

R, =R =0.0511ft

Diameter of the 250,000 AA phase conductor = 0.567 in.

R = 0.567 =0.0236 ft
24

a

Diameter of the #14 CU concentric neutral strand = 0.0641 in.

0.0641

R, =0.0027 ft
Substitute into Eq. (6.67):
Y =j 77.582 _j 77.582 _ 196.8847
R 1 k-R 0.0511 1 13-0.0027
In| =2 [-=-In u In ——In| — 7%
R ) k R, 0.0236 ) 13 0.0511
The three-phase shunt admittance matrix is:
796.8847 0 0
Y,]=| o 796.8847 0 uS/mile
0 0 796.8847
Tape Shield Cable
The shunt admittance in micro-S/mile for tape shielded cables is given by:
y =286 1S/ mile (6.68)

ts ] R
]n( b)
a

where R, = inside radius of the tape shield
R, = radius of phase conductor
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FIGURE 6.13 Three-phase line segment model.
Example 6

Determine the shunt admittance of the single-phase tape shielded cable of Example 3 in the section “Line

Impedance”.

1.084

R =i=7=0.0452
24

b4

The diameter of the 1/0 AA phase conductor = 0.368 in.

Substitute into Eq. (6.68):

ts

d
R, =5 J 0398 6153
24 24
.77.586 . 77.586 .
R 0.0452
In| - In
R, 0.0153

Line Segment Models
Exact Line Segment Model

The exact model of a three-phase line segment is shown in Fig. 6.13.
For the line segment in Fig. 6.13, the equations relating the input (Node n) voltages and currents to
the output (Node m) voltages and currents are:

where
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uS/mile

ViG], =[a] [VLGu],, +[o L],

(L], = [eHV2Guc], ],

(6.69)

(6.70)

(6.71)

(6.72)

(6.73)



[4]= [U]_%.[Zubc]'[yubc] (6.74)

In Eqgs. (6.71) through (6.74), the impedance matrix [Z,,.] and the admittance matrix [Y,, ] are defined
earlier in this document.

Sometimes it is necessary to determine the voltages at node-m as a function of the voltages at node-
n and the output currents at node-m. The necessary equation is:

VLG, ] =[A][VLGuc] ~[B]{luc] (6.75)
where pq=(ﬁq+;{sz{gwﬂl (6.76
al-{[o1+ 2 ) e w7

1 0 0
[U]z 0 1 0 (6.78)
1

In most cases the shunt admittance is so small that it can be neglected. When this is the case, the [a],
[b], [c], [d], [A], and [B] matrices become:

]-[o1 679
i)-[z.] (630
=[] o
-1 (63
[A)-[o) (65
EREN (659

When the shunt admittance is neglected, Egs. (6.69), (6.70), and (6.75) become:

ViGu ], =[ViGu ], +[Zu 1], (6.85)
L] =[Lac] (6.86)
[VLGM]M :[VLGM]" —[Zabc]-[labc]m (6.87)
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It is usually safe to neglect the shunt capacitance of overhead line segments for segments less than
25 miles in total length and for voltages less than 25 kV. For underground lines, the shunt admittance
should be included.

If an accurate determination of the voltage drops down a line segment is to be made, it is essential
that the phase impedance matrix [Z,,] be computed based on the actual configuration and spacings of
the overhead or underground lines. No assumptions should be made, such as transposition. The reason
for this is best demonstrated by an example.

Example 7

The phase impedance matrix for the line configuration in Example 1 was computed to be:

0.4576+71.0780  0.1560+ j0.5017  0.1535+ j0.3849
[2,,.] =] 0.1560+j0.5017  0.466+1.0482  0.1580+ j0.4236 | Ohms/mile
0.1535+70.3849  0.1580+j0.4236  0.4615+ j1.0651

Assume that a 12.47-kV substation serves a load 1.5 miles from the substation. The metered output
at the substation is balanced 10,000 kVA at 12.47 kV and 0.9 lagging power factor. Compute the three-
phase line-to-ground voltages at the load end of the line and the voltage unbalance at the load.

The line-to-ground voltages and line currents at the substation are:

7200/0 463/ —25.84
[VLG,,.|=|7200/=120 1] =|463/1-145.84
7200/120 463/94.16

Solve Eq. (6.85) for the load voltages:

6761.10/2.32
VLG, =[VLG,.] ~15[z, ][] =|6877.7/=12243
6836.33/117.21

The voltage unbalance at the load using the NEMA definition is:
max(V, . .
_ ( dcvmrmn) 100 = 0.937%

unbalance —
avg

The point of Example 1 is to demonstrate that even though the system is perfectly balanced at the
substation, the unequal mutual coupling between phases results in a significant voltage unbalance at the
load. Significant because NEMA requires that induction motors be derated when the voltage unbalance
is 1% or greater.

Approximate Line Segment Model
Many times the only data available for a line segment will be the positive and zero sequence impedances.
An approximate three-phase line segment model can be developed by applying the “reverse impedance
transformation” from symmetrical component theory.

Using the known positive and zero sequence impedances, the “sequence impedance matrix” is given by:

Z, 0 0
[Z.]=| 0 2z o (6.88)
0o 0 Zz
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FIGURE 6.14 Approximate line segment model.

The “reverse impedance transformation” results in the following “approximate phase impedance
matrix.”

(2z-z) (2-z) (2,-2)

[zappm]z[AS]-[ZW]-[AS]’I=%- (z,-2)) (22.-z) (z,-z) (6.89)
(z-2.) (2-2) (22.-2)

Notice that the approximate phase impedance matrix is characterized by the three diagonal terms
being equal and all mutual terms being equal. This is the same result that is achieved if the line is assumed
to be transposed. Substituting the approximate phase impedance matrix into Eq. (6.85) results in:

an ‘/an (2Z+ _ZO) (ZO _Z+) (ZO _Z+) Ia
v | =lv, | +% (z,-2.) (22.-2) (2-2) |1, (6.90)
‘/C" n ‘/C” m (ZO _Z+) (ZO —Z+) (ZZ+ _ZO) IC n

Eq. (6.90) can be expanded and an equivalent circuit for the approximate line segment model can be
developed. This approximate model is shown in Fig. 6.14.
The errors made by using this approximate line segment model are demonstrated in Example 8.

Example 8

For the line of Example 7, the positive and zero sequence impedances were determined to be:

Z, =0.3061+0.6270 Ohms/mile

Z,=0.7735+j1.9373 Ohms/mile

The sequence impedance matrix is:

0.7735+ j1.9373 0 0
l2.]= 0 0.3061+ j0.6270 0
0 0 0.3061+ j0.6270

Performing the reverse impedance transformation results in the approximate phase impedance matrix.

0.4619+ 10638 0.1558+j0.4368  0.1558+j0.4368
[2upe| =[ 4] [220] [A.] =] 01558+ j0.4368 04619+ j1.0638 01558+ j0.4368
0.1558+j0.4368  0.1558+;0.4368  0.4619+ j1.0638
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FIGURE 6.15  Step voltage regulator.

Note in the approximate phase impedance matrix that the three diagonal terms are equal and all of
the mutual terms are equal.

Use the approximate impedance matrix to compute the load voltage and voltage unbalance as specified
in Example 1.

6825.01/=2.51
VEG,,| =[VLG,.] =152y (L], =|6825.017=122.51
6825.01/117.49

Note that the voltages are computed to be balanced. In the previous example it was shown that when
the line is modeled accurately, there is a voltage unbalance of almost 1%.

Step-Voltage Regulators

A step voltage regulator consists of an autotransformer and a load tap changing mechanism. The voltage
change is obtained by changing the taps of the series winding of the autotransformer. The position of
the tap is determined by a control circuit (line drop compensator). Standard step regulators contain a
reversing switch enabling a £10% regulator range, usually in 32 steps. This amounts to a 5/8% change
per step or 0.75 volt change per step on a 120-volt base.

A typical step voltage regulator is shown in Fig. 6.15. The tap changing is controlled by a control circuit
shown in the block diagram of Fig. 6.16.

Line Current c LD o
~ AN
= Vo

: Motor
Line Drop Operating
Compenexios Circuit

Potential Transformer

FIGURE 6.16 Regulator control circuit.
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FIGURE 6.17 Voltage regulator in the raise position.

The control circuit requires the following settings:

1. Voltage Level — The desired voltage (on 120-volt base) to be held at the “load center.” The load
center may be the output terminal of the regulator or a remote node on the feeder.

2. Bandwidth — The allowed variance of the load center voltage from the set voltage level. The
voltage held at the load center will be plus or minus one-half the bandwidth. For example, if the
voltage level is set to 122 volts and the bandwidth set to 2 volts, the regulator will change taps
until the load center voltage lies between 121 volts and 123 volts.

3. Time Delay — Length of time that a raise or lower operation is called for before the actual execution
of the command. This prevents taps changing during a transient or short time change in current.

4. Line Drop Compensator — Set to compensate for the voltage drop (line drop) between the
regulator and the load center. The settings consist of R and X settings in volts corresponding to
the equivalent impedance between the regulator and the load center. This setting may be zero if
the regulator output terminals are the “load center.”

The rating of a regulator is based on the kVA transformed, not the kVA rating of the line. In general
this will be 10% of the line rating since rated current flows through the series winding which represents
the +10% voltage change.

Voltage Regulator in the Raise Position
Figure 6.17 shows a detailed and abbreviated drawing of a regulator in the raise position.
The defining voltage and current equations for the regulator in the raise position are as follows:

Voltage Equations Current Equations

vV, V.

MY N,-I,=N, I, (6.91)
Nl N2

Vi=V, -V, I, =11 (6.92)
V, =V, IL=1I (6.93)

N. N N N
VvZ:FZ.‘/l:FZ'VL II=F2'IZ=F2'IS (694)
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N N
VSZ(I_NZJ'Vl ILZ(I—NZ]-IS (6.95)
1 1
Vi=a,-V, I, =a, I (6.96)
N
aRzl_Vz (6.97)

Equations (6.96) and (6.97) are the necessary defining equations for modeling a regulator in the raise
position.

Voltage Regulator in the Lower Position
Figure 6.18 shows the detailed and abbreviated drawings of a regulator in the lower position. Note in the
figure that the only difference between the lower and raise models is that the polarity of the series winding
and how it is connected to the shunt winding is reversed.

The defining voltage and current equations for a regulator in the lower position are as follows:

Voltage Equations Current Equations
V., V.
—lzﬁz N,-I, =N, I, (6.98)
1 2
V=V, +V, I, =1,—-1 (6.99)
vV, =V, I, =-I (6.100)
N N N
v, = N, Ny L="21,="2(I) (6.101)
N-ViN N, N,
N. N
Vi=|1+—2 |V, I =[1+—2|I (6.102)
Nl Nl
Vi=a,-V, I, =a, I (6.103)
N
aR:1+V2 (6.104)

1

Equations (6.97) and (6.104) give the value of the effective regulator ratio as a function of the ratio
of the number of turns on the series winding (N,) to the number of turns on the shunt winding (N,).
The actual turns ratio of the windings is not known. However, the particular position will be known.
Equations (6.97) and (6.104) can be modified to give the effective regulator ratio as a function of the tap
position. Each tap changes the voltage by 5/8% or 0.00625 per unit. Therefore, the effective regulator
ratio can be given by:

a, =1+0.00625-Tap (6.105)

In Eq. (6.105), the minus sign applies to the “raise” position and the positive sign for the “lower”
position.
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FIGURE 6.18 Regulator in the lower position.

