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Chapter 1

Introduction to Power Engineering

A steam turbine used to provide electric power.

Power engineering, also called power systems engineering, is a subfield of engineering
that deals with the generation, transmission and distribution of electric power as well as
the electrical devices connected to such systems including generators, motors and
transformers. Although much of the field is concerned with the problems of three-phase
AC power - the standard for large-scale power transmission and distribution across the
modern world - a significant fraction of the field is concerned with the conversion
between AC and DC power as well as the development of specialised power systems
such as those used in aircraft or for electric railway networks.

WORLD TECHNOLOGIES




History

A sketch of the Pearl Street Station

Electricity became a subject of scientific interest in the late 17th century with the work of
William Gilbert. Over the next two centuries a number of important discoveries were
made including the incandescent lightbulb and the voltaic pile. Probably the greatest
discovery with respect to power engineering came from Michael Faraday who in 1831
discovered that a change in magnetic flux induces an electromotive force in a loop of
wire—a principle known as electromagnetic induction that helps explain how generators
and transformers work.

In 1881 two electricians built the world's first power station at Godalming in England.
The station employed two waterwheels to produce an alternating current that was used to
supply seven Siemens arc lamps at 250 volts and thirty-four incandescent lamps at 40
volts. However supply was intermittent and in 1882 Thomas Edison and his company,
The Edison Electric Light Company, developed the first steam-powered electric power
station on Pearl Street in New York City. The Pearl Street Station consisted of several
generators and initially powered around 3,000 lamps for 59 customers. The power station
used direct current and operated at a single voltage. Since the direct current power could
not be easily transformed to the higher voltages necessary to minimise power loss during
transmission, the possible distance between the generators and load was limited to around
half-a-mile (800 m).
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That same year in London Lucien Gaulard and John Dixon Gibbs demonstrated the first
transformer suitable for use in a real power system. The practical value of Gaulard and
Gibbs' transformer was demonstrated in 1884 at Turin where the transformer was used to
light up forty kilometres (25 miles) of railway from a single alternating current generator.
Despite the success of the system, the pair made some fundamental mistakes. Perhaps the
most serious was connecting the primaries of the transformers in series so that switching
one lamp on or off would affect other lamps further down the line. Following the
demonstration George Westinghouse, an American entrepreneur, imported a number of
the transformers along with a Siemens generator and set his engineers to experimenting
with them in the hopes of improving them for use in a commercial power system.

One of Westinghouse's engineers, William Stanley, recognised the problem with
connecting transformers in series as opposed to parallel and also realised that making the
iron core of a transformer a fully-enclosed loop would improve the voltage regulation of
the secondary winding. Using this knowledge he built a much improved alternating
current power system at Great Barrington, Massachusetts in 1886. Then in 1887 and 1888
another engineer called Nikola Tesla filed a range of patents related to power systems
including one for a two-phase induction motor. Although Tesla cannot necessarily be
attributed with building the first induction motor, his design, unlike others, was practical
for industrial use.

By 1890 the power industry had flourished and power companies had built literally
thousands of power systems (both direct and alternating current) in the United States and
Europe - these networks were effectively dedicated to providing electric lighting. During
this time a fierce rivalry known as the "War of Currents" emerged between Edison,
Westinghouse and Tesla over which form of transmission (direct or alternating current)
was superior. In 1891, Westinghouse installed the first major power system that was
designed to drive an electric motor and not just provide electric lighting. The installation
powered a 100 horsepower (75 kW) synchronous motor at Telluride, Colorado with the
motor being started by a Tesla induction motor. On the other side of the Atlantic, Oskar
von Miller built a 20 kV 176 km three-phase transmission line from Lauffen am Neckar
to Frankfurt am Main for the Electrical Engineering Exhibition in Frankfurt. In 1895,
after a protracted decision-making process, the Adams No. 1 generating station at
Niagara Falls began transmitting three-phase alternating current power to Buffalo at 11
kV. Following completion of the Niagara Falls project, new power systems increasingly
chose alternating current as opposed to direct current for electrical transmission.

Although the 1880s and 1890s were seminal decades in the field, developments in power
engineering continued throughout the 20th and 21st century. In 1936 the first commercial
HVDC (high voltage direct current) line using Mercury arc valves was built between
Schenectady and Mechanicville, New York. HVDC had previously been achieved by
installing direct current generators in series (a system known as the Thury system)
although this suffered from serious reliability issues. In 1957 Siemens demonstrated the
first solid-state rectifier (solid-state rectifiers are now the standard for HVDC systems)
however it was not until the early 1970s that this technology was used in commercial
power systems. In 1959 Westinghouse demonstrated the first circuit breaker that used SFg
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as the interrupting medium. SF is a far superior dielectric to air and, in recent times, its
use has been extended to produce far more compact switching equipment (known as
switchgear) and transformers. Many important developments also came from extending
innovations in the information technology and telecommunications field to the power
engineering field. For example, the development of computers meant load flow studies
could be run more efficiently allowing for much better planning of power systems.
Advances in information technology and telecommunication also allowed for much better
remote control of the power system's switchgear and generators.

Basics of electric power

An external AC to DC power adapter used for household appliances

Electric power is the mathematical product of two quantities: current and voltage. These
two quantities can vary with respect to time (AC power) or can be kept at constant levels
(DC power).

Most refrigerators, air conditioners, pumps and industrial machinary use AC power
whereas most computers and digital equipment use DC power (the digital devices you
plug into the mains typically have an internal or external power adapter to convert from
AC to DC power). AC power has the advantage of being easy to transform between
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voltages and is able to be generated and utilised by brushless machinary. DC power
remains the only practical choice in digital systems and can be more economical to
transmit over long distances at very high voltages.

The ability to easily transform the voltage of AC power is important for two reasons:
Firstly, power can be transmitted over long distances with less loss at higher voltages. So
in power networks where generation is distant from the load, it is desirable to step-up the
voltage of power at the generation point and then step-down the voltage near the load.
Secondly, it is often more economical to install turbines that produce higher voltages than
would be used by most appliances, so the ability to easily transform voltages means this
mismatch between voltages can be easily managed.

Solid state devices, which are products of the semiconductor revolution, make it possible
to transform DC power to different voltages, build brushless DC machines and convert
between AC and DC power. Nevertheless devices utilising solid state technology are
often more expensive than their traditional counterparts, so AC power remains in
widespread use.

Power

Transmission lines transmit power across the grid.
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Power Engineering deals with the generation, transmission and distribution of electricity
as well as the design of a range of related devices. These include transformers, electric
generators, electric motors and power electronics.

The power grid is an electrical network that connects a variety of electric generators to
the users of electric power. Users purchase electricity from the grid avoiding the costly
exercise of having to generate their own. Power engineers may work on the design and
maintenance of the power grid as well as the power systems that connect to it. Such
systems are called on-grid power systems and may supply the grid with additional power,
draw power from the grid or do both.

Power engineers may also work on systems that do not connect to the grid. These systems
are called off-grid power systems and may be used in preference to on-grid systems for a
variety of reasons. For example, in remote locations it may be cheaper for a mine to
generate its own power rather than pay for connection to the grid and in most mobile
applications connection to the grid is simply not practical.

Today, most grids adopt three-phase electric power with alternating current. This choice
can be partly attributed to the ease with which this type of power can be generated,
transformed and used. Often (especially in the USA), the power is split before it reaches
residential customers whose low-power appliances rely upon single-phase electric power.
However, many larger industries and organizations still prefer to receive the three-phase
power directly because it can be used to drive highly efficient electric motors such as
three-phase induction motors.

Transformers play an important role in power transmission because they allow power to
be converted to and from higher voltages. This is important because higher voltages
suffer less power loss during transmission. This is because higher voltages allow for
lower current to deliver the same amount of power, as power is the product of the two.
Thus, as the voltage steps up, the current steps down. It is the current flowing through the
components that result in both the losses and the subsequent heating. These losses,
appearing in the form of heat, are equal to the current squared times the electrical
resistance through which the current flows, so as the voltage goes up the losses are
dramatically reduced.

For these reasons, electrical substations exist throughout power grids to convert power to
higher voltages before transmission and to lower voltages suitable for appliances after
transmission.

Components

Power engineering is a network of interconnected components which convert different
forms of energy to electrical energy. Modern power engineering consists of three main
subsystems: the generation subsystem, the transmission subsystem, and the distribution
subsystem. In the generation subsystem, the power plant produces the electricity. The
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transmission subsystem transmits the electricity to the load centers. The distribution
subsystem continues to transmit the power to the customers.
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Chapter 2

Electric Power Distribution

Electricity distribution is the final stage in the delivery (before retail) of electricity to
end users. A distribution system's network carries electricity from the transmission
system and delivers it to consumers. Typically, the network would include medium-
voltage (less than 50 kV) power lines, electrical substations and pole-mounted
transformers, low-voltage (less than 1 kV) distribution wiring and sometimes electricity
meters.

Modern distribution systems

Electric distribution substations transform power from transmission voltage to the lower

voltage used for local distribution to homes and businesses
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The modern distribution system begins as the primary circuit leaves the sub-station and
ends as the secondary service enters the customer's meter socket. A variety of methods,
materials, and equipment are used among the various utility companies, but the end result
is similar. First, the energy leaves the sub-station in a primary circuit, usually with all
three phases.

The actual attachment to a building varies in different parts of the world.

Most areas provide three phase industrial service. There is no substitute for three-phase
service to run heavy industrial equipment. A ground is normally provided, connected to
conductive cases and other safety equipment, to keep current away from equipment and
people. Distribution voltages vary depending on customer need, equipment and
availability. Delivered voltage is usually constructed using stock transformers, and either
the voltage difference between phase and neutral or the voltage difference from phase to
phase.

In many areas, "delta" three phase service is common. Delta service has no distributed
neutral wire and is therefore less expensive. The three coils in the generator rotor are in
series, in a loop, with the connections made at the three joints between the coils. Ground
1s provided as a low resistance earth ground, sometimes attached to a synthetic ground
made by a transformer in a substation. High frequency noise (like that made by arc
furnaces) can sometimes cause transients on a synthetic ground.

In North America and Latin America, three phase service is often a ¥ (wye) in which the
neutral is directly connected to the center of the generator rotor. Wye service resists
transients better than delta, since the distributed neutral provides a low-resistance metallic
return to the generator. Wye service is recognizable when a grid has four wires, one of
which is lightly insulated.

Many areas in the world use single phase 220 V or 230 V residential and light industrial
service. In this system, a high voltage distribution network supplies a few substations per
city, and the 230V power from each substation is directly distributed. A hot wire and
neutral are connected to the building from one phase of three phase service.

In the U.S. and parts of Canada and Latin America, split phase service is the most
common. Split phase provides both 120 V and 240 V service with only three wires. Split
phase has substations that provide intermediate voltage. The house voltages are provided
by neighborhood transformers that lower the voltage of a phase of the distributed three-
phase. The neutral is directly connected to the three-phase neutral. Socket voltages are
only 120 V, but 240 V is available for heavy appliances because the two two halves of a
phase oppose each other.

Japan has a large number of small industrial manufacturers, and therefore supplies

standard low voltage three phase service in many suburbs. Also, Japan normally supplies
residential service as two phases of a three phase service, with a neutral.
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Rural services normally try to minimize the number of poles and wires. Single-wire earth
return (SWER) is the least expensive, with one wire. It uses high voltages, which in turn
permit use of galvanized steel wire. The strong steel wire permits inexpensive wide pole
spacings. Other areas use high voltage split-phase or three phase service at higher cost.

The least expensive network has the fewest transformers, poles and wires. Some experts
say that this is three-phase delta for industrial, SWER for rural service, and 230 V single
phase for residential and light industrial. The system of three-phase Wye feeding split
phase is flexible and somewhat more resistant to geomagnetic faults, but more expensive.

Two frequencies are in wide use. Using 60 Hz permits slightly smaller transformers and
is usually associated with 120 V wall sockets. Outside North America 50 Hz is more
common and is associated with 230 V wall sockets. Large electrical networks tightly
control the line frequencies. The short term accuracy is normally better than 0.1 Hz. The
long term accuracy is controlled by making up "lost" cycles so that electric clocks
maintain correct time.

Electricity meters use different equations for each distribution system.

History

In the early days of electricity distribution, direct current (DC) generators were connected
to loads at the same voltage. The generation, transmission and loads had to be of the same
voltage because there was no way of changing DC voltage levels, other than inefficient
motor-generator sets. Low DC voltages were used (on the order of 100 volts) since that
was a practical voltage for incandescent lamps, which were the primary electrical load.
Low voltage also required less insulation for safe distribution within buildings.

The losses in a cable are proportional to the square of the current, the length of the cable,
and the resistivity of the material, and are inversely proportional to cross-sectional area.
Early transmission networks used copper, which is one of the best economically feasible
conductors for this application. To reduce the current and copper required for a given
quantity of power transmitted would require a higher transmission voltage, but no
efficient method existed to change the voltage of DC power circuits. To keep losses to an
economically practical level the Edison DC system needed thick cables and local
generators. Early DC generating plants needed to be within about 1.5 miles (2.4 km) of
the farthest customer to avoid excessively large and expensive conductors.
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Introduction of alternating current
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The adoption of alternating current (AC) for electricity generation following the War of
Currents dramatically changed the situation. Power transformers, installed at power
stations, could be used to raise the voltage from the generators, and transformers at local
substations could reduce voltage to supply loads. Increasing the voltage reduced the
current in the transmission and distribution lines and hence the size of conductors and
distribution losses. This made it more economical to distribute power over long distances.
Generators (such as hydroelectric sites) could be located far from the loads.
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In North America, early distribution systems used a voltage of 2.2 kV corner-grounded
delta. Over time, this was gradually increased to 2.4 kV. As cities grew, most 2.4 kV
systems were upgraded to 2.4/4.16 kV, three-phase systems. In three phase networks that
permit connections between phase and neutral, both the phase-to-phase voltage (4160, in
this example) and the phase-to-neutral voltage are given; if only one value is shown, the
network does not serve single-phase loads connected phase-to-neutral. Some city and
suburban distribution systems continue to use this range of voltages, but most have been
converted to 7200/12470Y, 7620/13200Y, 14400/24940Y, and 19920/34500Y.