MVA rating
kV hi-kV lo
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Npt:1 Voltage
Relay

-~
FIGURE 6.19 Line drop compensator circuit.

The Line Drop Compensator

The changing of taps on a regulator is controlled by the “line drop compensator.” Figure 6.19 shows a
simplified sketch of the compensator circuit and how it is connected to the circuit through a potential
transformer and a current transformer.

The purpose of the line drop compensator is to model the voltage drop of the distribution line from
the regulator to the “load center.” Typically the compensator circuit is modeled on a 120 volt base. This
requires the potential transformer to transform rated voltage (line-to-neutral or line-to-line) down to
120 volts. The current transformer turns ratio (CT,:CT,) where the primary rating (CT,) will typically
be the rated current of the feeder. The setting that is most critical is that of R” and X’. These values must
represent the equivalent impedance from the regulator to the load center. Knowing the equivalent
impedance in Ohms from the regulator to the load center (Ry;; opms a0d Xje onms)> the required value for
the compensator settings are calibrated in volts and determined by:

Ctp

’ v, . L p
Rvalts + ]Xvolts - (Rlim'_Ohms + JXIine_ohms) N
pt

volts (6.106)
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FIGURE 6.20 Wye connected regulators.

The value of the compensator settings in ohms are determined by:

R +jX’
R’ _+jX, :1/07157]1/117’5 Ohms (6.107)
ohms ohms Ct

N

It is important to understand that the value of Ry, ohms + JXiine ohms 1 NOt the impedance of the line
between the regulator and the load center. Typically the load center is located down the primary main
feeder after several laterals have been tapped. As a result, the current measured by the CT of the regulator
is not the current that flows all the way from the regulator to the load center. The proper way to determine
the line impedance values is to run a power-flow program of the feeder without the regulator operating.
From the output of the program, the voltages at the regulator output and the load center are known.
Now the “equivalent” line impedance can be computed as:

. ‘/regulator ourput_‘/laad center
Ryype + 71X = - = ohms (6.108)

line

In Eq. (6.108), the voltages must be specified in system volts and the current in system amps.

Wye Connected Regulators
Three single-phase regulators connected in wye are shown in Fig. 6.20.

In Fig. 6.20 the polarities of the windings are shown in the “raise” position. When the regulator is in
the “lower” position, a reversing switch will have reconnected the series winding so that the polarity on
the series winding is now at the output terminal.

Regardless of whether the regulator is raising or lowering the voltage, the following equations apply:

Voltage Equations
VAn aR?a 0 an
Ve, |=1 0 ag 0 [V, (6.109)
VCH 0 0 aRic V::n
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Equation (6.109) can be written in condensed form as:

[VIN 5] =[aRV,, |- [VIN,,] (6.110)
Also: [VLN,, ] =[aRV, ] [VIN 15 ] (6.111)
where 4RV, ]=[arV,,. ] (6.112)
Current Equations
! 0 0
IA aR a | Iﬂ
5= O 0, 0 (-1, (6.113)
C 0 0 L c
L aR—C_
Or: [Lsc ]| =[aRi ] [1.sc] (6.114)
Also: [Lsc ] =[aRT s [Tasc ] (6.115)
where [aR1, ] =[ar1,, ] (6.116)

where 0.9 < ag . < 1.1 in 32 steps of 0.625%/step (0.75 volts/step on 120 volt base).

Note: The effective turn ratios (ag ,, ag ;,» and a; ) can take on different values when three single-
phase regulators are connected in wye. It is also possible to have a three-phase regulator connected in
wye where the voltage and current are sampled on only one phase and then all three phases are changed
by the same value of a; (number of taps).

Closed Delta Connected Regulators
Three single-phase regulators can be connected in a closed delta as shown in Fig. 6.21. In the figure, the
regulators are shown in the “raise” position.

The closed delta connection is typically used in three-wire delta feeders. Note that the potential
transformers for this connection are monitoring the load side line-to-line voltages and the current
transformers are monitoring the load side line currents.

Applying the basic voltage and current Egs. (6.91) through (6.97) of the regulator in the raise position,
the following voltage and current relations are derived for the closed delta connection.

VAB AR_ab 1- AR _be 0 ab
VBC = 0 aRJir 1_aR7m ’ Vb( (61 17)
VCA 1- aR_uh 0 aR_cu ‘/ca
Equation (6.115) in abbreviated form can be written as:
[VLL,sc|=[arVD,, | [VLL,] (6.118)
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FIGURE 6.21 Delta connected regulators.

When the load side voltages are known, the source side voltages can be determined by:

VLL , |=|aRVD -|VLL (6.119)
[ ubc] [ ABC][ ABC]

-1
where [arVD, . |=[arVD,, ] (6.120)

In similar manner the relationships between the load side and source side line currents are given by:

a R_ab R_ca A

I [=|1-ag , ap g 11, (6.121)

I 0 I—ag ag w I.
Or: (25| = [AID s | [ Tanc | (6.122)
Also: [Lsc|=[AID,,, ] [1.s.] (6.123)
where 14D, |=[14D,, .| (6.124)

The closed delta connection can be difficult to apply. Note in both the voltage and current equations
that a change of the tap position in one regulator will affect voltages and currents in two phases. As a
result, increasing the tap in one regulator will affect the tap position of the second regulator. In most
cases the bandwidth setting for the closed delta connection will have to be wider than that for wye
connected regulators.

Open Delta Connection

Two single-phase regulators can be connected in the “open” delta connection. Shown in Fig. 6.22 is an

open delta connection where two single-phase regulators have been connected between phases AB and CB.
Two other open connections can also be made where the single-phase regulators are connected between

phases BC and AC and also between phases CA and BA.
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FIGURE 6.22 Open delta connection.

The open delta connection is typically applied to three-wire delta feeders. Note that the potential
transformers monitor the line-to-line voltages and the current transformers monitor the line currents.
Once again, the basic voltage and current relations of the individual regulators are used to determine the

relationships between the source side and load side voltages and currents.
For all three open connections, the following general equations will apply:

[VLLABC] = [aR vﬂbc] : [VLLabC]
[VLL,, | =[aRV, e ] [VLL 15 ]
[Lasc]=[aR0, ][ L]

[Fase ] =[aRT e} Tanc]

The matrices for the three open connections are defined as follows:

Phases AB & CB
ap 4 0
[aRVvabf = 0 aR_C
g A —ap ¢
1
0 0
Ag_a
1
[aRV,,c]=| 0 - 0
R_C
1 1
- — 0
| “r_a g _c |
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(6.125)

(6.126)

(6.127)

(6.128)

(6.129)

(6.130)



1
0 0
aR_A
1 1
[ar1,, |=|- 0 - (6.131)
aR A aR C
1
0 0
- aR—(l -
ap 4 0
[aR1c|=|-a, . 0 ap. (6.132)
0 0 a, .
Phases BC & AC
0 A 5 IR a
[arV, ]=|0 a,, 0 (6.133)
0 g 4
1 1
0 — —
aR?B aR?A
1
[aRV,,c]=|0 . 0 (6.134)
R_B
1
0 0
| ap_a
1
0 0
aR_A
1
[ar1, ]=| 0 0 (6.135)
aR?B
1 1
- - 0
| 9r_a ap_p )
[ aR?A 0 ]
[aR1,,.|=| © a, , 0 (6.136)
TOR_a ap_p i
Phases CA & BA
ag g 0
[arV,, |=|-a, , 0 -a,. (6.137)
0 0 ap ¢
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L oo o
aR_B
[aRV,,.|=|- Loy 1! (6.138)
aR?B aR?C
0 0 !
- aR—(’ .
o L1
aR?B aR C
[ar1,, |=|0 ! 0 (6.139)
aR_B
0 0 !
L aRfC A
0 r 3 T9rc
[aRI,c|=[0  a, 0 (6.140)
0 0 ag ¢

Generalized Equations
The voltage regulator models used in power-flow studies are generalized for the various connections in

a form similar to the ABCD parameters that are used in transmission line analysis. The general form of
the power-flow models in matrix form are:

Vasel=la] [V J# 8] 1] (6.141)
[Luscl =le]- [Viue ] ] (6.142)
Vil =[A]-[Vasc]-[B] [ 1c] (6.143)

Depending upon the connection, the matrices [V,;.] and [V, ] can be either line-to-line or
line-to-ground. The current matrices represent the line currents regardless of the regulator
connection. For all voltage regulator connections, the generalized constants are defined as:

o]=ferv.) (6149
1)-[o 6199
=[] 6140

)=o) €147
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FIGURE 6.23 General transformer bank.
[A]=[ar V] (6.148)
[B] = [o] (6.149)

Transformer Bank Connections

Unique models of three-phase transformer banks applicable to radial distribution feeders have been devel-
oped (Kersting, 1999). Models for the following three-phase connections are included in this document:

+ Delta-Grounded Wye

+ Grounded Wye-Delta

+ Ungrounded Wye-Delta

+ Grounded Wye-Grounded Wye
+ Delta-Delta

Figure 6.23 defines the various voltages and currents for the transformer bank models.

The models can represent a step-down (source side to load side) or a step-up (source side to load
side) transformer bank. The notation is such that the capital letters A,B,C,N will always refer to the
source side of the bank and the lower case letters a,b,c,n will always refer to the load side of the bank.
It is assumed that all variations of the wye-delta connections are connected in the “American Standard
Thirty Degree” connection. The standard is such that:

Step-down connection
V,s leads V,, by 30°
I, leads I, by 30°

Step-up connection
V,, leads V,;; by 30°
I, leads I, by 30°

Generalized Equations

The models to be used in power-flow studies are generalized for the connections in a form similar to the
ABCD parameters that are used in transmission line analysis. The general form of the power-flow models
in matrix form are:

WVasc]=[a] [Vaae ]+ (8] [ L] (6.150)
[Lasc]=[e]- [Vae #1] [ ] (6.151)
[Vabf]:[A] : [VABC]_[B] : [Iabc] (6.152)
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In Egs. (6.150), (6.151), and (6.152), the matrices [V,.] and [V,,] can be either line-to-line voltages
(delta connection) or line-to-ground voltages (wye connection). The current matrices represent the line
currents regardless of the transformer winding connection.

Common Variable and Matrices
All transformer models will use the following common variable and matrices:

. ted e
« Transformer turns ratio: a, = (6.153)
thed?load
where V.4 uee = transformer winding rating on the source side

Viaed 1oaa = transformer winding rating on the load side

Note that the transformer “winding” ratings may be either line-to-line or line-to-neutral, depending
upon the connection. The winding ratings can be specified in actual volts or per-unit volts using the
appropriate base line-to-neutral voltages.

+ Source to load matrix voltage relations: [VABC] = [AV] . [Vm] (6.154)

The voltage matrices may be line-to-line or line-to-neutral voltages depending upon the connection.

* Load to source matrix current relations: [Iab[] = [AI] . [IABC] (6.155)

The current matrices may be line currents or delta currents depending upon the connection.

Zt, 0 0
+ Transformer impedance matrix: [Ztabc]= 0 Zt, 0 (6.156)
0 0 Zt,

The impedance elements in the matrix will be the per-unit impedance of the transformer windings
on the load side of the transformer whether it is connected in wye or delta.

1 1 1
+ Symmetrical component transformation matrix: [As]z 1 a a (6.157)
1 a a’
where a = 1/120
1 0
* Phase shift matrix: [T]= 0 t 0 (6.158)
0o 0 t
1
where t=—-/-30
\3
+ Matrix to convert line-to-line voltages to equivalent line-to-neutral voltages:
2 0
-1 1
W =|A||T||A| =—-0 2 1 6.159)
[wi=[a{r]{ad ;17 2! (

Example: [VLN] = [W] - [VLL]
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+ Matrix to convert delta currents into line currents:

1 0 -1
[Dl]: -1 1 0 (6.160)
0 -1 1

Example: [I

abc

| = [DI] - [ID,]

+ Matrix to convert line-to-ground or line-to-neutral voltages to line-to-line voltages:

[D]:o 1 -1 (6.161)

Example: [VLL,,] = [D] - [VLN,,]

The matrices [a], [b], [c], [d], [A], and [B] [see Egs. (6.150), (6.151), and (6.152)] for each connection
are defined at the end of this section.

The Per-Unit System

All transformer models were developed so that they can be applied using either “actual” or “per-unit”
values of voltages, currents, and impedances. When the per-unit system is used, all per-unit voltages
(line-to-line and line-to-neutral) use the line-to-neutral base as the base voltage. In other words, for a
balanced set of three-phase voltages, the per-unit line-to-neutral voltage magnitude will be 1.0 at rated
voltage and the per-unit line-to-line voltage magnitude will be the square root of 3 (1.732). In similar
fashion, all currents (line currents and delta currents) are based on the base line current. Again, a square
root of 3 relationship will exist between the line and delta currents under balanced conditions. The base
“line” impedance will be used for all line impedances and for wye and delta connected transformer
impedances. There will be different base values on the two sides of the transformer bank.

Base values are computed following the steps listed below:

+ Select a base three-phase kVA, . and the rated line-to-line voltage, kVLL, ..., on the source side
as the base line-to-line voltage.

+ Based upon the voltage ratings of the transformer bank, determine the “rated” line-to-line voltage,
kVLL,,4, on the load side.

+ Determine the “transformer ratio”, ng, as:

kVLL
fy = seuree (6.162)
kVLL, |

+ The “source” side base values are computed as:

kVLL,

kVLNg =" (6.163)
V3
kVA
[g= -~ bae (6.164)
\3-kVLL

source
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kVLL?  -1000
s: source (6165)
kVA,
+ The load side base values are computed by:
kVLN
kVLN, = § (6.166)
nT
I, =n.-I (6.167)
V4
zZ, == (6.168)
nT

Thevenin Equivalent Circuit
The study of short circuit studies that occur on the load side of a transformer bank requires the three-
phase Thevenin equivalent circuit referenced to the load-side terminals of the transformer. In order to
determine this equivalent circuit, the Thevenin equivalent circuit up to the primary terminals of the
“feeder” transformer must be determined. A block diagram of the total system is shown in Fig. 6.24.

In Fig. 6.24 the system voltage source will typically be a balanced set of per-unit voltages such that:

~ 1.0/0
[Eth,uc]=| Epy |=]1.0/=120| per-unit (6.169)
Eq | | 1.0/120

The Thevenin equivalent impedance from the source to the primary terminals of the feeder transformer
is given by:

[ZthABC] = [ZsysABC] + [ZsubABC] + [ZeqSABC] (6.170)
The values of the source side Thevenin equivalent circuit will be the same regardless of the type of
connection of the feeder transformer. The three-phase Thevenin equivalent circuit referenced to the load
side of the feeder transformer is shown in Fig. 6.25.
For each three-phase transformer connection, unique values of the matrices [Eth,, ] and [Zth,,] are
defined as functions of the source side Thevenin equivalent circuit.These definitions are shown for each
transformer connection below.

@— [Zsysanc ] [Zsub spc ] {ZeqS anc ] [Zxfm ] |
System Equivalent Substation Total Primary Feeder
Voltage System Transformer  Line Segment Transformer
Source ]mpedance Impedance

FIGURE 6.24 Total system.
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FIGURE 6.25 Three-phase Thevenin equivalent circuit. @n
Matrix Definitions
Delta-Grounded Wye
Power flow equations:
AT EIORRONTN
[Fanc]=[e]- (ViG] [d] 1]
[a]=avo]
[b]=[AV0]-[2nt,, ]
[e]=o]
[4]=[pv]
[VEGuc]=[A]-[VLLunc]=[B]-[ L]
[4]=[av]"
[B]=[2Nt,,.]
Thevenin equations:
[Eth,, |=[av] " [D] [Eth,c]
(21, |=[av] " [D] [2th,,.] [D¥]+]2e,.]
The matrices used for the step-down connection are:
-
1 2 1 fr
[AVO]:%T- T e U I =
-2 1 1 “ .
0 - 0
Gy
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LI S
r r 1 -1 0
[pY]=| 0 R [D]=[0 1 -1
ar ar
1 1 -1 0 1
- 0 =
a, ar |
Zt, 0
[2Nt,]=| 0 2,
o 0
The matrices used for the step-up connection are:
R
2 -1 -1 r
[avo]=“r |1 2 4 [av]'=]0 L o
3 ar
-1 -1 2 |
0 0 —
aT
L .
r r 1 -1 0
[pY]= LI T [D]=|0 1 4
b -1 0 1
. L L
a, a,
Zt 0 0
[ZNtabc] = [Ztabc] =0 Z, 0
0 Zt,

Power flow equations:
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[VELac]=[A]-[VEGuc ][ B]- [ L]
[A]=[av]" [z, ] [r2]
[

B|=[2Nt,, |- [H1]

Thevenin equations:

[Ethabc] = [EthABC]/ +30, +30 for step-up, —30 for step-down

[Zthubc]:[w].([m].[K]*I.[Zeqsmp[zmﬂm]).[m]

Sub-matrices used for the step-down and the step-up connections are:
(2098, = 21 1]

[k1]=]
[x]=[
[

[Ev]=[u

AV] ~[2Nt,, ] [H2]
U|+[Zth,,|-[H2]
J-[av] [z, ] 1]

Matrices used for the step-down connection are:

[a, 0 0 a, 0 0
[av]=|o0 a, 0 [af]=| 0 a, 0
i 0 0 0

0 ar N

[ a, 0 —ar Lo

[DY] =|—ar ar 0 [U] =0 ! °

L 0 —Aar dr 0 ’ 1

zt, 0
[Zt , ]= 0z
0 0 Zt
zt, ~Zt,, 0
[H1]= 1 |z, Aot 2ty 0
a, ( Zt, +Zt, + Ztm) ~Zt, —Zt, —Zt,

) 1 1 1
[H2]=aT.(Ztab+th£+Ztm)'1 bl

© 2001 CRC PressLLC



The matrices used for the step-up connection are:

OC
7t + 71, 2t 0
il 1 |z Zt 0
[ ] @ be

: -1 -1 -1
[Hz]:aT.(Ztab+thc+Ztm)._1 o

Ungrounded Wye-Delta

Power flow equations:

[a = AV]
[b =|ZDt,
a]-[r]
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Thevenin equations:

[Ethab[] = [EthABC]/i'i), +30 for step-up, —30 for step-down
N [W]-([Avr .[wo].[ZequBc]+[ZNtABC]).[H]

The matrices used used for the step-down connection are:

a, 0 0] a, 0
[av]=|0 a, 0 [Al]=| 0 4,
0 0 ar 0 0 ar
ar 0 —aT< 1 -1
[pY]=|-a, a, 0 [H]zs-laT 12
0 —ar ar | -2 -1
a,-Zt, 0 0
[2nt,]=| o a,-Zt, 0
0 a, 7t
zt,  ~Zt, O

a
[zt |= T e 2z 0
—2-7t, ~Zt, 0

The matrices used for the step-up connection are:

i o
0 —a, r
[av]=|-a, 0 [ar]=| o 0o -

0 —a,
- 0
[ A1
a,  —ap 0 2 1
[pY]=| 0 a,  -a, [H]zslaT -1 1
—a, 0 ar -1 =2
27t Zt,,
[ZDtubc]z%- —zt, 7t
~Zt, 27t 0
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a,-Zt, 0 0

0 —a,-Zt, 0
[ZNtnbc] =/ 0 0 —a,-Zt,,

The Grounded Wye-Grounded Wye Connection

Power flow equations:

Thevenin equations

[zn, ) =[av]"([ZegS ) [aV] "+,

The matrices used are:

L
ar 0 ar
[av]=[al]=| 0 4, o [av] =[a1] |0 alT
0 0 ar
0 0
zt. 0 0 a,-Zt 0
[zt,]=| 0z, o0 [zNt,]=| o ez,
0oz, 0 0
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Delta-Delta
Power flow equations:

[Etha J= ] [av]" D} [w] (1]
[Zthabc]=[w],([Av]'l.[D].[ZequBC].[Av]*+[ztubc].[<;1])

The matrices used are:

Zt, ~Zt, 0

[61]= ! |z, Zt, +7t, 0
Zt  +Zt, + 7t

~Zt,~7t,  ~Zt, 0
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FIGURE 6.26 Wye connected load.

Load Models

Loads can be represented as being connected phase-to-phase or phase-to-neutral in a four-wire wye
systems or phase-to-phase in a three-wire delta system. The loads can be three-phase, two-phase, or
single-phase with any degree of unbalance and can be modeled as:

+ Constant real and reactive power (constant PQ)
+ Constant current

+ Constant impedance

+ Any combination of the above

The load models developed in this document are used in the iterative process of a power-flow program.
All models are initially defined by a complex power per phase and either a line-to-neutral (wye load) or
a line-to-line voltage (delta load). The units of the complex power can be in volt-amperes and volts or
per-unit volt-amperes and per-unit volts.

For both the wye and delta connected loads, the basic requirement is to determine the load component
of the line currents coming into the loads. It is assumed that all loads are initially specified by their
complex power (S =P + jQ) per phase and a line-to-neutral or line-to-line voltage.

Wye Connected Loads
Figure 6.26 shows the model of a wye connected load.
The notation for the specified complex powers and voltages are as follows:

Phase a: ‘Sa ‘@ =P +jQ, and ‘VM‘@ (6.171)
Phase b: S, @ =P, +jQ, and ‘Vbn @ (6.172)
Phase c: ‘S{‘/(i =P +jQ and |V, @ (6.173)
1. Constant Real and Reactive Power Loads
I, =[{j J = i /8,-6, :‘ILH& (6.174)
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Sb

n5)
Vbn Vv

‘hn

/3, -6, =|IL, /o,

SC

i =| | =
CA\VL) W

m

/8,-6, =|IL,

/oL,

In this model the line-to-neutral voltages will change during each iteration until convergence is
achieved.

2. Constant Impedance Loads
The “constant load impedance” is first determined from the specified complex power and line-to-
neutral voltages according to Eq. (6.175).

thﬂ \/ail
ZLI = * = /eﬂ = Z(l /e(l
Sll Sﬂ
Z :‘Vb”z :‘Vb”z/e =\z \/e (6.175)
b Sb ‘Sb‘ b b" Vb .
2 2
Vol WV,
z =t - /6. =716,
SC SL' T

The load currents as a function of the “constant load impedances” are given by Eq. (6.176).