European systems used 3.3 kV to ground, in support of the 220/380Y volt power systems
used in those countries. In the UK, urban systems progressed to 6.6 kV and then 11 kV
(phase to phase), the most common distribution voltage.

North American and European power distribution systems also differ in that North
American systems tend to have a greater number of low-voltage, step-down transformers
located close to customers' premises. For example, in the US a pole-mounted transformer
in a suburban setting may supply 1-3 houses, whereas in the UK a typical urban or
suburban low-voltage substation would normally be rated between 315 kVA and 1 MVA
and supply a whole neighbourhood. This is because the higher voltage used in Europe
(415 V vs 230 V) may be carried over a greater distance with acceptable power loss. An
advantage of the North American setup is that failure or maintenance on a single
transformer will only affect a few customers. Advantages of the UK setup are that the
transformers may be fewer, larger and more efficient, and due to diversity there need be
less spare capacity in the transformers, reducing power wastage. In North American city
areas with many customers per unit area, network distribution will be used, with multiple
transformers and low-voltage buses interconnected over several city blocks.

Rural Electrification systems, in contrast to urban systems, tend to use higher voltages
because of the longer distances covered by those distribution lines. 7.2, 12.47, 25, and
34.5 kV distribution is common in the United States; 11 kV and 33 kV are common in the
UK, New Zealand and Australia; 11 kV and 22 kV are common in South Africa. Other
voltages are occasionally used.

In New Zealand, Australia, Saskatchewan, Canada, and South Africa, single wire earth
return systems (SWER) are used to electrify remote rural areas.

While power electronics now allow for conversion between DC voltage levels, AC is still
used in distribution due to the economy, efficiency and reliability of transformers. High-
voltage DC is used for transmission of large blocks of power over long distances, or for
interconnecting adjacent AC networks, but not for distribution to customers.
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Distribution network configurations

Substation near Yellowknife, in the Northwest Territories of Canada

Distribution networks are typically of two types, radial or interconnected. A radial
network leaves the station and passes through the network area with no normal
connection to any other supply. This is typical of long rural lines with isolated load areas.
An interconnected network is generally found in more urban areas and will have multiple
connections to other points of supply. These points of connection are normally open but
allow various configurations by the operating utility by closing and opening switches.
Operation of these switches may be by remote control from a control centre or by a
lineman. The benefit of the interconnected model is that in the event of a fault or required
maintenance a small area of network can be isolated and the remainder kept on supply.

Within these networks there may be a mix of overhead line construction utilizing
traditional utility poles and wires and, increasingly, underground construction with cables
and indoor or cabinet substations. However, underground distribution is significantly
more expensive than overhead construction. In part to reduce this cost, underground
power lines are sometimes co-located with other utility lines in what are called Common
utility ducts. Distribution feeders emanating from a substation are generally controlled by
a circuit breaker which will open when a fault is detected. Automatic Circuit Reclosers
may be installed to further segregate the feeder thus minimizing the impact of faults.
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Long feeders experience voltage drop requiring capacitors or voltage regulators to be
installed.

Characteristics of the supply given to customers are generally mandated by contract
between the supplier and customer. Variables of the supply include:

e AC or DC - Virtually all public electricity supplies are AC today. Users of large
amounts of DC power such as some electric railways, telephone exchanges and
industrial processes such as aluminium smelting usually either operate their own
or have adjacent dedicated generating equipment, or use rectifiers to derive DC
from the public AC supply

e Voltage, including tolerance (usually +10 or -15 percentage)

e Frequency, commonly 50 & 60 Hz, 16.6 Hz for some railways and, in a few older
industrial and mining locations, 25 Hz.

o Phase configuration (single phase, polyphase including two phase and three
phase)

e Maximum demand (usually measured as the largest amount of power delivered
within a 15 or 30 minute period during a billing period)

o Load Factor, expressed as a ratio of average load to peak load over a period of
time. Load factor indicates the degree of effective utilization of equipment (and
capital investment) of distribution line or system.

e Power factor of connected load

o Earthing arrangements - TT, TN-S, TN-C-S or TN-C

e Prospective short circuit current

e Maximum level and frequency of occurrence of transients

Distribution industry

Traditionally the electricity industry has been a publicly owned institution but starting in
the 1970s nations began the process of deregulation and privatisation, leading to
electricity markets. A major focus of these was the elimination of the former so called
natural monopoly of generation, transmission, and distribution. As a consequence,
electricity has become more of a commodity. The separation has also led to the
development of new terminology to describe the business units (e.g., line company, wires
business and network company).
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Chapter 3

Electric Power Transmission

400 kV high-tension transmission lines near Madrid

Electric power transmission or "high voltage electric transmission" is the bulk transfer
of electrical energy, from generating power plants to substations located near to
population centers. This is distinct from the local wiring between high voltage substations
and customers, which is typically referred to as electricity distribution. Transmission
lines, when interconnected with each other, become high voltage transmission networks.
In the US, these are typically referred to as "power grids" or sometimes simply as "the
grid", while in the UK the network is known as the "national grid." North America has
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three major grids: The Western Interconnection; The Eastern Interconnection and the
Electric Reliability Council of Texas (or ERCOT) grid.

Historically, transmission and distribution lines were owned by the same company, but
over the last decade or so many countries have introduced market reforms that have led to
the separation of the electricity transmission business from the distribution business.

Transmission lines mostly use three phase alternating current (AC), although single phase
AC is sometimes used in railway electrification systems. High-voltage direct current
(HVDC) technology is used only for very long distances (typically greater than 400
miles, or 600 km); submarine power cables (typically longer than 30 miles, or 50 km); or
for connecting two AC networks that are not synchronized.

Electricity is transmitted at high voltages (110 kV or above) to reduce the energy lost in
long distance transmission. Power is usually transmitted through overhead power lines.

Underground power transmission has a significantly higher cost and greater operational
limitations but is sometimes used in urban areas or sensitive locations.

A key limitation in the distribution of electricity is that, with minor exceptions, electrical
energy cannot be stored, and therefore it must be generated as it is needed. A
sophisticated system of control is therefore required to ensure electric generation very
closely matches the demand. If supply and demand are not in balance, generation plants
and transmission equipment can shut down which, in the worst cases, can lead to a major
regional blackout, such as occurred in California and the US Northwest in 1996 and in
the US Northeast in 1965, 1977 and 2003. To reduce the risk of such failures, electric
transmission networks are interconnected into regional, national or continental wide
networks thereby providing multiple redundant alternate routes for power to flow should
(weather or equipment) failures occur. Much analysis is done by transmission companies
to determine the maximum reliable capacity of each line which is mostly less than its
physical or thermal limit, to ensure spare capacity is available should there be any such
failure in another part of the network.

Color Key: Substation

Black: Generation Step Down Subtransmission

Elue: Transmission Transformer Customer

Green: Distribution . . : 26kV and 69kV
Transmission lines

765, 500, 345, 230, and 138 kV

Generating Station / -
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Diagram of an electrical system.
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Overhead transmission

High-voltage overhead conductors are not covered by insulation. The conductor material
is nearly always an aluminium alloy, made into several strands and possibly reinforced
with steel strands. Copper was sometimes used for overhead transmission but aluminium
is lower in weight for equivalent performance, and much lower in cost. Overhead
conductors are a commodity supplied by several companies worldwide. Improved
conductor material and shapes are regularly used to allow increased capacity and
modernize transmission circuits. Conductor sizes range from 12 mm® (#6 American wire
gauge) to 750 mm® (1,590,000 circular mils area), with varying resistance and current-
carrying capacity. Thicker wires would lead to a relatively small increase in capacity due
to the skin effect, that causes most of the current to flow close to the surface of the wire.

United States
transmission grid
Source: FEMA

Contiguous United States power transmission grid consists of 300,000 km of lines
operated by 500 companies.

Today, transmission-level voltages are usually considered to be 110 kV and above.
Lower voltages such as 66 kV and 33 kV are usually considered sub-transmission
voltages but are occasionally used on long lines with light loads. Voltages less than 33
kV are usually used for distribution. Voltages above 230 kV are considered extra high
voltage and require different designs compared to equipment used at lower voltages.
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Since overhead transmission lines are uninsulated, design of these lines requires
minimum clearances to be observed to maintain safety. Adverse weather conditions of
high wind and low temperatures can lead to power outages: wind speeds as low as

23 knots (43 km/h) can permit conductors to encroach operating clearances, resulting in a
flashover and loss of supply. Oscillatory motion of the physical line can be termed gallop
or flutter depending on the frequency and amplitude of oscillation.

Underground transmission

Electric power can also be transmitted by underground power cables instead of overhead
power lines. They can assist the transmission of power across:

Densely populated urban areas

Areas where land is unavailable or planning consent is difficult

Rivers and other natural obstacles

Land with outstanding natural or environmental heritage

Areas of significant or prestigious infrastructural development

Land whose value must be maintained for future urban expansion and rural
development

Some other advantages of underground power cables:

Less subject to damage from severe weather conditions (mainly lightning, wind
and freezing)

Greatly reduced emission, into the surrounding area, of electromagnetic fields
(EMF). All electric currents generate EMF, but the shielding provided by the
earth surrounding underground cables restricts their range and power.
Underground cables need a narrower surrounding strip of about 1-10 meters to
install, whereas an overhead line requires a surrounding strip of about 20-200
meters wide to be kept permanently clear for safety, maintenance and repair.
Underground cables pose no hazard to low flying aircraft or to wildlife, and are
significantly safer as they pose no shock hazard (except to the unwary digger).
Much less subject to conductor theft, illegal connections, sabotage, and damage
from armed conflict.

Some disadvantages of underground power cables:

Undergrounding is more expensive, since the cost of burying cables at
transmission voltages is several times greater than overhead power lines, and the
life-cycle cost of an underground power cable is two to four times the cost of an
overhead power line. Above ground lines cost around $10 per foot and
underground lines cost in the range of $20 to $40 per foot.

Whereas finding and repairing overhead wire breaks can be accomplished in
hours, underground repairs can take days or weeks, and for this reason redundant
lines are run.
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e Underground power cables, due to their proximity to earth, cannot be maintained
live, whereas overhead power cables can be.

e Operations are more difficult since the high reactive power of underground cables
produces large charging currents and so makes voltage control more difficult.

The advantages can in some cases outweigh the disadvantages of the higher investment
cost, and more expensive maintenance and management.

Most high voltage cables for power transmission that are currently sold on the market are
insulated by a sheath of cross-linked polyethylene (XLPE). Some cables may have a lead
or aluminium jacket in conjunction with XLPE insulation to allow for fiber optics to be
seamlessly integrated within the cable. Before 1960, underground power cables were
insulated with oil and paper and ran in a rigid steel pipe, or a semi-rigid aluminium or
lead jacket or sheath. The oil was kept under pressure to prevent formation of voids that
would allow partial discharges within the cable insulation. There are still many of these
oil-and-paper insulated cables in use worldwide. Between 1960 and 1990, polymers
became more widely used at distribution voltages, mostly EPDM (ethylene propylene
diene M-class); however, their relative unreliability, particularly early XLPE, resulted in
a slow uptake at transmission voltages. While cables of 330 kV are commonly
constructed using XLPE, this has occurred only in recent decades.
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New York City streets in 1890. Besides telegraph lines, multiple electric lines were
required for each class of device requiring different voltages.

In the early days of commercial electric power, transmission of electric power at the same
voltage as used by lighting and mechanical loads restricted the distance between
generating plant and consumers. In 1882, generation was with direct current, which could
not easily be increased in voltage for long-distance transmission. Different classes of
loads (for example, lighting, fixed motors, and traction/railway systems) required
different voltages, and so used different generators and circuits.
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Due to this specialization of lines and because transmission was so inefficient that
generators needed to be near their loads, it seemed at the time that the industry would
develop into what is now known as a distributed generation system with large numbers of
small generators located nearby their loads.

In 1886 in Great Barrington, Massachusetts, a 1 kV AC distribution system was installed.
That same year, AC power at 2 kV, transmitted 30 km, was installed at Cerchi, Italy. At
an AIEE meeting on May 16, 1888, Nikola Tesla delivered a lecture entitled 4 New
System of Alternating Current Motors and Transformers, describing the equipment which
allowed efficient generation and use of polyphase alternating currents. The transformer,
and Tesla's polyphase and single-phase induction motors, were essential for a combined
AC distribution system for both lighting and machinery. Ownership of the rights to the
Tesla patents was a key advantage to the Westinghouse Company in offering a complete
alternating current power system for both lighting and power.

Nikola Tesla's Alternating current polyphase generators on display at the 1893 World's
Fair in Chicago. Tesla's polyphase innovations revolutionized transmission.