IL,= ‘; = ‘; /8,-6, =|IL, o,

Ve, Vi
IL, = be - be 8, -8, =|IL,/o,, (6.176)
I = Vo = Vo 18, -8, =|IL /o,

z, |z|——= =

In this model the line-to-neutral voltages in Eq. (6.176) will change during each iteration until
convergence is achieved.

3. Constant Current Loads
In this model the magnitudes of the currents are computed according to Eq. (6.174) and then
held constant while the angle of the voltage (8) changes during each iteration. This keeps the
power factor of the load constant.

IL, = |IL,/5, -6,

IL, =|IL /3, -6, (6.177)

IL, =|IL,/8, -8,
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FIGURE 6.27 Delta connected load.

4. Combination Loads
Combination loads can be modeled by assigning a percentage of the total load to each of the above
three load models. The total line current entering the load is the sum of the three components.

Delta Connected Loads
Figure 6.27 shows the model of a delta connected load.
The notation for the specified complex powers and voltages are as follows:

Phaseab: S /0 , =P, +jQ, and |V, /5, (6.178)
Phase bc: \sbc\/ehc =P _+jQ, and ‘th /5, (6.179)
Phase ca: |S_ /6, =P, +jQ, and |V |/3 (6.180)

1. Constant Real and Reactive Power Loads

i, =[Se | =Pelis _o —ln
ab — Viab _Va / ab ab_‘ ab/a‘iub
s, ) S
I, =| 2 | =8, -6, =|IL, |l (6.181)
VbC ‘ bel o
L, = Sa | 2 Pa /Sm—em:\ILa/ocm
‘/‘3’1 ca ‘

In this model the line-to-line voltages will change during each iteration until convergence is
achieved.

2. Constant Impedance Loads
The “constant load impedance” is first determined from the specified complex power and line-to-
neutral voltages according to Eq. (6.182).

2

ab

V
z, =t Lol g =
S _4v

ab

Zuh

/6, (6.182)
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Ml Mg
th - P /ebc ‘th /ebc
She She -
2 2
Val Ve
Zm = - /eca = an /eca
S, S —

The load currents as a function of the “constant load impedances” are given by Eq. (6.173).

\%4 an,
ILab == . /Sub _eub = ‘ILub /aah
Zﬂb ab
V, ‘Vbc
IL, be — /8bc—9h£= IL, /o, (6.183)
Zbc ‘th‘ . C— ‘ __be
V ca
ILca = / 66(1 - eca = ‘ILca / a‘ca
Zm ca

In this model the line-to-neutral voltages in Eq. (6.183) will change during each iteration until
convergence is achieved.

3. Constant Current Loads
In this model the magnitudes of the currents are computed according to Eq. (6.181) and then
held constant while the angle of the voltage (8) changes during each iteration. This keeps the
power factor of the load constant.

IL,= ‘ILab‘/ 8,,— 9,

(6.184)

C

L, =|IL,

/5, —6,
IL, =|IL, /5, -,

4. Combination Loads
Combination loads can be modeled by assigning a percentage of the total load to each of the above
three load models. The total delta current for each load is the sum of the three components.

The line currents entering the delta connected load are determined by:

w| [t o -1|[m,
m|=-1 1 oL
mw| (o -1 1||IL

c ca

(6.185)

be

In both the wye and delta connected loads, single-phase and two-phase loads are modeled by setting
the complex powers of the missing phases to zero. In other words, all loads are modeled as three-phase
loads and by setting the complex power of the missing phases to zero, the only load currents computed
using the above equations will be for the non-zero loads.
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FIGURE 6.28 Wye connected capacitor bank.

Shunt Capacitor Models

Shunt capacitor banks are commonly used in a distribution system to help in voltage regulation and to
provide reactive power support. The capacitor banks are modeled as constant susceptances connected in
either wye or delta. Similar to the load model, all capacitor banks are modeled as three-phase banks with
the kVAr of missing phases set to zero for single-phase and two-phase banks.

Wye Connected Capacitor Bank
A wye connected capacitor bank is shown in Fig. 6.28.

The individual phase capacitor units are specified in kVAr and kV. The constant susceptance for each unit
can be computed in either Siemans or per-unit. When per-unit is desired, the specified kVAr of the capacitor
must be divided by the base single-phase kVAr and the kV must be divided by the base line-to-neutral kV.

The susceptance of a capacitor unit is computed by:

il = % Siemans (6.186)
kV*-1000
kVAr ]
= -z Per-unit (6.187)
\%4
pu
where kVAr,, =M (6.188)
single_ phase_base
kV
Vpu — v actual (6 1 89)

line _to_neutral _base

The per-unit value of the susceptance can also be determined by first computing the actual value
[Eq. (6.186)] and then dividing by the base admittance of the system.
With the susceptance computed, the line currents serving the capacitor bank are given by:

IC,=jB,-V,,
IC, =jB,V,, (6.190)
ICC = jBC 'X/L‘ﬂ
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Delta Connected Capacitor Bank

A delta connected capacitor bank is shown in Fig. 6.29. IG, S
Equations (6.186) through (6.189) can be used to ic,

determine the value of the susceptance in actual Siemans b~

and/or per-unit. It should be pointed out that in this case, ® |l B b

the kV will be a line-to-line value of the voltage. Also, it ea
should be noted that in Eq. (6.189), the base line-to-neu-
tral voltage is used to compute the per-unit line-to-line 1Cea Boc /chc
voltage. This is a variation from the usual application of

16 —>

the per-unit system where the actual line-to-line voltage ¥

would be divided by a base line-to-line voltage in order .

.1 . . FIGURE 6.29 Delta connected capacitor bank.
to get the per-unit line-to-line voltage. That is not done
here so that under normal conditions, the per-unit line-
to-line voltage will have a magnitude of /3 rather than 1.0. This is done so that KCL at each node of the
delta connection will apply for either the actual or per-unit delta currents.

The currents flowing in the delta connected capacitors are given by:

Icuh = jBuh ’ Vab

IC,. =jB, -V, (6.191)
ICCIZ = jBCﬂ : ‘/Cﬂ
The line currents feeding the delta connected capacitor bank are given by:
IC, 1 0 -1f(IC,
IC, |=[-1 1 0 |-]1C, (6.192)
IC, o -1 1 IC

Analysis
Power Flow Analysis

The power-flow analysis of a distribution feeder is similar to that of an interconnected transmission
system. Typically what will be known prior to the analysis will be the three-phase voltages at the substation
and the complex power of all of the loads and the load model (constant complex power, constant
impedance, constant current or a combination). Sometimes, the input complex power supplied to the
feeder from the substation is also known.

In the areas of this section entitled “Line Segment Models”, “Step-Voltage Regulators”, and “Transformer
Bank Connections”, phase frame models were presented for the series components of a distribution feeder.
In the areas entitled “Load Models” and “Shunt Capacitor Models”, models were presented for the shunt
components (loads and capacitor banks). These models are used in the “power-flow” analysis of a
distribution feeder.

A power-flow analysis of a feeder can determine the following by phase and total three-phase:

+ Voltage magnitudes and angles at all nodes of the feeder

+ Line flow in each line section specified in kW and kVAr, amps and degrees or amps and power factor
+ Power loss in each line section

+ Total feeder input kW and kVAr

Total feeder power losses

+ Load kW and kVAr based upon the specified model for the load
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FIGURE 6.30 Linear ladder network.

Because the feeder is radial, iterative techniques commonly used in transmission network power-flow
studies are not used because of poor convergence characteristics (Trevino, 1970). Instead, an iterative
technique specifically designed for a radial system is used. The “ladder iterative technique” (Kersting and
Mendive, 1976) will be presented here.

The Ladder Iterative Technique

Linear Network
A modification of the “ladder” network theory of linear systems provides a robust iterative technique for
power-flow analysis. A distribution feeder is non-linear because most loads are assumed to be constant
kW and kVAr. However, the approach taken for the linear system can be modified to take into account
the non-linear characteristics of the distribution feeder.

For the ladder network in Fig. 6.30 it is assumed that all of the line impedances and load impedances
are known along with the voltage at the source (V). The solution for this network is to assume a voltage
at the most remote load (V). The load current I, is then determined as:

V.
j=0 (6.193)
7L,

I

For this “end node” case, the line current I,; is equal to the load current I The voltage at node 4 (V,)
can be determined using Kirchhoff’s Voltage Law:

V,=V,+Z,. 1, (6.194)

The load current I, can be determined and then Kirchhoff’s Current Law applied to determine the
line current I,,.

L,=1.+I, (6.195)

Kirchhoff’s Voltage Law is applied to determine the node voltage V;. This procedure is continued until
a voltage (V;) has been computed at the source. The computed voltage V, is compared to the specified
voltage V. There will be a difference between these two voltages. The ratio of the specified voltage to the
compute voltage can be determined as:

Ratioz% (6.196)

1

Since the network is linear, all of the line and load currents and node voltages in the network can be
multiplied by the Ratio for the final solution to the network.
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FIGURE 6.31 Non-linear ladder network.

Non-Linear Network
The linear network of Fig. 6.30 is modified to a non-linear network by replacing all of the constant load
impedances by constant complex power loads as shown in Fig. 6.31.

The procedure outlined for the linear network is applied initially to the non-linear network. The only
difference being that the load current at each node is computed by:

I =" 6.197
A @197

The “forward sweep” will determine a computed source voltage V,. As in the linear case, this first
“iteration” will produce a voltage that is not equal to the specified source voltage V. Because the network
is non-linear, multiplying currents and voltages by the ratio of the specified voltage to the computed
voltage will not give the solution. The most direct modification to the ladder network theory is to perform
a “backward sweep.” The backward sweep commences by using the specified source voltage and the line
currents from the “forward sweep.” Kirchhoff’s Voltage Law is used to compute the voltage at node 2 by:

V,=V.~Z,-1, (6.198)

This procedure is repeated for each line segment until a “new” voltage is determined at node 5. Using
the “new” voltage at node 5, a second “forward sweep” is started that will lead to a “new” computed
voltage at the source.

The forward and backward sweep process is continued until the difference between the computed and
specified voltage at the source is within a given tolerance.

General Feeder
A typical distribution feeder will consist of the “primary main” with laterals tapped off the primary main,
and sublaterals tapped off the laterals, etc. Figure 6.32 shows an example of a typical feeder.

The ladder iterative technique for the feeder of Fig. 6.32 would proceed as follows:

Assume voltages (1.0 per-unit) at the “end” nodes (6, 8,9, 11, and 13).

Starting at node 13, compute the node current (load current plus capacitor current if present).
With this current, apply Kirchhoff’s Voltage Law (KVL) to calculate the node voltages at 12 and 10.
Node 10 is referred to as a “junction” node since laterals branch in two directions from the node.

L e

This feeder goes to node 11 and computes the node current. Use that current to compute the
voltage at node 10. This will be referred to as “the most recent voltage at node 10.”

5. Using the most recent value of the voltage at node 10, the node current at node 10 (if any) is
computed.

6. Apply Kirchhoff’s Current Law (KCL) to determine the current flowing from node 4 towards node
10.

7. Compute the voltage at node 4.

8. Node 4 is a “junction node.” An end node downstream from node 4 is selected to start the forward
sweep toward node 4.
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FIGURE 6.32 Typical distribution feeder.

. Select node 6, compute the node current, and then compute the voltage at “junction node” 5.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

Go to downstream end node 8. Compute the node current and then the voltage at junction node 7.
Go to downstream end node 9. Compute the node current and then the voltage at junction node 7.
Compute the node current at node 7 using the most recent value of node 7 voltage.

Apply KCL at node 7 to compute the current flowing on the line segment from node 5 to node 7.
Compute the voltage at node 5.

Compute the node current at node 5.

Apply KCL at node 5 to determine the current flowing from node 4 toward node 5.

Compute the voltage at node 4.

Compute the node current at node 4.

Apply KCL at node 4 to compute the current flowing from node 3 to node 4.

Calculate the voltage at node 3.

Compute the node current at node 3.

Apply KCL at node 3 to compute the current flowing from node 2 to node 3.

Calculate the voltage at node 2.

Compute the node current at node 2.

Apply KCL at node 2.

Calculate the voltage at node 1.

Compare the calculated voltage at node 1 to the specified source voltage.

If not within tolerance, use the specified source voltage and the forward sweep current flowing
from node 1 to node 2 and compute the new voltage at node 2.

The backward sweep continues using the new upstream voltage and line segment current from
the forward sweep to compute the new downstream voltage.

The backward sweep is completed when new voltages at all end nodes have been completed.
This completes the first iteration.

Now repeat the forward sweep using the new end voltages rather than the assumed voltages as
was done in the first iteration.
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FIGURE 6.33 Unbalanced three-phase distribution feeder.

33. Continue the forward and backward sweeps until the calculated voltage at the source is within a
specified tolerance of the source voltage

34. At this point the voltages are known at all nodes and the currents flowing in all line segments are
known. An output report can be produced giving all desired results.

The Unbalanced Three-Phase Distribution Feeder
The previous section outlined the general procedure for performing the ladder iterative technique. This
section will address how that procedure can be used for an unbalanced three-phase feeder.

Figure 6.33 is the one-line diagram of an unbalanced three-phase feeder.

The topology of the feeder in Fig. 6.33 is the same as the feeder in Fig. 6.32. Figure 6.33 shows more
detail of the feeder however. The feeder in Fig. 6.33 can be broken into the “series” components and the
“shunt” components.

Series Components
The “series” components of a distribution feeder are:

+ Line segments
+ Transformers
* Voltage regulators

Models for each of the series components have been developed in prior areas of this section. In all
cases, models (three-phase, two-phase, and single-phase) were developed in such a manner that they can
be generalized. Figure 6.34 shows the “general model” for each of the series components.

Node n Node m
Series Feeder
I abc]n Component (Tab<] .
[Vabel [Vabe]

FIGURE 6.34 Series feeder component.
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The general equations defining the “input” (Node n) and “output” (Node m) voltages and currents
are given by:

Vise), =[] [Vaee ], +[0] [ 2], (6.199)

[T, =[] V], +[d} 1], (6.200)

The general equation relating the “output” (Node m) and “input” (Node n) voltages is given by:

[Vael, =4} Vas], =B 2], (6.201)

In Egs. (6.199), (6.200), and (6.201), the voltages are line-to-neutral for a four-wire wye feeder and
“equivalent” line-to-neutral for a three-wire delta system. For transformers and voltage regulators, the
voltages are line-to-neutral for terminals that are connected to a four-wire wye and line-to-line when
connected to a three-wire delta.

Shunt Components
The shunt components of a distribution feeder are:

+ Spot loads
+ Distributed loads
+ Capacitor banks

“Spot” loads are located at a node and can be three-phase, two-phase, or single-phase and connected
in either a wye or a delta connection. The loads can be modeled as constant complex power, constant
current, constant impedance, or a combination of the three.

“Distributed” loads are located at the mid-section of a line segment. A distributed load is modeled
when the loads on a line segment are uniformly distributed along the length of the segment. As in the
spot load, the distributed load can be three-phase, two-phase, or single-phase and connected in either a
wye or a delta connection. The loads can be modeled as constant complex power, constant current, constant
impedance, or a combination of the three. To model the distributed load, a “dummy” node is created in
the center of a line segment with the distributed load of the line section modeled at this dummy node.

Capacitor banks are located at a node and can be three-phase, two-phase, or single-phase and can be
connected in a wye or delta. Capacitor banks are modeled as constant admittances.

In Fig. 6.33 the solid line segments represent overhead lines while the dashed lines represent under-
ground lines. Note that the phasing is shown for all of the line segments. In the area of this section
entitled “Line Impedances”, the application of Carson’s equations for computing the line impedances for
overhead and underground lines was presented. There it was pointed out that two-phase and single-
phase lines are represented by a three-by-three matrix with zeros set in the rows and columns of the
missing phases.

In the area of this section entitled “Line Admittances”, the method for the computation of the shunt
capacitive susceptance for overhead and underground lines was presented. Most of the time the shunt
capacitance of the line segment can be ignored; however, for long underground segments, the shunt
capacitance should be included.

The “node” currents may be three-phase, two-phase, or single-phase and consist of the sum of the
load current at the node plus the capacitor current (if any) at the node.

Applying the Ladder Iterative Technique

The previous section outlined the steps required for the application of the ladder iterative technique. For
the general feeder of Fig. 6.33 the same outline applies. The only difference is that Eq. (6.199) and (6.200)
are used for computing the node voltages on the “forward sweep” and Eq. (6.201) is used for computing
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the downstream voltages on the “backward sweep.” The [a], [b], [c], [d], [A], and [B] matrices for the
various series components are defined in the following areas of this section:

+ Line Segments: Line Segment Models
+ Voltage Regulators: Step-Voltage Regulators
+ Transformer Banks: Transformer Bank Connections

The node currents are defined in the following area:

+ Loads: Load Models
+ Capacitors: Shunt Capacitor Models

Final Notes

Line Segment Impedances

It is extremely important that the impedances and admittances of the line segments be computed using
the exact spacings and phasing. Because of the unbalanced loading and resulting unbalanced line currents,
the voltage drops due to the mutual coupling of the lines become very important. It is not unusual to
observe a voltage rise on a lightly loaded phase of a line segment that has an extreme current unbalance.

Power Loss

The real power losses of a line segment must be computed as the difference (by phase) of the input power
to a line segment minus the output power of the line segment. It is possible to observe a negative power
loss on a phase that is lightly loaded compared to the other two phases. Computing power loss as the
phase current squared times the phase resistance does not give the actual real power loss in the phases.

Load Allocation

Many times the input complex power (kW and kVAr) to a feeder is known because of the metering at
the substation. This information can be either total three-phase or for each individual phase. In some
cases the metered data may be the current and power factor in each phase.

It is desirable to have the computed input to the feeder match the metered input. This can be
accomplished (following a converged iterative solution) by computing the ratio of the metered input to
the computed input. The phase loads can now be modified by multiplying the loads by this ratio. Because
the losses of the feeder will change when the loads are changed, it is necessary to go through the ladder
iterative process to determine a new computed input to the feeder. This new computed input will be
closer to the metered input, but most likely not within a specified tolerance. Again, a ratio can be
determined and the loads modified. This process is repeated until the computed input is within a specified
tolerance of the metered input.

Short Circuit Analysis

The computation of short-circuit currents for unbalanced faults in a normally balanced three-phase
system has traditionally been accomplished by the application of symmetrical components. However,
this method is not well-suited to a distribution feeder that is inherently unbalanced. The unequal mutual
coupling between phases leads to mutual coupling between sequence networks. When this happens, there
is no advantage to using symmetrical components. Another reason for not using symmetrical components
is that the phases between which faults occur is limited. For example, using symmetrical components,
line-to-ground faults are limited to phase a to ground. What happens if a single-phase lateral is connected
to phase b or ¢? This section will present a method for short circuit analysis of an unbalanced three-
phase distribution feeder using the phase frame (Kersting, 1980).

General Theory
Figure 6.35 shows the unbalanced feeder as modeled for short-circuit calculations.

In Fig. 6.35, the voltage sources E , E,, and E_represent the Thevenin Equivalent line-to-ground voltages
at the faulted bus. The matrix [ZTOT] represents the Thevenin Equivalent impedance matrix at the
faulted bus. The fault impedance is represented by Z; in Fig. 6.35.
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FIGURE 6.35 Unbalanced feeder short-circuit analysis model.

Kirchhoff’s Voltage Law in matrix form can be applied to the circuit of Fig. 6.35.

El [z, =z, z.]lr] |z, o ol[r] [v.] |V

a aa ab ac f ax xg
E =2, Z, Z,||1f,|+ 0 Z; 0 |-[If, |+ V. |+ Ve
Er: ca Zcb cc Ifc 0 0 Z f Ifc ‘/cx qu

Equation (6.202) can be written in compressed form as:
[Ea]=[z10T] [+ (28] [+ [V +[Vic)
Combine terms in Eq. (6.203).
[Eac]=[22Q) [ # Vi # [V
where: [ZEQ] = [ZTOT]+[ZF]
Solve Eq. (6.204) for the fault currents:

()= [vEQ)- [Bu]-[¥EQ) [Vas|-[¥EQ [

where [vEQ]=[2EQ] B

Since the matrices [YEQ] and [E,, ] are known, define:

abc

[, =[vEQ] [E..]

Substituting Eq. (6.208) into Eq. (6.206) results in the expanded Eq. (6.209).

] [ip] [y, Y v.] v, Y

aa ab ac ax aa ab ac xg
Ifb = IB) - vaa vab ch ’ Vbx - Yba Ybl] ch ’ ng
Ifc IPL Yca cb cc ‘/rx Ycu cb cc xg
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Performing the matrix operations in Eq. (6.209):
If;J :IPa _(Yuﬂ Vux +Yab .th +Yac .\/cx)_Ya .ng

Ifb = IPb _(Ybu .Vax +Ybb .Vbx +ch .\/cx)_Yb .ng (6210)

If, = IR, ~(Y, V, Y, V, Y,V )=Y, -V

o c xg

Yu =Yaa+Yah+Ya(
where Y, =Y, +Y, +Y, (6.211)
Yc =Yca+ch+ch

Equations (6.210) become the general equations that are used to simulate all types of short circuits.
Basically there are three equations and seven unknowns (If,, Ify, If, V,,, Vi, V,,and V.. ). The other three
variables in the equations (IP,, IP;, and IP.) are functions of the total impedance and the Thevenin
voltages and are therefore known. In order to solve Eq. (6.210), it will be necessary to specify four of the
seven unknowns. These specifications are functions of the type of fault being simulated. The additional
required four knowns for various types of faults are given below:

Three-phase faults

Vax:th:‘/t:x:()

(6.212)
I+1,+1 =0
Three-phase-to-ground faults
Ve =V =V, =V, =0 (6.213)
Line-to-line faults (assume i-j fault with phase k unfaulted)
\/ix = ij = 0
If, =0 (6.214)
If, +1f; =0
Line-to-line-to-ground faults (assume i-j to ground fault with k unfaulted)
V.=V =V _=0
ix Jx xg
P, (6.215)
V.=~
Y
Line-to-ground faults (assume phase k fault with phases i and j unfaulted)
Vi, =V,=0
(6.216)
If,=1f,=0
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Notice that Egs. (6.214), (6.215), and (6.216) will allow the simulation of line-to-line, line-to-line-to-
ground, and line-to-ground faults for all phases. There is no limitation to b-c faults for line-to-line and
a-g for line-to-ground as is the case when the method of symmetrical components is employed.
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6.3 Power System Operation and Control

George L. Clark and Simon W. Bowen

Implementation of Distribution Automation

The implementation of “distribution automation” within the continental U.S. is as diverse and numerous
as the utilities themselves. Particular strategies of implementation utilized by various utilities have
depended heavily on environmental variables such as size of the utility, urbanization, and available
communication paths. The current level of interest in distribution automation is the result of:

+ The maturation of technologies within the past 10 years in the areas of communication and
RTUs/PLCs.