Regarded as one of the most influential electrical innovations, the universal system used
transformers to step-up voltage from generators to high-voltage transmission lines, and
then to step-down voltage to local distribution circuits or industrial customers. By a
suitable choice of utility frequency, both lighting and motor loads could be served.
Rotary converters and later mercury-arc valves and other rectifier equipment allowed DC
to be provided where needed. Generating stations and loads using different frequencies
could be interconnected using rotary converters. By using common generating plants for
every type of load, important economies of scale were achieved, lower overall capital
investment was required, load factor on each plant was increased allowing for higher
efficiency, a lower cost for the consumer and increased overall use of electric power.
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By allowing multiple generating plants to be interconnected over a wide area, electricity
production cost was reduced. The most efficient available plants could be used to supply
the varying loads during the day. Reliability was improved and capital investment cost
was reduced, since stand-by generating capacity could be shared over many more
customers and a wider geographic area. Remote and low-cost sources of energy, such as
hydroelectric power or mine-mouth coal, could be exploited to lower energy production
cost.

The first transmission of three-phase alternating current using high voltage took place in
1891 during the international electricity exhibition in Frankfurt. A 25 kV transmission
line, approximately 175 km long, connected Lauffen on the Neckar and Frankfurt.

Voltages used for electric power transmission increased throughout the 20th century. By
1914, fifty-five transmission systems each operating at more than 70 kV were in service.
The highest voltage then used was 150 kV.

The rapid industrialization in the 20th century made electrical transmission lines and
grids a critical part of the infrastructure in most industrialized nations. Interconnection of
local generation plants and small distribution networks was greatly spurred by the
requirements of World War I, where large electrical generating plants were built by
governments to provide power to munitions factories. Later these plants were connected
to supply civil loads through long-distance transmission.
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Bulk power transmission

A transmission substation decreases the voltage of incoming electricity, allowing it to
connect from long distance high voltage transmission, to local lower voltage distribution.
It also reroutes power to other transmission lines that serve local markets. A transmission
substation may include phase-shifting or voltage regulating transformers. This is the
PacifiCorp Hale Substation, Orem, Utah, USA.

Engineers design transmission networks to transport the energy as efficiently as feasible,
while at the same time taking into account economic factors, network safety and
redundancy. These networks use components such as power lines, cables, circuit
breakers, switches and transformers. The transmission network is usually administered on
a regional basis by an entity such as a regional transmission organization or transmission
system operator.

Transmission efficiency is hugely improved by devices that increase the voltage, and
proportionately reduce the current in the conductors, thus keeping the power transmitted
nearly equal to the power input. The reduced current flowing through the line reduces the
losses in the conductors. According to Joule's Law, energy losses are directly
proportional to the square of the current. Thus, reducing the current (amperage) by a
factor of 2 will lower the energy lost to conductor resistance by a factor of 4.
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This change in voltage is usually achieved in AC circuits using a step-up transformer.
DC systems require relatively costly conversion equipment which may be economically
justified for particular projects, but are less common currently.

A transmission grid is a network of power stations, transmission circuits, and substations.
Energy is usually transmitted within a grid with three-phase AC. Single phase AC is used
only for distribution to end users since it is not usable for large polyphase induction
motors. In the 19th century, two-phase transmission was used but required either three
wires with unequal currents or four wires. Higher order phase systems require more than
three wires, but deliver marginal benefits.
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The synchronous grids of Eurasia.

The capital cost of electric power stations is so high, and electric demand is so variable,
that it is often cheaper to import some portion of the needed power than to generate it
locally. Because nearby loads are often correlated (hot weather in the Southwest portion
of the US might cause many people to use air conditioners), electricity often comes from
distant sources. Because of the economics of load balancing, wide area transmission grids
now span across countries and even large portions of continents. The web of
interconnections between power producers and consumers ensures that power can flow,
even if a few links are inoperative.
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The unvarying (or slowly varying over many hours) portion of the electric demand is
known as the base load and is generally served best by large facilities (which are
therefore efficient due to economies of scale) with low variable costs for fuel and
operations. Such facilities might be nuclear or coal-fired power stations, or hydroelectric,
while other renewable energy sources such as concentrated solar thermal and geothermal
power have the potential to provide base load power. Renewable energy sources such as
solar photovoltaics, wind, wave, and tidal are, due to their intermittency, not considered
"base load" but can still add power to the grid. The remaining power demand, if any, is
supplied by peaking power plants, which are typically smaller, faster-responding, and
higher cost sources, such as combined cycle or combustion turbine plants fueled by
natural gas.

A high-power electrical transmission tower.

Long-distance transmission of electricity (thousands of kilometers) is cheap and efficient,
with costs of US$0.005-0.02/kWh (compared to annual averaged large producer costs of
US$0.01-0.025/kWh, retail rates upwards of US$0.10/kWh, and multiples of retail for
instantaneous suppliers at unpredicted highest demand moments). Thus distant suppliers
can be cheaper than local sources (e.g., New York City buys a lot of electricity from
Canada). Multiple local sources (even if more expensive and infrequently used) can
make the transmission grid more fault tolerant to weather and other disasters that can
disconnect distant suppliers.
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Long distance transmission allows remote renewable energy resources to be used to
displace fossil fuel consumption. Hydro and wind sources can't be moved closer to
populous cities, and solar costs are lowest in remote areas where local power needs are
minimal. Connection costs alone can determine whether any particular renewable
alternative is economically sensible. Costs can be prohibitive for transmission lines, but
various proposals for massive infrastructure investment in high capacity, very long
distance super grid transmission networks could be recovered with modest usage fees.

Grid input

At the generating plants the energy is produced at a relatively low voltage between about
2.3 kV and 30 kV, depending on the size of the unit. The generator terminal voltage is
then stepped up by the power station transformer to a higher voltage (115 kV to 765 kV
AC, varying by country) for transmission over long distances.

Losses

Transmitting electricity at high voltage reduces the fraction of energy lost to resistance.
For a given amount of power, a higher voltage reduces the current and thus the resistive
losses in the conductor. For example, raising the voltage by a factor of 10 reduces the
current by a corresponding factor of 10 and therefore the 1% Rlosses by a factor of 100,
provided the same sized conductors are used in both cases. Even if the conductor size
(cross-sectional area) is reduced 10-fold to match the lower current the 12 Rlosses are still
reduced 10-fold. Long distance transmission is typically done with overhead lines at
voltages of 115 to 1,200 kV. At extremely high voltages, more than 2 MV between
conductor and ground, corona discharge losses are so large that they can offset the lower
resistance loss in the line conductors.

Transmission and distribution losses in the USA were estimated at 6.6% in 1997 and
6.5% in 2007. In general, losses are estimated from the discrepancy between energy
produced (as reported by power plants) and energy sold to end customers; the difference
between what is produced and what is consumed constitute transmission and distribution
losses.

As of 1980, the longest cost-effective distance for electricity was 7,000 km (4,300 mi),
although all present transmission lines are considerably shorter.

In an alternating current circuit, the inductance and capacitance of the phase conductors
can be significant. The currents that flow in these components of the circuit impedance
constitute reactive power, which transmits no energy to the load. Reactive current causes
extra losses in the transmission circuit. The ratio of real power (transmitted to the load) to
apparent power is the power factor. As reactive current increases, the reactive power
increases and the power factor decreases. For systems with low power factors, losses are
higher than for systems with high power factors. Utilities add capacitor banks and other
components (such as phase-shifting transformers; static VAR compensators; physical
transposition of the phase conductors; and flexible AC transmission systems, FACTS)
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throughout the system to control reactive power flow for reduction of losses and
stabilization of system voltage.

Transmission grid exit

At the substations, transformers reduce the voltage to a lower level for distribution to
commercial and residential users. This distribution is accomplished with a combination of
sub-transmission (33 kV to 132 kV) and distribution (3.3 to 25 kV). Finally, at the point
of use, the energy is transformed to low voltage (varying by country and customer
requirements).

High-voltage direct current

High voltage direct current (HVDC) is used to transmit large amounts of power over long
distances or for interconnections between asynchronous grids. When electrical energy is
required to be transmitted over very long distances, it is more economical to transmit
using direct current instead of alternating current. For a long transmission line, the lower
losses and reduced construction cost of a DC line can offset the additional cost of
converter stations at each end. Also, at high AC voltages, significant (although
economically acceptable) amounts of energy are lost due to corona discharge, the
capacitance between phases or, in the case of buried cables, between phases and the soil
or water in which the cable is buried.

HVDC is also used for long submarine cables because over about 30 km length AC can
no longer be applied. In that case special high voltage cables for DC are built. Many
submarine cable connections - up to 600 km length - are in use nowadays.

HVDC links are sometimes used to stabilize against control problems with the AC
electricity flow. In other words, to transmit AC power as AC when needed in either
direction between Seattle and Boston would require the (highly challenging) continuous
real-time adjustment of the relative phase of the two electrical grids. With HVDC instead
the interconnection would: (1) Convert AC in Seattle into HVDC. (2) Use HVDC for the
three thousand miles of cross country transmission. Then (3) convert the HVDC to
locally synchronized AC in Boston, and optionally in other cooperating cities along the
transmission route. One prominent example of such a transmission line is the Pacific DC
Intertie located in the Western United States.

Limitations

The amount of power that can be sent over a transmission line is limited. The origins of
the limits vary depending on the length of the line. For a short line, the heating of
conductors due to line losses sets a thermal limit. If too much current is drawn,
conductors may sag too close to the ground, or conductors and equipment may be
damaged by overheating. For intermediate-length lines on the order of 100 km (62 mi),
the limit is set by the voltage drop in the line. For longer AC lines, system stability sets
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the limit to the power that can be transferred. Approximately, the power flowing over an
AC line is proportional to the sine of the phase angle of the voltage at the receiving and
transmitting ends. Since this angle varies depending on system loading and generation, it
is undesirable for the angle to approach 90 degrees. Very approximately, the allowable
product of line length and maximum load is proportional to the square of the system
voltage. Series capacitors or phase-shifting transformers are used on long lines to
improve stability. High-voltage direct current lines are restricted only by thermal and
voltage drop limits, since the phase angle is not material to their operation.

Up to now, it has been almost impossible to foresee the temperature distribution along the
cable route, so that the maximum applicable current load was usually set as a
compromise between understanding of operation conditions and risk minimization. The
availability of industrial Distributed Temperature Sensing (DTS) systems that measure in
real time temperatures all along the cable is a first step in monitoring the transmission
system capacity. This monitoring solution is based on using passive optical fibers as
temperature sensors, either integrated directly inside a high voltage cable or mounted
externally on the cable insulation. A solution for overhead lines is also available. In this
case the optical fiber is integrated into the core of a phase wire of overhead transmission
lines (OPPC). The integrated Dynamic Cable Rating (DCR) or also called Real Time
Thermal Rating (RTTR) solution enables not only to continuously monitor the
temperature of a high voltage cable circuit in real time, but to safely utilize the existing
network capacity to its maximum. Furthermore it provides the ability to the operator to
predict the behavior of the transmission system upon major changes made to its initial
operating conditions.

Control

To ensure safe and predictable operation the components of the transmission system are
controlled with generators, switches, circuit breakers and loads. The voltage, power,
frequency, load factor, and reliability capabilities of the transmission system are designed
to provide cost effective performance for the customers.

Load balancing

The transmission system provides for base load and peak load capability, with safety and
fault tolerance margins. The peak load times vary by region largely due to the industry
mix. In very hot and very cold climates home air conditioning and heating loads have an
effect on the overall load. They are typically highest in the late afternoon in the hottest
part of the year and in mid-mornings and mid-evenings in the coldest part of the year.
This makes the power requirements vary by the season and the time of day. Distribution
system designs always take the base load and the peak load into consideration.

The transmission system usually does not have a large buffering capability to match the

loads with the generation. Thus generation has to be kept matched to the load, to prevent
overloading failures of the generation equipment.
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Multiple sources and loads can be connected to the transmission system and they must be
controlled to provide orderly transfer of power. In centralized power generation, only
local control of generation is necessary, and it involves synchronization of the generation
units, to prevent large transients and overload conditions.

In distributed power generation the generators are geographically distributed and the
process to bring them online and offline must be carefully controlled. The load control
signals can either be sent on separate lines or on the power lines themselves. To load
balance the voltage and frequency can be used as a signaling mechanism.

In voltage signaling, the variation of voltage is used to increase generation. The power
added by any system increases as the line voltage decreases. This arrangement is stable in
principle. Voltage based regulation is complex to use in mesh networks, since the
individual components and setpoints would need to be reconfigured every time a new
generator is added to the mesh.

In frequency signaling, the generating units match the frequency of the power
transmission system. In droop speed control, if the frequency decreases, the power is
increased. (The drop in line frequency is an indication that the increased load is causing
the generators to slow down.)

Wind turbines, v2g and other distributed storage and generation systems can be
connected to the power grid, and interact with it to improve system operation.

Failure protection

Under excess load conditions, the system can be designed to fail gracefully rather than all
at once. Brownouts occur when the supply power drops below the demand. Blackouts
occur when the supply fails completely.

Rolling blackouts, or load shedding, are intentionally engineered electrical power
outages, used to distribute insufficient power when the demand for electricity exceeds the

supply.
Communications

Operators of long transmission lines require reliable communications for control of the
power grid and, often, associated generation and distribution facilities. Fault-sensing
protective relays at each end of the line must communicate to monitor the flow of power
into and out of the protected line section so that faulted conductors or equipment can be
quickly de-energized and the balance of the system restored. Protection of the
transmission line from short circuits and other faults is usually so critical that common
carrier telecommunications are insufficiently reliable, and in remote areas a common
carrier may not be available. Communication systems associated with a transmission
project may use:
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e Microwaves
e Power line communication
e Optical fibers

Rarely, and for short distances, a utility will use pilot-wires strung along the transmission
line path. Leased circuits from common carriers are not preferred since availability is not
under control of the electric power transmission organization.