Increased performance in host servers for the same or lower cost; lower cost of memory.

+ The threat of deregulation and competition as a catalyst to automate.

Strategic benefits to be derived (e.g., potential of reduced labor costs, better planning from better
information, optimizing of capital expenditures, reduced outage time, increased customer satisfaction).

While not meant to be all-inclusive, this section on distribution automation attempts to provide some
dimension to the various alternatives available to the utility engineer. The focus will be on providing
insight on the elements of automation that should be included in an scalable and extensible system. The
approach will be to describe the elements of a “typical” distribution automation system in a simple
manner, offering practical observations as required.

For the electric utility, justification for automating the distribution system, while being highly desirable,
was not readily attainable based on a cost/benefit ratio due to the size of the distribution infrastructure
and cost of communication circuits. Still there have been tactical applications deployed on parts of
distribution systems that were enough to keep the dream alive. The development of the PC (based on
the Intel architecture) and VME systems (based on the Motorola architecture) provided the first low-
cost SCADA master systems that were sized appropriately for the small co-ops and municipality utilities.
New SCADA vendors then entered the market targeting solutions for small to medium-sized utilities.
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Eventually the SCADA vendors who had been providing transmission SCADA took notice of the distri-
bution market. These vendors provided host architectures based on VAX/VMS (and later Alpha/Open-
VMS) platforms and on UNIX platforms from IBM and Hewlett-Packard. These systems were required
for the large distribution utility (100,000-250,000 point ranges). These systems often resided on company-
owned LANs with communication front-end processors and user interface attached either locally on the
same LAN or across a WAN.

Distribution SCADA History

Supervisory Control And Data Acquisition (SCADA) is the foundation for the distribution automation
system. The ability to remotely monitor and control electric power system facilities found its first
application within the power generation and transmission sectors of the electric utility industry. The
ability to significantly influence the utility bottom line through the effective dispatch of generation and
the marketing of excess generating capacity provided economic incentive. The interconnection of large
power grids in the midwestern and the southern U.S. (1962) created the largest synchronized system in
the world. The blackout of 1965 prompted the U.S. Federal Power Commission to recommend closer
coordination between regional coordination groups (Electric Power Reliability Act of 1967), and gave
impetus to the subsequent formation of the National Electric Reliability Council (1970). From that time
(1970) forward, the priority of the electric utility has been to engineer and build a highly reliable and
secure transmission infrastructure. Transmission SCADA became the base for the large Energy Manage-
ment Systems that were required to manage the transmission grid. Distribution SCADA languished during
this period.

In the mid-1980s, EPRI published definitions for distribution automation and associated elements.
The industry generally associates distribution automation with the installation of automated distribution
line devices, such as switches, reclosers, sectionalizers, etc. The author’s definition of distribution auto-
mation encompasses the automation of the distribution substations and the distribution line devices.
The automated distribution substations and the automated distribution line devices are then operated
as a system to facilitate the operation of the electric distribution system.

SCADA System Elements
At a high level, the elements of a distribution automation system can be divided into three main areas:

+ SCADA application and server(s)
+ DMS applications and server(s)
+ Trouble management applications and server(s)

Distribution SCADA

As was stated in the introduction, the Supervisory Control And Data Acquisition (SCADA) system is the
heart of Distribution Management System (DMS) architecture. A SCADA system should have all of the
infrastructure elements to support the multifaceted nature of distribution automation and the higher
level applications of a DMS. A Distribution SCADA system’s primary function is in support of distribution
operations telemetry, alarming, event recording, and remote control of field equipment. Historically,
SCADA systems have been notorious for their lack of support for the import, and more importantly, the
export of power system data values. A modern SCADA system should support the engineering budgeting
and planning functions by providing access to power system data without having to have possession of
an operational workstation. The main elements of a SCADA system are:

* Host equipment

« Communication infrastructure (network and serial communications)

+ Field devices (in sufficient quantity to support operations and telemetry requirements of a DMS
platform)
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FIGURE 6.36 DA system architecture.

Host Equipment
The authors feel that the essential elements of a distribution SCADA host are:

+ Host servers (redundant servers with backup/failover capability).

» Communication front-end nodes (network based).

+ Full graphics user interfaces.

+ Relational database server (for archival of historical power system values) and data server/Web
server (for access to near real time values and events).

The elements and components of the typical distribution automation system are illustrated in Fig. 6.36.

Host Computer System

SCADA Servers

As SCADA has proven its value in operation during inclement weather conditions, service restoration, and
daily operations, the dependency on SCADA has created a requirement for highly available and high-
performance systems. Redundant server hardware operating in a “live” backup/failover mode is required
to meet the high availability criteria. High-performance servers with abundant physical memory, RAID
hard disk systems, and interconnected by 10/100 baseT switched Ethernet are typical of today’s SCADA
servers.

Communication Front-End (CFE) Processors

The current state of host to field device communications still depends heavily on serial communications.
This requirement is filled by the CFE. The CFE can come in several forms based on bus architecture (e.g.,
VME or PCI) and operating system. Location of the CFE in relation to the SCADA server can vary based
on requirement. In some configurations the CFE is located on the LAN with the SCADA server. In other
cases, existing communications hubs may dictate that the CFE reside at the communication hub. The
incorporation of the WAN into the architecture requires a more robust CFE application to compensate
for less reliable communications (in comparison to LAN). In general the CFE will include three functional
devices: a network/CPU board, serial cards, and possibly a time code receiver. Functionality should include
the ability to download configuration and scan tables. The CFE should also support the ability to dead
band values (i.e., report only those analog values that have changed by a user-defined amount). CFE,
network, and SCADA servers should be capable of supporting worst-case conditions (i.e., all points
changing outside of the dead band limits), which typically occur during severe system disturbances.

Full Graphics User Interface
The current trend in the user interface (UI) is toward a full graphics (FG) user interface. While character
graphics consoles are still in use by many utilities today, SCADA vendors are aggressively moving their
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platforms to a full graphics UL Quite often the SCADA vendors have implemented their new full graphics
user interface on low-cost NT workstations using third-party applications to emulate the X11 window
system. Full graphic displays provide the ability to display power system data along with the electric
distribution facilities in a geographical (or semigeographical) perspective. The advantage of using a full
graphics interface becomes evident (particularly for distribution utilities) as SCADA is deployed beyond
the substation fence where feeder diagrams become critical to distribution operations.

Relational Databases, Data Servers, and Web Servers

The traditional SCADA systems were poor providers of data to anyone not connected to the SCADA
system by an operational console. This occurred due to the proprietary nature of the performance (in
memory) database and its design optimization for putting scanned data in and pushing display values
out. Power system quantities such as: bank and feeder loading (MW, MWH, MQH, and ampere loading),
and bus volts provide valuable information to the distribution planning engineer. The availability of
event (log) data is important in postmortem analysis. The use of relational databases, data servers, and
Web servers by the corporate and engineering functions provides access to power system information
and data while isolating the SCADA server from nonoperations personnel.

Host to Field Communications

Serial communications to field devices can occur over several mediums: copper wire, fiber, radio, and
even satellite. Telephone circuits, fiber, and satellites have a relatively high cost. New radio technologies
offer good communications value. One such technology is the Multiple Address Radio System (MAS).
The MAS operates in the 900 MHz range and is omnidirectional, providing radio coverage in an area
with radius up to 20-25 miles depending on terrain. A single MAS master radio can communicate with
many remote sites. Protocol and bandwidth limit the number of remote terminal units that can be
communicated with by a master radio. The protocol limit is simply the address range supported by the
protocol. Bandwidth limitations can be offset by the use of efficient protocols, or slowing down the scan
rate to include more remote units. Spread-spectrum and point-to-point radio (in combination with
MAS) offers an opportunity to address specific communication problems. At the present time MAS radio
is preferred (authors’ opinion) to packet radio (another new radio technology); MAS radio communi-
cations tend to be more deterministic providing for smaller timeout values on communication no-
responses and controls.

Field Devices

Distribution Automation (DA) field devices are multi-featured installations meeting a broad range of
control, operations, planning, and system performance issues for the utility personnel. Each device
provides specific functionality, supports system operations, includes fault detection, captures planning
data and records power quality information. These devices are found in the distribution substation and
at selected locations along the distribution line. The multifeatured capability of the DA device increases
its ability to be integrated into the electric distribution system. The functionality and operations capa-
bilities complement each other with regard to the control and operation of the electric distribution
system. The fault detection feature is the “eyes and ears” for the operating personnel. The fault detection
capability becomes increasingly more useful with the penetration of DA devices on the distribution line.

The real-time data collected by the SCADA system is provided to the planning engineers for inclusion
in the radial distribution line studies. As the distribution system continues to grow, the utility makes
annual investments to improve the electric distribution system to maintain adequate facilities to meet
the increasing load requirements. The use of the real-time data permits the planning engineers to optimize
the annual capital expenditures required to meet the growing needs of the electric distribution system.

The power quality information includes capturing harmonic content to the 15th harmonic and record-
ing Percent Total Harmonic Distortion (% THD). This information is used to monitor the performance
of the distribution electric system.
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Modern RTU

Today’s modern RTU is modular in construction with advanced capabilities to support functions that
heretofore were not included in the RTU design. The modular design supports installation configurations
ranging from the small point count required for the distribution line pole-mounted units to the very
large point count required for large bulk-power substations and power plant switchyard installations.
The modern RTU modules include analog units with 9 points, control units with 4 control pair points,
status units with 16 points, and communication units with power supply. The RTU installation require-
ments are met by accumulating the necessary number of modern RTU modules to support the analog,
control, status, and communication requirements for the site to be automated. Packaging of the minimum
point count RTUs is available for the distribution line requirement. The substation automation require-
ment has the option of installing the traditional RTU in one cabinet with connections to the substation
devices or distributing the RTU modules at the devices within the substation with fiberoptic communi-
cations between the modules. The distributed RT'U modules are connected to a data concentrating unit
which in turn communicates with the host SCADA computer system.

The modern RTU accepts direct AC inputs from a variety of measurement devices including line-post
sensors, current transformers, potential transformers, station service transformers, and transducers.
Direct AC inputs with the processing capability in the modern RTU supports fault current detection and
harmonic content measurements. The modern RTU has the capability to report the magnitude, direction,
and duration of fault current with time tagging of the fault event to 1-millisecond resolution. Monitoring
and reporting of harmonic content in the distribution electric circuit are capabilities that are included
in the modern RTU. The digital signal processing capability of the modern RTU supports the necessary
calculations to report % THD for each voltage and current measurement at the automated distribution
line or substation site.