Transmission lines can also be used to carry data: this is called power-line carrier, or
PLC. PLC signals can be easily received with a radio for the long wave range.

Optical fibers can be included in the stranded conductors of a transmission line, in the
overhead shield wires. These cables are known as optical ground wire (OPGW).
Sometimes a standalone cable is used, all-dielectric self-supporting (4DSS) cable,
attached to the transmission line cross arms.

Some jurisdictions, such as Minnesota, prohibit energy transmission companies from
selling surplus communication bandwidth or acting as a telecommunications common
carrier. Where the regulatory structure permits, the utility can sell capacity in extra dark
fibers to a common carrier, providing another revenue stream.

Electricity market reform

Some regulators regard electric transmission to be a natural monopoly and there are
moves in many countries to separately regulate transmission.

Spain was the first country to establish a regional transmission organization. In that
country transmission operations and market operations are controlled by separate
companies. The transmission system operator is Red Eléctrica de Espana (REE) and the
wholesale electricity market operator is Operador del Mercado Ibérico de Energia - Polo
Espaiiol, S.A. (OMEL) . Spain's transmission system is interconnected with those of
France, Portugal, and Morocco.

In the United States and parts of Canada, electrical transmission companies operate
independently of generation and distribution companies.

Cost of electric power transmission

The cost of high voltage electricity transmission, (as opposed to the costs of electricity
distribution) is comparatively low, compared to all other costs arising in a consumer's
electricity bill. In the UK transmission costs are about 0.2p/kWh compared to a delivered
domestic price of around 10 p/kWh.
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Merchant transmission

Merchant transmission is an arrangement where a third party constructs and operates
electric transmission lines through the franchise area of an unrelated utility. Advocates of
merchant transmission claim that this will create competition to construct the most
efficient and lowest cost additions to the transmission grid. Merchant transmission
projects typically involve DC lines because it is easier to limit flows to paying customers.

Operating merchant transmission projects in the United States include the Cross Sound
Cable from Long Island, New York to New Haven, Connecticut, Neptune RTS
Transmission Line from Sayreville, N.J., to Newbridge, N.Y, ITC Holdings, Inc.
transmission system in the midwest, and Path 15 in California. Additional projects are in
development or have been proposed throughout the United States.

There is only one unregulated or market interconnector in Australia: Basslink between
Tasmania and Victoria. Two DC links originally implemented as market interconnectors
Directlink and Murraylink have been converted to regulated interconnectors. NEMMCO

A major barrier to wider adoption of merchant transmission is the difficulty in identifying
who benefits from the facility so that the beneficiaries will pay the toll. Also, it is difficult
for a merchant transmission line to compete when the alternative transmission lines are
subsidized by other utility businesses.

Health concerns

The preponderance of evidence does not suggest that the low-power, low-frequency,
electromagnetic radiation associated with household current constitutes a short or long
term health hazard. Some studies have found statistical correlations between various
diseases and living or working near power lines, but no adverse health effects have been
substantiated for people not living close to powerlines.

There are established biological effects for acute high level exposure to magnetic fields
well above 100 uT. In a residential setting, there is "limited evidence of carcinogenicity
in humans and less than sufficient evidence for carcinogenicity in experimental animals",
in particular, childhood leukaemia, associated with average exposure to residential
power-frequency magnetic field above 0.3 to 0.4 uT. These levels exceed average
residential power-frequency magnetic fields in homes which are about 0.07 uT in Europe
and 0.11 pT in North America. Association is not the same as a cause-and-effect
relationship.

Government policy

Historically, local governments have exercised authority over the grid and have
significant disincentives to take action that would benefit states other than their own.
Localities with cheap electricity have a disincentive to making interstate commerce in
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electricity trading easier, since other regions will be able to compete for local energy and
drive up rates. Some regulators in Maine for example do not wish to address congestion
problems because the congestion serves to keep Maine rates low. Further, vocal local
constituencies can block or slow permitting by pointing to visual impact, environmental,
and perceived health concerns. In the US, generation is growing 4 times faster than
transmission, but big transmission upgrades require the coordination of multiple states, a
multitude of interlocking permits, and cooperation between a significant portion of the
500 companies that own the grid. From a policy perspective, the control of the grid is
balkanized, and even former energy secretary Bill Richardson refers to it as a third world
grid. There have been efforts in the EU and US to confront the problem. The US national
security interest in significantly growing transmission capacity drove passage of the 2005
energy act giving the Department of Energy the authority to approve transmission if
states refuse to act. However, soon after using its power to designate two National
Interest Electric Transmission Corridors, 14 senators signed a letter stating the DOE was
being too aggressive.

Special transmission

Grids for railways

In some countries where electric trains run on low frequency AC (e.g., 16.7 Hz and

25 Hz) power, there are separate single phase traction power networks operated by the
railways. These grids are fed by separate generators in some traction powerstations or by
traction current converter plants from the public three phase AC network.

Superconducting cables

High-temperature superconductors promise to revolutionize power distribution by
providing lossless transmission of electrical power. The development of superconductors
with transition temperatures higher than the boiling point of liquid nitrogen has made the
concept of superconducting power lines commercially feasible, at least for high-load
applications. It has been estimated that the waste would be halved using this method,
since the necessary refrigeration equipment would consume about half the power saved
by the elimination of the majority of resistive losses. Some companies such as
Consolidated Edison and American Superconductor have already begun commercial
production of such systems. In one hypothetical future system called a SuperGrid, the
cost of cooling would be eliminated by coupling the transmission line with a liquid
hydrogen pipeline.

Superconducting cables are particularly suited to high load density areas such as the

business district of large cities, where purchase of an easement for cables would be very
costly.

WORLD TECHNOLOGIES




Single wire earth return

Single-wire earth return (SWER) or single wire ground return is a single-wire
transmission line for supplying single-phase electrical power for an electrical grid to
remote areas at low cost. It is principally used for rural electrification, but also finds use
for larger isolated loads such as water pumps, and light rail. Single wire earth return is
also used for HVDC over submarine power cables.

Wireless power transmission

Both Nikola Tesla and Hidetsugu Yagi attempted to devise systems for large scale
wireless power transmission, with no commercial success.

Wireless power transmission has been studied for transmission of power from solar
power satellites to the earth. A high power array of microwave transmitters would beam
power to a rectenna. Major engineering and economic challenges face any solar power
satellite project.

Security of control systems

The Federal government of the United States admits that the power grid is susceptible to
cyber-warfare. The United States Department of Homeland Security works with industry
to identify vulnerabilities and to help industry enhance the security of control system
networks, the federal government is also working to ensure that security is built in as the
U.S. develops the next generation of 'smart grid' networks.

Records

o Highest capacity system: 6.3 GW HVDC Itaipu (Brazil) (£600 kV DC)
e Highest transmission voltage (AC): 1.15 MV on Powerline Ekibastuz-Kokshetau
(Kazakhstan)
e Largest double-circuit transmission, Kita-Iwaki Powerline.
o Highest pylons: Yangtze River Crossing (height: 345 m/1,132 ft)
o Longest power line: Inga-Shaba (length: 1,700 kilometres / 1,056 miles)
o Longest span of power line: 5,376 m (17,638 ft) at Ameralik Span
o Longest submarine cables:
o NorNed, North Sea - (length of submarine cable: 580 kilometres / 360
miles)
o Basslink, Bass Strait - (length of submarine cable: 290 kilometres / 180
miles, total length: 370.1 kilometres / 230 miles)
o Baltic-Cable, Baltic Sea - (Ilength of submarine cable: 238 kilometres / 148
miles, HVDC length: 250 kilometres / 155 miles, total length: 262
kilometres / 163 miles)
e Longest underground cables:
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o Murraylink, Riverland/Sunraysia - (Ilength of underground cable: 180
kilometres / 112 miles)
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Chapter 4

Electricity Generation

Electricity generation is the process of creating electricity from other forms of energy.

The fundamental principles of electricity generation were discovered during the 1820s
and early 1830s by the British scientist Michael Faraday. His basic method is still used
today: electricity is generated by the movement of a loop of wire, or disc of copper
between the poles of a magnet.

For electric utilities, it is the first process in the delivery of electricity to consumers. The
other processes, electricity transmission, distribution, and electrical power storage and
recovery using pumped storage methods are normally carried out by the electrical power
industry.

Electricity is most often generated at a power station by electromechanical generators,
primarily driven by heat engines fueled by chemical combustion or nuclear fission but
also by other means such as the kinetic energy of flowing water and wind. There are
many other technologies that can be and are used to generate electricity such as solar
photovoltaics and geothermal power.
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Sources of electricity in France in 2006; nuclear power was the main source.

Centralised power generation became possible when it was recognised that alternating
current power lines can transport electricity at very low costs across great distances by
taking advantage of the ability to raise and lower the voltage using power transformers.

Electricity has been generated at central stations since 1881. The first power plants were
run on water power or coal, and today we rely mainly on coal, nuclear, natural gas,
hydroelectric, and petroleum with a small amount from solar energy, tidal harnesses,
wind generators, and geothermal sources.

Methods of generating electricity

There are seven fundamental methods of directly transforming other forms of energy into
electrical energy:

o Static electricity, from the physical separation and transport of charge (examples:
triboelectric effect and lightning)

o FElectromagnetic induction, where an electrical generator, dynamo or alternator
transforms kinetic energy (energy of motion) into electricity

e Electrochemistry, the direct transformation of chemical energy into electricity, as
in a battery, fuel cell or nerve impulse
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e Photoelectric effect, the transformation of light into electrical energy, as in solar
cells

o Thermoelectric effect, direct conversion of temperature differences to electricity,
as in thermocouples, thermopiles, and Thermionic converters.

o Piezoelectric effect, from the mechanical strain of electrically anisotropic
molecules or crystals

e Nuclear transformation, the creation and acceleration of charged particles
(examples: betavoltaics or alpha particle emission)

Static electricity was the first form discovered and investigated, and the electrostatic
generator is still used even in modern devices such as the Van de Graaff generator and
MHD generators. Electrons are mechanically separated and transported to increase their
electric potential.

Almost all commercial electrical generation is done using electromagnetic induction, in
which mechanical energy forces an electrical generator to rotate. There are many
different methods of developing the mechanical energy, including heat engines, hydro,
wind and tidal power.

The direct conversion of nuclear energy to electricity by beta decay is used only on a
small scale. In a full-size nuclear power plant, the heat of a nuclear reaction is used to run
a heat engine. This drives a generator, which converts mechanical energy into electricity
by magnetic induction.

Most electric generation is driven by heat engines. The combustion of fossil fuels
supplies most of the heat to these engines, with a significant fraction from nuclear fission
and some from renewable sources. The modern steam turbine invented by Sir Charles
Parsons in 1884 - today generates about 80 percent of the electric power in the world
using a variety of heat sources.
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Turbines

Large dams such as Three Gorges Dam in China can provide large amounts of

hydroelectric power; it will have a 22.5 GW capability.
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Susquehanna Steam FElectric Station, a nuclear power plant.
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A combined cycle natural gas power plant near Orem, Utah.

All turbines are driven by a fluid acting as an intermediate energy carrier. Many of the
heat engines just mentioned are turbines. Other types of turbines can be driven by wind or
falling water.

Sources include:

e Steam - Water is boiled by:

o Nuclear fission,

o The burning of fossil fuels (coal, natural gas, or petroleum). In hot gas
(gas turbine), turbines are driven directly by gases produced by the
combustion of natural gas or oil. Combined cycle gas turbine plants are
driven by both steam and natural gas. They generate power by burning
natural gas in a gas turbine and use residual heat to generate additional
electricity from steam. These plants offer efficiencies of up to 60%.

o Renewables. The steam generated by:

* Biomass

» The sun as the heat source: solar parabolic troughs and solar power
towers concentrate sunlight to heat a heat transfer fluid, which is
then used to produce steam.
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» Geothermal power. Either steam under pressure emerges from the
ground and drives a turbine or hot water evaporates a low boiling
liquid to create vapour to drive a turbine.

e Other renewable sources:

o Water (hydroelectric) - Turbine blades are acted upon by flowing water,
produced by hydroelectric dams or tidal forces.

o Wind - Most wind turbines generate electricity from naturally occurring
wind. Solar updraft towers use wind that is artificially produced inside the
chimney by heating it with sunlight, and are more properly seen as forms
of solar thermal energy.

Reciprocating engines

Small electricity generators are often powered by reciprocating engines burning diesel,
biogas or natural gas. Diesel engines are often used for back up generation, usually at low
voltages. However most large power grids also use diesel generators, originally provided
as emergency back up for a specific facility such as a hospital, to feed power into the grid
during certain circumstances. Biogas is often combusted where it is produced, such as a
landfill or wastewater treatment plant, with a reciprocating engine or a microturbine,
which is a small gas turbine.

A coal-fired power plant in Laughlin, Nevada U.S.A. Owners of this plant ceased
operations after declining to invest in pollution control equipment to comply with
pollution regulations.
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Photovoltaic panels

Unlike the solar heat concentrators mentioned above, photovoltaic panels convert
sunlight directly to electricity. Although sunlight is free and abundant, solar electricity is
still usually more expensive to produce than large-scale mechanically generated power
due to the cost of the panels. Low-efficiency silicon solar cells have been decreasing in
cost and multijunction cells with close to 30% conversion efficiency are now
commercially available. Over 40% efficiency has been demonstrated in experimental
systems. Until recently, photovoltaics were most commonly used in remote sites where
there is no access to a commercial power grid, or as a supplemental electricity source for
individual homes and businesses. Recent advances in manufacturing efficiency and
photovoltaic technology, combined with subsidies driven by environmental concerns,
have dramatically accelerated the deployment of solar panels. Installed capacity is
growing by 40% per year led by increases in Germany, Japan, California and New Jersey.
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Other generation methods

Wind-powered turbines usually provide electrical generation in conjunction with other
methods of producing power.

Various other technologies have been studied and developed for power generation. Solid-
state generation (without moving parts) is of particular interest in portable applications.
This area is largely dominated by thermoelectric (TE) devices, though thermionic (TT)
and thermophotovoltaic (TPV) systems have been developed as well. Typically, TE
devices are used at lower temperatures than TI and TPV systems. Piezoelectric devices
are used for power generation from mechanical strain, particularly in power harvesting.
Betavoltaics are another type of solid-state power generator which produces electricity
from radioactive decay. Fluid-based magnetohydrodynamic (MHD) power generation has
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been studied as a method for extracting electrical power from nuclear reactors and also
from more conventional fuel combustion systems. Osmotic power finally is another
possibility at places where salt and sweet water merges (e.g. deltas, ...)

Electrochemical electricity generation is also important in portable and mobile
applications. Currently, most electrochemical power comes from closed electrochemical
cells ("batteries") , which are arguably utilized more as storage systems than generation
systems, but open electrochemical systems, known as fuel cells, have been undergoing a
great deal of research and development in the last few years. Fuel cells can be used to
extract power either from natural fuels or from synthesized fuels (mainly electrolytic
hydrogen) and so can be viewed as either generation systems or storage systems
depending on their use.

Cost of electricity by source

The cost of electricity generated by different sources measures the cost of generating
electricity including initial capital, return on investment, as well as the costs of
continuous operation, fuel, and maintenance.

Cost factors

While calculating costs, several internal cost factors have to be considered. (Note the use
of "costs," which is not the actual selling price, since this can be affected by a variety of
factors such as subsidies on some energy and sources and taxes on others):

o Capital costs (including waste disposal and decommissioning costs for nuclear
energy) - tend to be low for fossil fuel power stations; high for renewables and
nuclear; very high for waste to energy, wave and tidal, PV and solar thermal.

e Operating and maintenance costs - tend to be high for nuclear, coal, and waste-to-
energy (fly and bottom ash disposal, emissions clean up, operating steam
generators) and low for renewables and oil and gas fired peaking units.

e Fuel costs - high for fossil fuel and biomass sources, very low for nuclear and
renewables, possibly negative for waste to energy.

e Expected annual hours run - as low as 3% for diesel peakers, 30% for wind, and
up to 90% for nuclear.

e Revenue recovered from heat sales can be offset against running costs, and reduce
the net costs in the case of Cogeneration (combined heat and power) and District
heating schemes.

o Factors such as the costs of waste (and associated issues) and different insurance
costs are not included in the following.

To evaluate the total cost of production of electricity, the streams of costs are converted

to a net present value using the time value of money. These costs are all brought together
using discounted cash flow here. and here .
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Another collection of cost calculations is shown here:, here , and , and .

BP claims renewables are on a decreasing cost curve, while non-renewables are on an
increasing cost curve.

Calculations

Levelised energy cost (LEC) is the price at which electricity must be generated from a
specific source to break even. It is an economic assessment of the cost of the energy-
generating system including all the costs over its lifetime: initial investment, operations
and maintenance, cost of fuel, cost of capital, and is very useful in calculating the costs of
generation from different sources.

It can be defined in a single formula as:

Z f¢+“|fg+F¢
=1

4t
LEC = — &
t=1 (14r)

where

o LEC = Average lifetime levelised electricity generation cost
e I,=Investment expenditures in the year t

e M, = Operations and maintenance expenditures in the year t
e F;=Fuel expenditures in the year t

o [E;= Electricity generation in the year t

e 7= Discount rate

o n = Life of the system

Typically LECs are calculated over 20 to 40 year lifetimes, and are given in the units of
currency per kilowatt-hour, for example AUD/kWh or EUR/kWh or per megawatt-hour,
for example AUD/MWh (as tabulated below).

System Boundaries

When comparing LECs for alternative systems, it is very important to define the
boundaries of the 'system' and the costs that are included in it. For example, should
transmissions lines and distribution systems be included in the cost? Typically only the
costs of connecting the generating source into the transmission system is included as a
cost of the generator. But in some cases wholesale upgrade of the Grid is needed. Careful
thought has to be given to whether or not these costs should be included in the cost of
power.
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Should R&D, tax, and environmental impact studies be included? Should the costs of
impacts on public health and environmental damage be included? Should the costs of
government subsidies be included in the calculated LEC?

Discount Rate

Another key issue is the decision about the value of the discount rate . The value that is
chosen for » can often 'weigh' the decision towards one option or another, so the basis for
choosing the discount must clearly be carefully evaluated. The discount rate depends on
the cost of capital, including the balance between debt-financing and equity-financing,
and an assessment of the financial risk.

U.S. Department of Energy estimates

The table below lists the estimated cost of electricity by source for plants entering service
in 2016. No subsidies are included in the calculations. The table is from a January 12,
2010 report of the U.S. Department of Energy (DOE).

o Total System Levelized Cost (the rightmost column) gives the dollar cost per
megawatt-hour that must be charged over time in order to pay for the total cost.
Divide by 1000 to get the cost per kilowatt-hour. The easy way to do that is to
move the decimal point 3 places to the left.

Estimated Levelized Cost of New Generation Resources, 2006,

U5 Average Levelized Costs (2008 Smegawatthour) for
Citae Plants Enfering Service in 2016
/ \Variable Total
Fhank Typa F?;Fr Lg‘;ﬂﬁd Fixmed _ CIE-!'{I Transmisskon Eyslgm
Cost D&M (including | Invesimaent | Levelized
fuel) Cast

Conventional Coal B5 682 38 230 38 100.4
Advanced Coal BS 81.2 5.3 20.4 3.6 110.5
Advanced Coal with CCS BS 22.6 6.3 26.4 3.9 128.3
Matural Gas-fired

Conventicnal Combined

Cycle B7 228 1.7 4.9 3.8 B3

Advanced Combined Cycle a7 22.4 1.8 21.7 38 78.3

Advanced CC with CCS 87 43.8 2.7 83.0 3.8 113.3

Conventional Combustion

Turbing 30 41,1 4.7 2.0 10,8 138.5

Advanced Combustion

Tuarbine 3 38.5 4.1 7.0 10.8 123.5
Advanced Nuclear ] 948 11.7 B4 3.0 118.0
Wind 34.4 130.5 10.4 0.0 B4 148.3
Wind = Offshore 39.3 150.9 238 0.0 74 181.1
Solar PV 21.7 376.8 6.4 0.0 13.0 396.1
Solar Thermal 31.2 224 .4 21.8 0.0 104 256.8
Geathermal 80 86.0 229 0.0 4.8 115.7
Biomass 83 733 9.1 24.9 38 111.0
Hydro 51.4 103.7 3.5 T 57 118.9

Source; Energy Information Administration, Annual Energy Outlook 2010, December
2009, DOE/ELA-0383(2009)
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e O&M = operation and maintenance.

e CC =combined cycle.

e CCS = carbon capture and sequestration.
e PV =photovoltaics.

e GHG = greenhouse gas.

The table, according to the DOE (emphasis added), "provides the average national
levelized costs for the generating technologies represented in the National Energy
Modeling System (NEMS) as configured for the Annual Energy Outlook 2010
(AEO2010) reference case. Levelized costs represent the present value of the total cost
of building and operating a generating plant over its financial life, converted to equal
annual payments and amortized over expected annual generation from an assumed duty
cycle. The key factors contributing to levelized costs include the cost of constructing the
plant, the time required to construct the plant, the non-fuel costs of operating the plant,
the fuel costs, the cost of financing, and the utilization of the plant. The availability of
various incentives including state or federal tax credits can also impact these costs.
The values shown in the table do not incorporate any such incentives."

U.K. 2010 estimate

In March 2010, a new report on UK levelised generation costs was published by PB
Power, a consultancy firm (part of "PB World"). It is intended to capture the increases in
capital costs of almost all generation technologies in recent years. It can be viewed,
including a graphical illustration of costs, at Powering the Nation Update 2010. It puts a
range on each cost due to various uncertainties. New nuclear power us as the cheapest of
the low-carbon generation technologies at 5.5 to 8.5 pence a kWh (= £55/MWh to
£85/MWh), onshore wind being 8 to 11 pence a kWh, biomass 6 to 12 pence a kWh,
CO2-sequestered CCGTs (combined-cycle gas turbines, running on gas) at 6 to 13 pence
a kWh, coal with CO2 sequestration at 10 to 15.5 pence a kWh, offshore wind at 15 to 21
pence a kWh, and tidal power at 15.5 to 39 pence a kWh. CO2-sequestered CCGTs
(combined-cycle gas turbines, running on gas, emitting CO2 greenhouse gas without
abatement) are not comparable with the other generation technologies due to not being
low-CO2 ("green"), but are shown for comparison - at a cost of 5.5 to 11 pence a
kilowatt-hour, identical to nuclear power in terms of the lower cost estimate, but with a
higher top end to the range.
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Analysis from different sources

0 a0 100 150(%

Middle East oil - 874 bbl (2007) Price of oil per barrel (2008 US§)
Other conventiongl oil - 557 bbl (2007
Brazilian/deep water oil - 160-300 bbl| (2005)
Qil shale - upto 3004 b
Coal to liguid
Canadian oil sands - 174 bbl (2008)
Venezuela's Prinoco Belt - 265 bbl (2008)
Brazilian sugar cane ethanol
.S, comn ethanol @|U5% 3/ bushel
European picdiesel @ USE 500/ onne
Traditional coal- 847 4ntonnes, @ USS 80/ tonne
Coal w/carbon capfure

Muclear
Onshore wind

Oftshore wind
T T T T T T T T T T T T T 1
0 10 20 a0 40 50 60 70 B0 a0 100 110 120 130 140 150

[l Conventional oil ] Unconventional oil [l Biofuels ] Coal B Nuclear ] Wind
Colored vertical lines indicate various historical oil prices. From left to right:
— 1990s average — January 2009 — 1979 peak — 2008 peak

Price of oil per barrel (bbl) at which energy sources are competitive.

e Right end of bar is viability without subsidy.
e Left end of bar requires regulation or government subsidies.
e Wider bars indicate uncertainty.

Source: Financial Times (edit)

A draft report of LECs used by the California Energy Commission is available here.
From this report, the price per MWh for a municipal energy source is shown here:

California levelized energy costs for different generation technologies (2007)

Technology Cost (USD/MWh)

Advanced Nuclear 67

Coal 74-88

Gas 313-346

Geothermal 67

Hydro power 48-86

Wind power 60

Solar 116-312
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Biomass 47-117
Fuel Cell 86-111
Wave Power 611

Note that the above figures incorporate tax breaks for the various forms of power plants.
Subsidies range from 0% (for Coal) to 14% (for nuclear) to over 100% (for solar).

Other sources are given here,
The following table gives a selection of LECs from two major government reports from
Australia. Note that these LECs do nof include any cost for the greenhouse gas emissions

(such as under carbon tax or emissions trading scenarios) associated with the different
technologies.

Levelised energy costs for different generation technologies in Australian Dollars (2006)

Technology Cost (AUD/MWh)
Nuclear (to COTS plan) 40-70
Nuclear (to suit site; typical) 75-105
Coal 28-38
Coal: IGCC + CCS 53-98
Coal: supercritical pulverized + CCS 64-106
Open-cycle Gas Turbine 101
Hot fractured rocks 89
Gas: combined cycle 37-54
Gas: combined cycle + CCS 53-93
Small Hydro power 55
Wind power: high capacity factor 63
Solar thermal 85
Biomass 88
Photovoltaics 120
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Levelised costs of electricity from differents sources

120

[0 Muclear
100 B Coal
[ Gas

80
80 ——— — — —]
wt— B : — —— =
0 +— — — — —
. B ] £
E 3 S 8 & 3 By R
o

University of Canadian Energy  Royal Academy of Deparimant of European House of Lords MIT 2008
Chicago, 2004 Research Institute Engineering Trade and industry ~ Commission, 2008 (UK} 2008
2004 (UK} 2004 (UK) 2008

Cost of electricity ($3/GWh)

51-77
38-48

65-110

(*) does not include waste disposal.

In 1997 the Trade Association for Wind Turbines (Wirtschaftsverband Windkraftwerke
e.V.-WVW) ordered a study into the costs of electricity production in newly
constructed conventional power plants from the Rheinisch-Westfdlischen Institute for
Economic Research -RWI). The RWI predicted costs of electricity production per kWh
for the basic load for the year 2010 as follows:

Fuel Cost per kWh
Nuclear Power 10.7 €ct — 12.4 €ct
Brown Coal (Lignite) 8.8 €ct—9.7 €ct
Black Coal (Bituminous) 10.4 €ct — 10.7 €ct
Natural gas 11.8 €ct—10.6 €ct.