The modern RTU includes logic capability to support the creation of algorithms to meet specific
operating needs. Automatic transfer schemes have been built using automated switches and modern
RTUs with the logic capability. This capability provides another option to the distribution line engineer
when developing the method of service and addressing critical load concerns. The logic capability in the
modern RTU has been used to create the algorithm to control distribution line switched capacitors for
operation on a per phase basis. The capacitors are switched on at zero voltage crossing and switched off
at zero current crossing. The algorithm can be designed to switch the capacitors for various system
parameters, such as voltage, reactive load, time, etc. The remote control capability of the modern RTU
then allows the system operator to take control of the capacitors to meet system reactive load needs.

The modern RTU has become a dynamic device with increased capabilities. The new logic and input
capabilities are being exploited to expand the uses and applications of the modern RTU.

PLCs and IEDs

Programmable Logic Controllers (PLCs) and Intelligent Electronic Devices (IEDs) are components of
the distribution automation system, which meet specific operating and data gathering requirements.
While there is some overlap in capability with the modern RTU, the authors are familiar with the use of
PLCs for automatic isolation of the faulted power transformer in a two-bank substation and automatic
transfer of load to the unfaulted power transformer to maintain an increased degree of reliability. The
PLC communicates with the modern RTU in the substation to facilitate the remote operation of the
substation facility. The typical PLC can support serial communications to a SCADA server. The modern
RTU has the capability to communicate via an RS-232 interface with the PLC.

IEDs include electronic meters, electronic relays, and controls on specific substation equipment, such
as breakers, regulators, LTC on power transformers, etc. The IEDs also have the capability to support
serial communications to a SCADA server. However, the authors’ experience indicates that the IEDs are
typically reporting to the modern RTU via an RS-232 interface or via status output contact points. As
its communicating capability improves and achieves equal status with the functionality capability, the
IED has the potential to become an equal player in the automation communication environment.
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However, in the opinion of the authors, the limited processing capability for supporting the communi-
cation requirement, in addition to its functional requirements (i.e., relays, meters, etc.), hampers the
widespread use of the IEDs in the distribution automation system.

Substation

The installation of the SCADA technology in the DA substation provides for the full automation of the
distribution substation functions and features. The modular RTU supports the various substation sizes
and configuration. The load on the power transformer is monitored and reported on a per-phase basis.
The substation low-side bus voltage is monitored on a per phase basis. The distribution feeder breaker is
fully automated. Control of all breaker control points is provided including the ability to remotely set up
the distribution feeder breaker to support energized distribution line work. The switched capacitor banks
and substation regulation are controlled from the typical modular RTU installation. The load on the
distribution feeder breaker is monitored and reported on a per-phase basis as well as on a three-phase
basis. This capability is used to support the normal operations of the electric distribution system and to
respond to system disturbances. The installation of the SCADA technology in the DA substation eliminates
the need to dispatch personnel to the substation except for periodic maintenance and equipment failure.

Line

The DA distribution line applications include line monitoring, pole-mounted reclosers, gang-operated
switches equipped with motor operators, switched capacitor banks, and pad-mounted automatic transfer
switchgear. The modular RTU facilitates the automation of the distribution line applications. The use of
the line post sensor facilitates the monitoring capability on a per-phase basis. The direct AC input from
the sensors to the RTU supports monitoring of the normal load, voltage and power factor measurements,
and also the detection of fault current. The multifeatured distribution line DA device can be used
effectively to identify the faulted sections of the distribution circuit during system disturbances, isolate
the faulted sections, and restore service to the unfaulted sections of the distribution circuit. The direct
AC inputs to the RTU also support the detection and reporting of harmonics to the 15" harmonic and
the %THD per phase for voltage and current.

Tactical and Strategic Implementation Issues

As the threat of deregulation and competition emerges, retention of industrial and large commercial
customers will become the priority for the electric utility. Every advantage will be sought by the electric
utility to differentiate itself from other utilities. Reliable service, customer satisfaction, fast storm restora-
tions, and power quality will be the goals of the utility. Differing strategies will be employed based on the
customer in question and the particular mix of goals that the utility perceives will bring customer loyalty.

For large industrial and commercial customers, where the reliability of the electric service is important
and outages of more than a few seconds can mean lost production runs or lost revenue, tactical auto-
mation solutions may be required. Tactical solutions are typically transfer schemes or switching schemes
that can respond independently of operator action, reporting the actions that were initiated in response
to loss of preferred service and/or line faults. The requirement to transfer source power, or reconfigure
a section of the electric distribution system to isolate and reconnect in a matter of seconds is the primary
criteria. Tactical automation based on local processing provides the solution.

In cases where there are particularly sensitive customer requirements, tactical solutions are appropriate.
When the same requirements are applied to a large area and/or customer base, a strategic solution based
on a distribution management platform is preferred. This solution requires a DMS with a system
operational model that reflects the current configuration of the electric distribution system. Automatic
fault isolation and restoration applications that can reconfigure the electric distribution system, require
a “whole system” model in order to operate correctly and efficiently.

So while tactical automation requirements exist and have significant impact and high profile, goals
that target system issues (reduction of system losses, voltage programs, storm restoration) require a
strategic solution.
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FIGURE 6.37 A DMS platform with SCADA interface.

Distribution Management Platform

Distribution Management System

A functional Distribution Management System (DMS) platform should be fully integrated with the
distribution SCADA system. The SCADA-DMS interface should be fully implemented with the capability
of passing data [discrete indication (status) and values (analog)] bidirectionally. The SCADA interface
should also support device control. Figure 6.37 details the components of a DMS.

Trouble Management Platform

Trouble Management System

In addition to the base SCADA functionality and high-level DMS applications, the complete distribution
automation system will include a Trouble Management System (TMS). Trouble Management Systems
collect trouble calls received by human operators and Interactive Voice Recorders (IVR). The trouble
calls are fed to an analysis/prediction engine that has a model of the distribution system with customer
to electrical address relationships. Outage prediction is presented on a full graphics display that overlays
the distribution system on CAD base information. A TMS also provides for the dispatch and management
of crews, customer callbacks, accounting, and reports. A SCADA interface to a TMS provides the means
to provide confirmed (SCADA telemetry) outage information to the prediction engine. Figure 6.38 shows
a typical TMS.

Practical Considerations

Choosing the Vendor

Choosing a Platform Vendor
In choosing a platform (SCADA, DMS, TMS) vendor there are several characteristics that should be kept
in mind (these should be considered as rule of thumb based on experience of what works and what does
not). Choosing the right vendor is as important as choosing the right software package.

Vendor characteristics that the authors consider important are:

+ A strong “product” philosophy. Having a strong product philosophy is typically a chicken and egg
proposition. Which came first, the product or the philosophy? Having a baseline SCADA application
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FIGURE 6.38 A TMS platform with SCADA interface.

can be a sign of maturity and stability. Did the platform vendor get there by design or did they
back into it? Evidence of a product philosophy include a baseline system that is in production and
enhancements that are integrated in a planned manner with thorough testing on the enhancement
and regression testing on the product along with complete and comprehensive documentation.

+ A documented development and release path projected three to five years into the future.

+ By inference from the first two bullets, a vendor who funds planned product enhancements from
internal funds.

+ A strong and active User Group that is representative of the industry and industry drivers.

+ A platform vendor that actively encourages its User Group by incentive (e.g., dedicating part of
its enhancement funding to User Group initiatives).

+ A vendor that is generally conservative in moving its platform to a new technology; one that does
not overextend its own resources.

Other Considerations

+ As much as possible, purchase the platform as an off-the-shelf product (i.e., resist the urge to ask
for customs that drive your system away from the vendor’s baseline).
« If possible, maintain/develop your own support staff.

All “customization” should be built around the inherent capabilities and flexibility of the system (i.e.,
do not generate excessive amounts of new code). Remember, you will have to reapply any code that you
may have developed to every new release; or worse, you will have to pay the vendor to do it for you.

Standards

Internal Standards

The authors highly recommend the use of standards (internal to your organization) as a basis for ensuring
a successful distribution automation or SCADA program. Well-documented construction standards that
specify installation of RTUs, switches, and line sensors with mechanical and electrical specifications will
ensure consistent equipment installations from site to site. Standards that cover nontrivial, but often
overlooked issues can often spell the difference between acceptance and rejection by operational users
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and provide the additional benefit of having a system that is “maintainable” over the 10-20 year (or
more) life of a system. Standards that fall in this category include standards that cover point-naming
conventions, symbol standards, display standards, and the all-important Operations Manual.

Industry Standards

In general, standards fall into two categories: standards that are developed by organizations and com-
missions (e.g., EPRI, IEEE, ANSI, CCITT, ISO, etc.) and de facto standards that become standards by
virtue of widespread acceptance. As an example of what can occur, the reader is invited to consider what
has happened in network protocols over the recent past with regard to the OSI model and TCP/IP.

Past history of SCADA and automation has been dominated by the proprietary nature of the various
system vendor offerings. Database schemas and RTU communication protocols are exemplary of pro-
prietary design philosophies utilized by SCADA platform and RTU vendors. Electric utilities that operate
as part of the interconnected power grid have been frustrated by the lack of ability to share power system
data between dissimilar energy management systems. The same frustration exists at the device level; RTU
vendors, PLC vendors, electronic relay vendors, and meter vendors each having their own product
protocols have created a “Tower of Babel” problem for utilities. Recently several communications stan-
dards organizations and vendor consortiums have proposed standards to address these deficiencies in
intersystem data exchange, intrasystem data exchange (corporate data exchange), and device level inter-
connectivity. Some of the more notable examples of network protocol communication standards are
ICCP (Inter Control Center Protocol), UCA (Utility Communication Architecture), CCAPI (Control
Center Applications Interface), and UIB (Utility Integration Bus). For database schemas, EPRI’s CIM
(Common Information Model) is gaining supporters. In RTU, PLC, and IED communications, DNP 3.0
has also received much industry press.

In light of the number of standards that have appeared (and then disappeared) and the number of
possibly competing “standards” that are available today, the authors, while acknowledging the value of
standards, prefer to take (and recommend) a cautious approach to standards. A wait-and-see posture
may be an effective strategy. Standards by definition must have proven themselves over time. Difficulties
in immediately embracing new standards are due in part to vendors having been allowed to implement
only portions of a standard, thereby nullifying the hopefully “plug-and-play” aspect for adding new
devices. Also, the trend in communication protocols has been to add functionality in an attempt to be
all-inclusive, which has resulted in an increased requirement on bandwidth. Practically speaking, utilities
that have already existing infrastructure may find it economical to resist the deployment of new protocols.
In the final analysis, as in any business decision, a “standard” should be accepted only if it adds value
and benefit that exceeds the cost of implementation and deployment.

Deployment Considerations

The definition of the automation technology to be deployed should be clearly delineated. This definition
includes the specification of the host systems, the communication infrastructure, the automated end-use
devices, and the support infrastructure. This effort begins with the development of a detailed installation
plan that takes into consideration the available resources. The pilot installation will never be any more
than a pilot project until funding and manpower resources are identified and dedicated to the enterprise
of implementing the technologies required to automate the electric distribution system. The implemen-
tation effort is best managed on an annual basis with stated incremental goals and objectives for the
installation of automated devices. With the annual goals and objectives identified, then the budget process
begins to ensure that adequate funding is available to support the implementation plan. To ensure
adequate time to complete the initial project tasks, the planning should begin 18 to 24 months prior to
the budget year. During this period, the identification of specific automation projects is completed. The
initial design work is commenced with the specification of field automation equipment (e.g., substation
RTU based on specific point count requirements and distribution line RTU). The verification of the
communication to the selected automation site is an urgent early consideration in order to minimize the
cost of achieving effective remote communications. As the installation year approaches, the associated

© 2001 CRC PressLLC



automation equipment (e.g., switches, motor-operators, sensors, etc.) must be verified to ensure that
adequate supplies are stocked to support the implementation plan.