The part of a base load represents approx. 64% of the electricity production in total. The
costs of electricity production for the mid-load and peak load are considerably higher.
There is a mean value for the costs of electricity production for all kinds of conventional
electricity production and load profiles in 2010 which is 10.9 €ct to 11.4 €ct per kWh.
The RWI calculated this on the assumption that the costs of energy production would
depend on the price development of crude oil and that the price of crude oil would be
approx. 23 USS$ per barrel in 2010. In fact the crude oil price is about 80 US$ in the
beginning of 2010. This means that the effective costs of conventional electricity
production still need to be higher than estimated by the RWI in the past.
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The WVW takes the legislative feed-in-tariff as basis for the costs of electricity
production out of renewable energies because renewable power plants are economically
feasible under the German law (German Renewable Energy Sources Act-EEG).

The following figures arise for the costs of electricity production in newly constructed
power plants in 2010:

Costs of electricity production Costs of electricity production
Energy source

€/MWh €ct/kWh

Nuclear Energy 107.0 - 124.0 10.70 — 12.40
Brown Coal 88.0— 97.0 8.80— 9.70
Black Coal 104.0 - 107.0 10.40 -10.70
Domestic Gas 106.0-118.0 10.60 —11.80
g;gl‘folf:ergy 49.7— 96.1 497— 9.6l
Wind Ener

Offshore gy 35.0-150.0 3.50-15.00
Hydropower 34.7-126.7 3.47-12.67
Biomass 77.1-115.5 7.71 —11.55
Solar Electricity 284.3-3914 28.43 -39.14

Beyond the power station terminals, or system costs

The raw costs developed from the above analysis are only part of the picture in planning
and costing a large modern power grid. Other considerations are the shape of the load or
Load Profile, i.e. how it varies second to second, minute to minute, hour to hour, month
to month. To meet the varying load, generally a mix of plant options is needed, and the
overall cost of providing this load is then important. Wind power has poor capacity
contribution, so during windless periods, some form of back up must be provided. All
other forms of power generation also require back up, though to a lesser extent. To meet
peak demand on a system, which only persist for a few hours per year, it is often worth
using very cheap to build, but very expensive to operate plant - for example most large
grids also use load shedding coupled with Diesel generators at peak or extreme
conditions - the very high kWh production cost being justified by not having to build
more expensive other capacity and a reduction in the otherwise continuous and inefficient
use of spining reserve.

In the case of wind energy, the additional costs in terms of increased back up and grid
interconnection to allow for diversity of weather and load may be substantial. This is
because wind stops blowing frecuently even in large areas at once and for prolonged
periods of time. Some wind advocates have argue that in the pan-European case back up
costs are quite low, resulting in overall wind energy costs about the same as present day
power. However, such claim are generally considered too optimistic, except possibly for
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some marginal increases that, in particular circumstances, may take advantage of the
existing infraestructure.

The cost in the UK of connecting new offshore wind in transmission terms, has been
consistently put by Grid/DECC/Ofgem at £15billion by 2020. This £15b cost does not
include the cost of any new connections to Europe - interconnectors, or a supergrid, as
advocated by some. The £15b cost is the cost of connecting offshore wind farms by
cables of typically less than 12 km, to the UK's nearest suitable onshore connection point.
There are total forecast onshore transmission costs of connecting various new UK
generators by 2020, as incurred from 2010, of £4.7 billion, by comparison.

When a new plant is being added to a power system or grid, the effects are quite complex
- for example, when wind energy is added to a grid, it has a marginal cost associated with
production of about £20/MWh (most incurred as lumpy but running-related maintenance
- gearbox and bearing failures, for instance, and the cost of associated downtime), and
therefore will always offer cheaper power than fossil plant - this will tend to force the
marginally most expensive plant off the system. A mid range fossil plant, if added, will
only force off those plants that are marginally more expensive. Hence very complex
modeling of whose systems is required to determine the likely costs in practice of a range
of power generating plant options, or the effect of adding a given plant.

With the development of markets, it is extremely difficult for would be investors to
estimate the likely impacts and cost benefit of an investment in a new plant, hence in free
market electricity systems, there tends to be an incipient shortage of capacity, due to the
difficulties of investors accurately estimating returns, and the need to second guess what
competitors might do.

Production by country

Electricity output in 2005
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The United States has long been the largest producer and consumer of electricity, with a
global share in 2005 of at least 25%, followed by China, Japan and Russia.

As of Jan-2010, total electricity generation for the 2 largest generators were as follows:
USA: 3992 billion KWh

China: 3715 billion KWh

Environmental Concerns

Most scientists agree that emissions of pollutants and greenhouse gases from fossil fuel-
based electricity generation account for a significant portion of world greenhouse gas
emissions; in the United States, electricity generation accounts for nearly 40 percent of
emissions, the largest of any source. Transportation emissions are close behind,
contributing about one-third of U.S. production of carbon dioxide .

In the United States, fossil fuel combustion for electric power generation is responsible
for 65% of all emissions of sulfur dioxide, the main component of acid rain. Electricity
generation is the fourth highest combined source of NOx, carbon monoxide, and
particulate matter in the US.
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Chapter 5

Power Electronics and Power System
Protection

Power electronics

Power electronics is the application of solid-state electronics for the control and
conversion of electric power.

Introduction

Power electronic converters can be found wherever there is a need to modify a form of
electrical energy (i.e. change its voltage, current or frequency). The power range of these
converters is from some milliwatts (as in a mobile phone) to hundreds of megawatts (e.g.
in a HVDC transmission system). With "classical" electronics, electrical currents and
voltage are used to carry information, whereas with power electronics, they carry power.
Thus, the main metric of power electronics becomes the efficiency.

The first very high power electronic devices were mercury arc valves. In modern systems
the conversion is performed with semiconductor switching devices such as diodes,
thyristors and transistors. In contrast to electronic systems concerned with transmission
and processing of signals and data, in power electronics substantial amounts of electrical
energy are processed. An AC/DC converter (rectifier) is the most typical power
electronics device found in many consumer electronic devices, e.g. television sets,
personal computers, battery chargers, etc. The power range is typically from tens of watts
to several hundred watts. In industry the most common application is the variable speed
drive (VSD) that is used to control an induction motor. The power range of VSDs start
from a few hundred watts and end at tens of megawatts.

The power conversion systems can be classified according to the type of the input and
output power

e AC to DC (rectifier)
e DC to AC (inverter)
e DC to DC (DC to DC converter)
e ACto AC (AC to AC converter)
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Principle

As efficiency is at a premium in a power electronic converter, the losses that a power
electronic device generates should be as low as possible. The instantaneous dissipated
power of a device is equal to the product of the voltage across the device and the current
through it (2 = V' x I). From this, one can see that the losses of a power device are at
a minimum when the voltage across it is zero (the device is in the On-State) or when no
current flows through it (Off-State). Therefore, a power electronic converter is built
around one (or more) device operating in switching mode (either On or Off). With such a
structure, the energy is transferred from the input of the converter to its output by bursts.
To convert the power electronics by using rectifier

Applications
Power electronic systems are found in virtually every electronic device. For example:

e DC/DC converters are used in most mobile devices (mobile phones, PDA etc.) to
maintain the voltage at a fixed value whatever the voltage level of the battery is.
These converters are also used for electronic isolation and power factor
correction.

e AC/DC converters (rectifiers) are used every time an electronic device is
connected to the mains (computer, television etc.). These may simply change AC
to DC or can also change the voltage level as part of their operation.

e AC/AC converters are used to change either the voltage level or the frequency
(international power adapters, light dimmer). In power distribution networks
AC/AC converters may be used to exchange power between utility frequency 50
Hz and 60 Hz power grids.

e DC/AC converters (inverters) are used primarily in UPS or emergency lighting
systems. When mains power is available, it will charge the DC battery. If the
mains fails, an inverter will be used to produce AC electricity at mains voltage
from the DC battery.

Power semiconductor device

Power semiconductor devices are semiconductor devices used as switches or rectifiers
in power electronic circuits (switch mode power supplies for example). They are also
called power devices or when used in integrated circuits, called power ICs.

Most power semiconductor devices are only used in commutation mode (i.e they are

either on or off), and are therefore optimized for this. Most of them should not be used in
linear operation.
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History

Power semiconductor devices first appeared in 1952 with the introduction of the power
diode by R.N. Hall. It was made of Germanium and had a voltage capability of 200 volts
and a current rating of 35 amperes.

The thyristor appeared in 1957. Thyristors are able to withstand very high reverse
breakdown voltage and are also capable of carrying high current. One disadvantage of the
thyristor for switching circuits is that once it is 'latched-on' in the conducting state it
cannot be turned off by external control. The thyristor turn-off is passive, i.e., the power
must be disconnected from the device.

The first bipolar transistors devices with substantial power handling capabilities were
introduced in the 1960s. These components overcame some limitations of the thyristors
because they can be turned on or off with an applied signal.

With the improvements of the Metal Oxide Semiconductor technology (initially
developed to produce integrated circuits), power MOSFETSs became available in the late
1970s. International Rectifier introduced a 25 A, 400 V power MOSFET in 1978. These
devices allow operation at higher frequency than bipolar transistors, but are limited to the
low voltage applications.

The Insulated Gate Bipolar Transistor (IGBT) developed in the 1980s became widely
available in the 1990s. This component has the power handling capability of the bipolar
transistor, with the advantages of the isolated gate drive of the power MOSFET.

Common power devices

Some common power devices are the power diode, thyristor, power MOSFET and IGBT.
A power diode or MOSFET operates on similar principles to its low-power counterpart,
but is able to carry a larger amount of current and typically is able to support a larger
reverse-bias voltage in the off-state.

Structural changes are often made in power devices to accommodate the higher current
density, higher power dissipation and/or higher reverse breakdown voltage. The vast
majority of the discrete (i.e non integrated) power devices are built using a vertical
structure, whereas small-signal devices employ a lateral structure. With the vertical
structure, the current rating of the device is proportional to its area, and the voltage
blocking capability is achieved in the height of the die. With this structure, one of the
connections of the device is located on the bottom of the semiconductor die.
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Common power semiconductor devices

Power semiconductor devices

|

2-terminal devices 3-terminal devices
PiN diode Schottky diode Power MOSFET JFET IGBT BJT Thyristor
. I .
—v— —-v-'-
Minority carrier devices Majority carrier devices Minority carrier devices

Fig. 1: The power devices family, showing the principal power switches.
The realm of power devices is divided into two main categories (see figure 1):

o The two-terminal devices (diodes), whose state i1s completely dependent on the
external power circuit they are connected to;

e The three-terminal devices, whose state is not only dependent on their external
power circuit, but also on the signal on their driving terminal (gate or base).
Transistors and thyristors belong to that category.

A second classification is less obvious, but has a strong influence on device performance:
Some devices are majority carrier devices (Schottky diode, MOSFET), while the others
are minority carrier devices (Thyristor, bipolar transistor, IGBT). The former use only
one type of charge carriers, while the latter use both (i.e electrons and holes). The
majority carrier devices are faster, but the charge injection of minority carrier devices
allows for better On-state performance.

Diodes

An ideal diode should have the following characteristics:

e When forward-biased, the voltage across the end terminals of the diode should be
zero, whatever the current that flows through it (on-state);

o When reverse-biased, the leakage current should be zero, whatever the voltage
(off-state).

e The transition between on and off states should be instantaneous.

In reality, the design of a diode is a trade-off between performance in on-state, off-state

and commutation. Indeed, the same area of the device must sustain the blocking voltage
in the off-state and allow current flow in the on-state. As the requirements for the two
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states are completely opposite, a diode has to be either optimised for one of them, or time
must be allowed to switch from one state to the other (i.e slow down the commutation
speed).

This trade-off between on-state/off-state and switching speed is the same for all power
devices. A Schottky diode has excellent switching speed and on-state performance, but a
high level of leakage current in off-state. On the other hand, PIN diodes are commercially
available in different commutation speeds (so-called "fast" and "ultrafast" rectifiers), but
any increase in speed is paid for by a lower performance in the on-state.

Switches

IVoltage

Thyristor

GTO

7KV and more "

BEV - y
p

5EV 4 p < // Current

4EV Y 100 Hz
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7
] & = 'R . < |/ = 1 MHz and more
/0 200 A 1kA 2kA 22kA

and more
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Fig.2 : Current/Voltage/switching frequency domains of the main power electronics
switches.

The trade-off between voltage, current and frequency ratings also exists for the switches.
Actually, all power semiconductors rely on a PIN diode structure to sustain voltage. This
can be seen in figure 2. The power MOSFET has the advantages of the majority carrier
devices, so it can achieve very high operating frequency, but can't be used with high
voltages. As it is a physical limit, no improvement is expected from silicon MOSFETs
concerning their maximum voltage ratings. However, its excellent performance in low
voltage make it the device of choice (actually the only choice) for applications below 200
V. By paralleling several devices, it is possible increase the current rating of a switch.

WORLD TECHNOLOGIES




The MOSFET is particularly suited to this configuration because its positive thermal
coefficient of resistance tends to balance current between individual devices.

The IGBT is a recent component, so its performance improves regularly as technology
evolves. It has already completely replaced the bipolar transistor in power applications,
and the availability of power modules (in which several IGBT dice are connected in
parallel) makes it attractive for power levels up to several megawatts, pushing further the
limit where thyristors and GTOs become the only option. Basically, an IGBT is a bipolar
transistor driven by a power MOSFET: it has the advantages of being a minority carrier
device (good performance in on-state, even for high voltage devices), with the high input
impedance of a MOSFET (it can be driven on or off with a very low amount of power).
Its major limitation for low voltage applications is the high voltage drop it exhibits in on-
state (2 to 4 V). Compared to the MOSFET, the operating frequency of the IGBT is
relatively low (few devices are rated over 50 kHz), mainly because of a so-called
'current-tail' problem during turn-off. This problem is caused by the slow decay of the
conduction current during turn-off resulting from slow recombination of large number of
carriers, which flood the thick 'drift' region of the IGBT during conduction. The net result
is that the turn-off switching loss of an IGBT is considerably higher than its turn-on loss.
Generally, in datasheets, turn-off energy is mentioned as a measured parameter and one
has to multiply that number with the switching frequency of the intended application to
estimate the turn-off loss.

At very high power levels, thyristor-based devices (SCRs, GTOs, MCTs) are still the
only choice. Though driving a thyristor is somewhat complicated, as this device can only
be turned on. It turns off by itself as soon as no more current flows through it. This
requires a circuit with the means to divert current, or specific applications where current
is known to cancel regularly (i.e. Alternating Current). MCTs and GTOs have been
developed to overcome this limitation; these components are widely used in power
distribution applications.

Parameters of power semiconductor devices

A power device is usually attached to a heatsink to remove the heat caused by operation
losses.
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The power semiconductor die of a three-terminal device (IGBT, MOSFET or BJT). Two
contacts are on top of the die, the remaining one is on the back.

1. Breakdown voltage: Often there is a trade-off between breakdown voltage rating
and on-resistance, because increasing the breakdown voltage by incorporating a
thicker and lower doped drift region leads to higher on-resistance.

2. On-resistance: Higher current rating lowers the on-resistance due to greater

numbers of parallel cells. This increases overall capacitance and slows down the

speed.

Rise and fall times for switching between on and off states.

Safe-operating area (from thermal dissipation and "latch-up" consideration)

Thermal resistance: This is an oft-ignored but extremely important parameter

from practical design point of view. Semiconductors do not perform well at

elevated temperature but due to large current conduction, all power
semiconductor devices heat up. Therefore they need to be cooled by removing
that heat continuously. Packaging and heatsinks provide a means of removing
heat from the semiconductor device by conducting it to the external environment.

Generally, large current devices have large die and packaging surface areas and

lower thermal resistance.

kW

Research and development
Packaging
The role of packaging is to:
e connect a die to the external circuit;
e provide a way to remove the heat generated by the device;
e protect the die from the external environment (moisture, dust);
Many of the reliability issues of power device are either related to excessive temperature

of fatigue due to thermal cycling. Research is currently carried out on the following
topics:
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e improve the cooling performance.

o improve the resistance to thermal cycling by closely matching the Coefficient of
thermal expansion of the packaging to that of the silicon.

e increase the maximum operating temperature of the packaging material.

Research is also ongoing on electrical issues such as reducing the parasitic inductance of
packaging. This inductance limits the operating frequency as it generates losses in the
devices during commutation.

Low-voltage MOSFETs are also limited by the parasitic resistance of the packages, as
their intrinsic on-state resistance can be as low as one or two milliohms.

Some of the most common type of power semiconductor packages include TO-220, TO-
247, TO-262, TO-3, D*Pak, etc.

Improvement of structures

IGBTs are still under development and we can expect increased operating voltages in the
future. At the high-power end of the range, MOS-Controlled Thyristor are promising
devices. A major improvement over conventional MOSFET structure is achieved by
employing superjunction charge-balance principle to the design. Essentially, it allows the
thick drift region of a power MOSFET to be heavily doped (thereby reducing the
electrical resistance for electron flow) without compromising the breakdown voltage. An
adjacent region of similarly doped (but of opposite carrier polarity - 4oles) is created
within the structure. These two similar but opposite doped regions effectively cancel out
their mobile charge and develop a 'depleted region' which supports the high voltage
during off-state. On the other hand, during conducting state, the higher doping of the drift
region allows easier flow of carrier thereby reducing on-resistance. Commercial devices,
based on this principle, have been developed by International Rectifier and Infineon in
the name of CoolMOS™.

Wide band-gap semiconductors

The major breakthrough in power semiconductor devices is expected from the
replacement of silicon by a wide band-gap semiconductor. At the moment, silicon carbide
(SiC) is considered to be the most promising. SiC Schottky diodes with a breakdown
voltage of 1200 V are commercially available, as are 1200 V JFETSs. As both are majority
carrier devices, they can operate at high speed. Bipolar devices are being developed for
higher voltages, up to 20 kV. Among its advantages, silicon carbide can operate at higher
temperature (up to 400°C) and has a lower thermal resistance than silicon, allowing better
cooling.
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Power system protection

Power system protection is a branch of electrical power engineering that deals with the
protection of electrical power systems from faults through the isolation of faulted parts
from the rest of the electrical network. The objective of a protection scheme is to keep the
power system stable by isolating only the components that are under fault, whilst leaving
as much of the network as possible still in operation. Thus, protection schemes must
apply a very pragmatic and pessimistic approach to clearing system faults. For this
reason, the technology and philosophies utilized in protection schemes can often be old
and well-established because they must be very reliable.

Components
Protection systems usually comprise five components:

o Current and voltage transformers to step down the high voltages and currents of
the electrical power system to convenient levels for the relays to deal with;

o Protective relays to sense the fault and initiate a trip, or disconnection, order;

o Circuit breakers to open/close the system based on relay and autorecloser
commands;

o Batteries to provide power in case of power disconnection in the system.

o Communication channels to allow analysis of current and voltage at remote
terminals of a line and to allow remote tripping of equipment.

For parts of a distribution system, fuses are capable of both sensing and disconnecting
faults.

Failures may occur in each part, such as insulation failure, fallen or broken transmission
lines, incorrect operation of circuit breakers, short circuits and open circuits. Protection
devices are installed with the aims of protection of assets, and ensure continued supply of
energy. The three classes of protective devices are:
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Protective devices

protective relay for distribution networks

e Protective relays control the tripping of the circuit breakers surrounding the
faulted part of the network

e Automatic operation, such as auto-reclosing or system restart

¢ Monitoring equipment which collects data on the system for post event analysis

While the operating quality of these devices, and especially of the protective relays, is

always critical, different strategies are considered for protecting the different parts of the
system. Very important equipment may have completely redundant and independent
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protective systems, while a minor branch distribution line may have very simple low-cost
protection.

Types of protection

e Generator sets — In a power plant, the protective relays are intended to prevent
damage to alternators or of the transformers in case of abnormal conditions of
operation, due to internal failures, as well as insulating failures or regulation
malfunctions. Such failures are unusual, so the protective relays have to operate
very rarely. If a protective relay fails to detect a fault, the damage to the alternator
or to the transformer may have important financial consequences for the repair or
replacement of equipment and the value of the energy that otherwise would have
been sold.

e High voltage transmission network — Protection on the transmission and
distribution serves two functions: Protection of plant and protection of the public
(including employees). At a basic level protection looks to disconnect equipment
which experience an overload or a connection to earth. Some items in substations
such as transformers may require additional protection based on temperature or
gassing among others.

e Overload — Overload protection requires a current transformer which simply
measures the current in a circuit. If this current exceeds a pre-determined level, a
circuit breaker or fuse should operate.

o Earth fault — Earth fault protection again requires current transformers and senses
an imbalance in a three-phase circuit. Normally a three-phase circuit is in balance,
so if a single (or multiple) phases are connected to earth an imbalance in current is
detected. If this imbalance exceeds a pre-determined value a circuit breaker
should operate.

e Distance — Distance protection detects both voltage and current. A fault on a
circuit will generally create a sag in the voltage level. If this voltage falls below a
pre-determined level and the current is above a certain level the circuit breaker
should operate. This is useful on long lines where if a fault was experienced at the
end of the line the impedance of the line itself may inhibit the rise in current.
Since a voltage sag is required to trigger the protection the current level can
actually be set below the normal load on the line.

o Back-up — At all times the objective of protection is to remove only the affected
portion of plant and nothing else. Sometimes this does not occur for various
reasons which can include:

o Mechanical failure of a circuit breaker to operate
o Incorrect protection setting
o Relay failures
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A failure of primary protection will usually result in the operation of back-up
protection which will generally remove both the affected and unaffected items of
plant to remove the fault.

e Low-voltage networks — The low voltage network generally relies upon fuses or
low-voltage circuit breakers to remove both overload and earth faults.

Coordination

Protective device coordination is the process of determining the "best fit" timing of
current interruption when abnormal electrical conditions occur. The goal is to minimize
an outage to the greatest extent possible. Historically, protective device coordination was
done on translucent log-log paper. Modern methods normally include detailed computer
based analysis and reporting.

Disturbance monitoring equipment (DME)

Disturbance monitoring equipment monitors and records system data pertaining to a fault.
DME accomplish three main purposes: 1) Model validation, 2) disturbance investigation,
and 3) assessment of system protection performance. DME devices include :

* Sequence of event recorders, which record equipment response to the event

* Fault recorders, which record actual waveform data of the system primary voltages and
currents.

* Dynamic Disturbance Recorders (DDRs), which record incidents that portray power

system behavior during dynamic events such as low frequency (0.1 Hz — 3 Hz)
oscillations and abnormal frequency or voltage excursions
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Chapter 6

Electric Power System

A steam turbine used to provide electric power.

An electric power system is a network of electrical components used to supply, transmit
and use electric power. An example of an electric power system is the network that
supplies a region's homes and industry with power - for sizable regions, this power
system is known as the grid and can be broadly divided into the generators that supply
the power, the transmission system that carries the power from the generating centres to
the load centres and the distribution system that feeds the power to nearby homes and
industries. Smaller power systems are also found in industry, hospitals, commercial
buildings and homes. The majority of these systems rely upon three-phase AC power -
the standard for large-scale power transmission and distribution across the modern world.
Specialised power systems that do not always rely upon three-phase AC power are found
in aircraft, electric rail systems, ocean liners and automobiles.
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History

A sketch of the Pearl Street Station

In 1881 two electricians built the world's first power system at Godalming in England. It
was powered by a power station consisting of two waterwheels that produced an
alternating current that in turn supplied seven Siemans arc lamps at 250 volts and 34
incandescent lamps at 40 volts. However supply to the lamps was intermittent and in
1882 Thomas Edison and his company, The Edison Electric Light Company, developed
the first steam powered electric power station on Pearl Street in New York City. The
Pearl Street Station initially powered around 3,000 lamps for 59 customers. The power
station used direct current and operated at a single voltage. Since direct current power
could not be easily transformed to the higher voltages necessary to minimise power loss
during long-distance transmission, the possible distance between the generators and load
was limited to around one-half mile (800 m).

That same year in London Lucien Gaulard and John Dixon Gibbs demonstrated the first
transformer suitable for use in a real power system. The practical value of Gaulard and
Gibbs' transformer was demonstrated in 1884 at Turin where the transformer was used to
light up forty kilometres (25 miles) of railway from a single alternating current generator.
Despite the success of the system, the pair made some fundamental mistakes. Perhaps the
most serious was connecting the primaries of the transformers in series so that active
lamps would affect the brightness of other lamps further down the line. Following the
demonstration George Westinghouse, an American entrepreneur, imported a number of
the transformers along with a Siemens generator and set his engineers to experimenting
with them in the hopes of improving them for use in a commercial power system.
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One of Westinghouse's engineers, William Stanley, recognised the problem with
connecting transformers in series as opposed to parallel and also realised that making the
iron core of a transformer a fully-enclosed loop would improve the voltage regulation of
the secondary winding. Using this knowledge he built a much improved alternating
current power system at Great Barrington, Massachusetts in 1886.

By 1890 the power industry had flourished and power companies had built literally
thousands of power systems (both direct and alternating current) in the United States and
Europe - these networks were effectively dedicated to providing electric lighting. During
this time a fierce rivalry known as the "War of Currents" emerged between Edison and
Nicola Tesla who was employed by Westinghouse over which form of transmission
(direct or alternating current) was superior. In 1891, Westinghouse installed the first
major power system that was designed by Tesla to drive an electric motor and not just
provide electric lighting. The installation powered a 100 horsepower (75 kW)
synchronous motor at Telluride, Colorado. On the other side of the Atlantic, Oskar von
Miller built a 20 kV 176 km three-phase transmission line from Lauffen am Neckar to
Frankfurt am Main for the Electrical Engineering Exhibition in Frankfurt. In 1895, after a
protracted decision-making process, the Adams No. 1 generating station at Niagara Falls
began transferring three-phase alternating current power to Buffalo at 11 kV. Following
completion of the Niagara Falls project, new power systems increasingly chose
alternating current as opposed to direct current for electrical transmission.

Although the 1880s and 1890s were seminal decades for the development of power
systems, developments continued throughout the 20th and 21st century. In 1936 the first
commercial HVDC (high voltage direct current) line using Mercury arc valves was built
between Schenectady and Mechanicville, New York. HVDC had previously been
achieved by installing direct current generators in series (a system known as the Thury
system) although this suffered from serious reliability issues. In 1957 Siemens
demonstrated the first solid-state rectifier (solid-state rectifiers are now the standard for
HVDC systems) however it was not until the early 1970s that this technology was used in
commercial power systems. In recent times, many important developments have come
from extending innovations in the information technology and telecommunications field
to the power engineering field. For example, the development of computers meant load
flow studies could be run more efficiently allowing for much better planning of power
systems. Advances in information technology and telecommunication also allowed for
remote control of a power system's switchgear and generators.
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Basics of electric power

An external AC to DC power adapter used for household appliances

Electric power is the mathematical product of two quantities: current and voltage. These
two quantities can vary with respect to time (AC power) or can be kept at constant levels
(DC power).