The creation of a SCADA database and display is on the critical path for new automated sites. The
database and display are critical to the efficient completion of the installation and checkout tasks. Data
must be provided to the database and display team with sufficient lead time to create the database and
display for the automated site. The database and display are subsequently used to checkout the completed
automated field device. The Point Assignment (PA) sheet is a project activity that merits serious attention.
The PA sheet is the basis for the creation of the site-specific database in the SCADA system. The PA sheet
should be created in a consistent and standard fashion. The importance of an accurate database and
display cannot be overemphasized. The database and display form the basis for the remote operational
decisions for the electric distribution system using the SCADA capability. Careful coordination of these
project tasks is essential to the successful completion of the annual automation plans.

Training is another important consideration during the deployment of the automation technology.
The training topics are as varied as the multidisciplined nature of the distribution automation project.
Initial training requirements include the system support personnel in the use and deployment of the
automation platform, the end-user (operator) training, and installation teams. Many utilities now install
new distribution facilities using energized line construction techniques. The automated field device adds
a degree of complexity to the construction techniques to ensure adherence to safe practices and con-
struction standards. These training issues should be addressed at the outset of the planning effort to
ensure a successful distribution automation project.

Support Organization

The support organization must be as multidisciplined as the distribution automation system is multi-
featured. The support to maintain a deployed distribution automation system should not be underesti-
mated. Functional teams should be formed to address each discipline represented within the distribution
automation system. The authors recommend forming a core team that is made up of representation from
each area of discipline or area of responsibility within the distribution automation project. These areas
of discipline include the following:

* Host SCADA system

+ User interface

+ Communication infrastructure

+ Facilities design personnel for automated distribution substation and distribution line devices
+ System software and interface developments

+ Installation teams for automated distribution substation and distribution line devices

+ End-users (i.e., the operating personnel)

The remaining requirement for the core team is project leadership with responsibility for the project
budget, scheduling, management reports, and overall direction of the distribution automation project.
The interaction of the various disciplines within the distribution automation team will ensure that all
project decisions are supporting the overall project goals. The close coordination of the various project
teams through the core team is essential to minimizing decision conflict and maximizing the synergy of
project decisions. The involvement of the end-user at the very outset of the distribution automation
project planning cannot be overemphasized. The operating personnel are the primary users of the
distribution automation technology. The participation of the end-user in all project decisions is essential
to ensure that the distribution automation product meets business needs and improves the operating
environment in the operating centers. One measure of good project decisions is found in the response
of the end-user. When the end-user says, “I like it,” then the project decision is clearly targeting the end-
user’s business requirements. With this goal achieved, then the distribution automation system is in
position to begin meeting other corporate business needs for real-time data from the electric distribution
system.
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7.1 Metering of Electric Power and Energy
John V. Grubbs

Electrical metering deals with two basic quantities: energy and power. Energy is equivalent to work. Power
is the rate of doing work. Power applied (or consumed) for any length of time is energy. In mathematical
terms, power integrated over time is energy. The basic electrical unit of energy is the watthour. The basic
unit of power is the watt. The watthour meter measures energy (in watthours), while the wattmeter
measures the rate of energy, power (in watthours per hour or simply watts). For a constant power level,
power multiplied by time is energy. For example, a watthour meter connected for two hours in a circuit
using 500 watts (500 watthours per hour) will register 1000 watthours.

The Electromechanical Meter
The electromechanical watthour meter is basically a very specialized electric motor, consisting of

* A stator and a rotor that together produce torque
* A brake that creates a counter torque
+ A register to count and display the revolutions of the rotor

Single Stator Electromechanical Meter

A two-wire single stator meter is the simplest electromechanical meter. The single stator consists of two
electromagnets. One electromagnet is the potential coil connected between the two circuit conductors.
The other electromagnet is the current coil connected in series with the load current. Figure 7.1 shows
the major components of a single stator meter.
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FIGURE 7.1 Main components of electromechanical meter.

The electromagnetic fields of the current coil and the potential coil interact to generate torque on the
rotor of the meter. This torque is proportional to the product of the source voltage, the line current, and
the cosine of the phase angle between the two. Thus, the torque is also proportional to the power in the
metered circuit.

The device described so far is incomplete. In measuring a steady power in a circuit, this meter would
generate constant torque causing steady acceleration of the rotor. The rotor would spin faster and faster
until the torque could no longer overcome friction and other forces acting on the rotor. This ultimate
speed would not represent the level of power present in the metered circuit.

To address these problems, designers add a permanent magnet whose magnetic field acts on the rotor.
This field interacts with the rotor to cause a counter torque proportional to the speed of the rotor. Careful
design and adjustment of the magnet strength yields a meter that rotates at a speed proportional to power.
This speed can be kept relatively slow. The product of the rotor speed and time is revolutions of the
rotor. The revolutions are proportional to energy consumed in the metered circuit. One revolution of
the rotor represents a fixed number of watthours. The revolutions are easily converted via mechanical
gearing or other methods into a display of watthours or, more commonly, kilowatthours.

Blondel’s Theorem

Blondel’s theorem of polyphase metering describes the measurement of power in a polyphase system
made up of an arbitrary number of conductors. The theorem provides the basis for correctly metering
power in polyphase circuits. In simple terms, Blondel’s theorem states that the total power in a system
of (N) conductors can be properly measured by using (N) wattmeters or watt-measuring elements. The
elements are placed such that one current coil is in each of the conductors and one potential coil is
connected between each of the conductors and some common point. If this common point is chosen to
be one of the (N) conductors, there will be zero voltage across one of the measuring element potential
coils. This element will register zero power. Therefore, the total power is correctly measured by the remaining
(N — 1) elements.

In application, this means that to accurately measure the power in a four-wire three-phase circuit (N = 4),
the meter must contain (N — 1) or three measuring elements. Likewise, for a three-wire three-phase circuit
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(N = 3), the meter must contain two measuring elements. There are meter designs available that, for
commercial reasons, employ less than the minimum number of elements (N — 1) for a given circuit
configuration. These designs depend on balanced phase voltages for proper operation. Their accuracy
suffers as voltages become unbalanced.

The Electronic Meter

Since the 1980s, meters available for common use have evolved from (1) electromechanical mechanisms
driving mechanical, geared registers to (2) the same electromechanical devices driving electronic registers
to (3) totally electronic (or solid state) designs. All three types remain in wide use, but the type that is
growing in use is the solid state meter.

The addition of the electronic register to an electromechanical meter provides a digital display of
energy and demand. It supports enhanced capabilities and eliminates some of the mechanical complexity
inherent in the geared mechanical registers.

Electronic meters contain no moving mechanical parts — rotors, shafts, gears, bearings. They are built
instead around large-scale integrated circuits, other solid state components, and digital logic. Such meters
are much more closely related to computers than to electromechanical meters.

The operation of an electronic meter is very different than that described in earlier sections for an
electromechanical meter. Electronic circuitry samples the voltage and current waveforms during each
electrical cycle and converts these samples to digital quantities. Other circuitry then manipulates these
values to determine numerous electrical parameters, such as kW, kWh, kvar, kvarh, kQ, kQh, power
factor, kVA, rms current, rms voltage.

Various electronic meter designs also offer some or all of the following capabilities:

+ Time of use (TOU). The meter keeps up with energy and demand in multiple daily periods. (See
section on Time of Use Metering.)

+ Bi-directional. The meter measures (as separate quantities) energy delivered to and received from
a customer. This feature is used for a customer that is capable of generating electricity and feeding
it back into the utility system.

+ Loss compensation. The meter can be programmed to automatically calculate watt and var losses
in transformers and electrical conductors based on defined or tested loss characteristics of the
transformers and conductors. It can internally add or subtract these calculated values from its
measured energy and demand. This feature permits metering to be installed at the most economical
location. For instance, we can install metering on the secondary (e.g., 4 kV) side of a customer
substation, even when the contractual service point is on the primary (e.g., 110 kV) side. The
4 kV metering installation is much less expensive than a corresponding one at 110 kV. Under this
situation, the meter compensates its secondary-side energy and demand readings to simulate
primary-side readings.

+ Interval data recording. The meter contains solid state memory in which it can record up to
several months of interval-by-interval data. (See section on Interval Data Metering.)

+ Remote communications. Built-in communications capabilities permit the meter to be interro-
gated remotely via telephone, radio, or other communications media.

+ Diagnostics. The meter checks for the proper voltages, currents, and phase angles on the meter
conductors. (See section on Site Diagnostic Meter.)

+ Power quality. The meter can measure and report on momentary voltage or current variations
and on harmonic conditions.

Note that many of these features are available only in the more advanced (and expensive) models of
electronic meters.

As an example of the benefits offered by electronic meters, consider the following two methods of
metering a large customer who is capable of generating and feeding electricity back to the utility. In this
example, the metering package must perform these functions:
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Measure kWh delivered to the customer

Measure kWh received from the customer

Measure kvarh delivered

Measure kvarh received

Measure kW delivered

Measure kW received

Compensate received quantities for transformer losses
Record the measured quantities for each demand interval

Method A. (2) kW/kWh electromechanical meters with pulse generators (one for delivered, one for
received)
(2) kWh electromechanical meters with pulse generators (to measure kvarh)
(2) Phase shifting transformers (used along with the kWh meters to measure kvarh)
(2) Transformer loss compensators
(1) Pulse data recorder
Method B. (1) Electronic meter

Obviously, the electronic installation is much simpler. In addition, it is less expensive to purchase and
install and is easier to maintain.

Benefits common to most solid state designs are high accuracy and stability. Another less obvious
advantage is in the area of error detection. When an electromechanical meter develops a serious problem,
it may produce readings in error by any arbitrary amount. An error of 10%, 20%, or even 30% can go
undetected for years, resulting in very large over- or under-billings. However, when an electronic meter
develops a problem, it is more likely to produce an obviously bad reading (e.g., all zeroes; all 9s; a demand
100 times larger than normal; or a blank display). This greatly increases the likelihood that the error will
be noticed and reported soon after it occurs. The sooner such a problem is recognized and corrected,
the less inconvenience and disruption it causes to the utility and to the customer.

Multifunction Meter

Multifunction or extended function refers to a meter that can measure reactive or apparent power (e.g.,
kvar or kVA) in addition to real power (kW). By virtue of their designs, many electronic meters inherently
measure the quantities and relationships that define reactive and apparent power. It is a relatively simple
step for designers to add meter intelligence to calculate and display these values.

Voltage Ranging and Multiform Meter

Electronic meter designs have introduced many new features to the watthour metering world. Two
features, typically found together, offer additional flexibility, simplified application, and opportunities
for reduced meter inventories for utilities.

+ Voltage ranging — Many electronic meters incorporate circuitry that can sense the voltage level of
the meter input signals and adjust automatically to meter correctly over a wide range of voltages.
For example, a meter with this capability can be installed on either a 12