Most refrigerators, air conditioners, pumps and industrial machinery use AC power
where as most computers and digital equipment use DC power (the digital devices you
plug into the mains typically have an internal or external power adapter to convert from
AC to DC power). AC power has the advantage of being easy to transform between
voltages and is able to be generated and utilised by brushless machinery. DC power
remains the only practical choice in digital systems and can be more economical to
transmit over long distances at very high voltages.

The ability to easily transform the voltage of AC power is important for two reasons:
Firstly, power can be transmitted over long distances with less loss at higher voltages. So
in power systems where generation is distant from the load, it is desirable to step-up
(increase) the voltage of power at the generation point and then step-down (decrease) the
voltage near the load. Secondly, it is often more economical to install turbines that
produce higher voltages than would be used by most appliances, so the ability to easily
transform voltages means this mismatch between voltages can be easily managed.

Solid state devices, which are products of the semiconductor revolution, make it possible
to transform DC power to different voltages, build brushless DC machines and convert
between AC and DC power. Nevertheless devices utilising solid state technology are
often more expensive than their traditional counterparts, so AC power remains in
widespread use.
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Components of power systems

Supplies

The majority of the world's power still comes from coal-fired power stations like this.

All power systems have one or more sources of power. For some power systems, the
source of power is external to the system but for others it is part of the system itself - it is
these internal power sources that are discussed in the remainder of this section. Direct
current power can be supplied by batteries, fuel cells or photovoltaic cells. Alternating
current power is typically supplied by a rotor that spins in a magnetic field in a device
known as a turbo generator in a power station. There have been a wide range of
techniques used to spin a turbine's rotor, from superheated steam heated using fossil fuel
(including coal, gas and oil)or nuclear energy, or falling water (hydroelectric power), and
wind (wind power).

The speed at which the rotor spins in combination with the number of generator poles
determines the frequency of the alternating current produced by the generator. All
generators on a single system, for example the National Grid (UK) rotate synchronously
(i.e. at an identical speed) and will target a set frequency, in European countries 50 Hz. If
the load on the system increases, the generators will require more torque to spin at that
speed and, in a typical power station, more steam must be supplied to the turbines driving
them. Thus the steam used and the fuel expended are directly dependent on the quantity
of electrical energy supplied.

Depending on how the poles are fed, alternating current generators can produce a variable
number of phases of power. A higher number of phases leads to more efficient power
system operation but also increases the infrastructure requirements of the system.

Electricity grid systems connect multiple generators and loads operating at the same
frequency and number of phases, the commonest being three-phase at 50 or 60 Hz.
However there are other considerations. These range from the obvious: How much power
should the generator be able to supply? What is an acceptable length of time for starting
the generator (some generators can take hours to start)? Is the availability of the power
source acceptable (some renewables are only available when the sun is shining or the
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wind is blowing)? To the more technical: How should the generator start (some turbines
act like a motor to bring themselves up to speed in which case they need an appropriate
starting circuit)? What is the mechanical speed of operation for the turbine and
consequently what are the number of poles required? What type of generator is suitable
(synchronous or asynchronous) and what type of rotor (squirrel-cage rotor, wound rotor,
salient pole rotor or cylindrical rotor)?

Loads

A toaster is great example of a single-phase load that might appear in a residence.
Toasters typically draw 2 to 10 amps at 110 to 260 volts consuming around 600 to 1200
watts of power

Power systems deliver energy to loads that perform a function. These loads range from
household appliances to industrial machinery. Most loads expect a certain voltage and,
for alternating current devices, a certain frequency and number of phases. The appliances
found in your home, for example, will typically be single-phase operating at 50 or 60 Hz
with a voltage between 110 and 260 volts (depending on national standards). An
exception exists for centralized air conditioning systems as these are now typically three-
phase because this allows them to operate more efficiently. All devices in your house will
also have a wattage, this specifies the amount of power the device consumes. At any one
time, the net amount of power consumed by the loads on a power system must equal the
net amount of power produced by the supplies less the power lost in transmission.

Making sure that the voltage, frequency and amount of power supplied to the loads is in
line with expectations is one of the great challenges of power system engineering.
However it is not the only challenge, in addition to the power used by a load to do useful
work (termed real power) many alternating current devices also use an additional amount
of power because they cause the alternating voltage and alternating current to become
slightly out-of-sync (termed reactive power). The reactive power like the real power must
balance (that is the reactive power produced on a system must equal the reactive power
consumed) and can be supplied from the generators, however it is often more economical
to supply such power from capacitors.

A final consideration with loads is to do with power quality. In addition to sustained
overvoltages and undervoltages (voltage regulation issues) as well as sustained deviations
from the system frequency (frequency regulation issues), power system loads can be
adversely affected by a range temporal issues. These include voltage sags, dips and
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swells, transient overvoltages, flicker, high frequency noise, phase imbalance and poor
power factor. Power quality issues occur when the power supply to a load deviates from
the ideal: For an AC supply, the ideal is the current and voltage in-sync fluctuating as a
perfect sine wave at a prescribed frequency with the voltage at a prescribed amplitude.
For DC supply, the ideal is the voltage not varying from a prescribed level. Power quality
issues can be especially important when it comes to specialist industrial machinary or
hospital equipment.

Conductors

Conductors carry power from the generators to the load. In a grid, conductors may be
classified as belonging to the transmission system, which carries large amounts of power
at high voltages (typically more than 50 kV) from the generating centres to the load
centres, or the distribution system, which feeds smaller amounts of power at lower
voltages (typically less than 50 kV) from the load centres to nearby homes and industry.

Choice of conductors is based upon considerations such as cost, transmission losses and
other desirable characteristics of the metal like tensile strength. Copper, with lower
resistivity than aluminium, was the conductor of choice for most power systems.
However, aluminum has lower cost for the same current carrying capacity and is the
primary metal used for transmission line conductors. Overhead line conductors may be
reinforced with steel or aluminum alloys.

Conductors in exterior power systems may be placed overhead or underground. Overhead
conductors are usually air insulated and supported on porcelain, glass or polymer
insulators. Cables used for underround transmission or building wiring are insulated with
cross-linked polyethylene or other flexible insulation. Large conductors are stranded for
ease of handling; small conductors used for building wiring are often solid, especially in
light commercial or residential construction.

Conductors are typically rated for the maximum current that they can carry at a given
temperature rise over ambient conditions. As current flow increases through a conductor
it heats up. For insulated conductors, the rating is determined by the insulation. . For
overhead conductors, the rating is determined by the point at which the sag of the
conductors would become unacceptable.

Capacitors and reactors

The majority of the load in a typical AC power system, is inductive; the current lags
behind the voltage. Since the voltage and current are out-of-sync, this leads to the
emergence of a "useless" form of power known as reactive power. Reactive power does
no measurable work but is transmitted back and forth between the reactive power source
and load every cycle. This reactive power can be provided by the generators themselves
but it is often cheaper to provide it through capacitors, hence capacitors are often placed
near inductive loads to reduce current demand on the power system. Power factor
correction may be applied at a central substation or adjacent to large loads.
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Reactors consume reactive power and are used to regulate voltage on long transmission
lines. In light load conditions, where the loading on transmission lines is well below the
surge impedance loading, the efficiency of the power system may actually be improved
by switching in reactors. Reactors installed in series in a power system also limit rushes
of current flow, small reactors are therefore almost always installed in series with
capacitors to limit the current rush associated with switching in a capacitor. Series
reactors can also be used to limit fault currents.

Capacitors and reactors are switched by circuit breakers, which results in moderately
large steps in reactive power. A solution comes in the form of static VAR compensators
and static synchronous compensators. Briefly, static VAR compensators work by
switching in capacitors using thyristors as opposed to circuit breakers allowing capacitors
to be switched-in and switched-out within a single cycle. This provides a far more refined
response than circuit breaker switched capacitors. Static synchronous compensators take
it a step further by achieving reactive power adjustments using only power electronics.

Power electronics

Power electronics are semi-conductor based devices that are able to switch quantities of
power ranging from a few hundred watts to several hundred megawatts. Despite their
relatively simple function, their speed of operation (typically in the order of nanoseconds)
means they are capable of a wide range of tasks that would be difficult or impossible with
conventional technology. The classic function of power electronics is rectification, or the
conversion of AC-to-DC power, power electronics are therefore found in almost every
digital device that is supplied from an AC source either as an adapter that plugs into the
wall or as component internal to the device. High-powered power electronics can also be
used to convert AC power to DC power for long distance transmission in a system known
as HVDC. HVDC is used because it proves to be more economical than similar high
voltage AC systems for very long distances (hundreds to thousands of kilometres).
HVDC is also desirable for interconnects because it allows frequency independence thus
improving system stability. Power electronics are also essential for any power source that
is required to produce an AC output but that by its nature produces a DC output. They are
therefore used by many photovoltaic installations both industrial and residential.

Power electronics also feature in a wide range of more exotic uses. They are at the heart
of all modern electric and hybrid vehicles - where they are used for both motor control
and as part of the brushless DC motor. Power electronics are also found in practically all
modern petrol-powered vehicles, this is because the power provided by the car's batteries
alone is insufficient to provide ignition, air-conditioning, internal lighting, radio and
dashboard displays for the life of the car. So the batteries must be recharged while driving
using DC power from the engine - a feat that is typically accomplished using power
electronics. Where as conventional technology would be unsuitable for a modern electric
car, commutators can and have been used in petrol-powered cars, the switch to alternators
in combination with power electronics has occurred because of the improved durability of
brushless machinery.
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Some electric railway systems also use DC power and thus make use of power electronics
to feed grid power to the locomotives and often for speed control of the locomotive's
motor. In the middle twentieth century, rectifier locomotives were popular, these used
power electronics to convert AC power from the railway network for use by a DC motor.
Today most electric locomotives are supplied with AC power and run using AC motors,
but still use power electronics to provide suitable motor control. The use of power
electronics to assist with motor control and with starter circuits cannot be underestimated
and, in addition to rectification, is responsible for power electronics appearing in a wide
range of industrial machinery. Power electronics even appear in modern residential air
conditioners.

Power electronics are also at the heart of the variable-speed wind turbine. Put simply,
conventional wind turbines require significant engineering to ensure they operate at some
ratio of the system frequency (the ratio being accounted for using gears), however by
using power electronics this requirement can be eliminated as can the gears leading to
quieter, more flexible and (at the moment) more costly wind turbines. A final example of
one of the more exotic uses of power electronics comes from the previous section where
the fast-switching times of power electronics were used to provide more refined reactive
compensation to the power system.

Protective devices

Power systems contain protective devices to prevent injury or damage during failures.
The quintessential protective device is the fuse. When the current through a fuse exceeds
a certain threshold, the fuse element melts, producing an arc across the resulting gap that
is then extinguished, interrupting the circuit. Given that fuses can be built as the weak
point of a system, fuses are ideal for protecting circuitry from damage. Fuses however
have two problems: First, after they have functioned, fuses must be replaced as they
cannot be reset. This can prove inconvenient if the fuse is at a remote site or a spare fuse
is not on hand. And second, fuses are typically inadequate as the sole safety device in
most power systems as they allow current flows well in excess of that that would prove
lethal to a human or animal.

The first problem is resolved by the use of circuit breakers - devices that can be reset
after they have broken current flow. In modern systems that use less than about 10 kW,
miniature circuit breakers are typically used. These devices combine the mechanism that
initiates the trip (by sensing excess current) as well as the mechanism that breaks the
current flow in a single unit. Some miniature circuit breakers operate solely on the basis
of electromagnetism. In these miniature circuit breakers, the current is run through a
solenoid, and, in the event of excess current flow, the magnetic pull of the solenoid is
sufficient to force open the circuit breaker's contacts (often indirectly through a tripping
mechanism). A better design however arises by inserting a bimetallic strip before the
solenoid - this means that instead of always producing a magnetic force, the solenoid
only produces a magnetic force when the current is strong enough to deform the
bimetallic strip and complete the solenoid's circuit.
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In higher powered applications, the protective relays that detect a fault and initiate a trip
are separate from the circuit breaker. Early relays worked based upon electromagnetic
principles similar to those mentioned in the previous paragraph, modern relays are
application-specific computers that determine whether to trip based upon readings from
the power system. Different relays will initiate trips depending upon different protection
schemes. For example, an overcurrent relay might initiate a trip if the current on any
phase exceeds a certain threshold where as a set of differential relays might initiate a trip
if the sum of currents between them indicates there may be current leaking to earth. The
circuit breakers in higher powered applications are different too. Air is typically no
longer sufficient to quell the arc that forms when the contacts are forced open so a variety
of techniques are used. The most popular technique at the moment is to keep the chamber
enclosing the contacts flooded with sulfur hexafluoride (SFe) - a non-toxic gas that has
superb arc-quelling properties. Other techniques are discussed in the reference.

The second problem, the inadequacy of fuses to act as the sole safety device in most
power systems, is probably best resolved by the use of residual current devices (RCDs).
In any properly functioning electrical appliance the current flowing into the appliance on
the active line should equal the current flowing out of the appliance on the neutral line. A
residual current device works by monitoring the active and neutral lines and tripping the
active line if it notices a difference. Residual current devices require a separate neutral
line for each phase and to be able to trip within a time frame before harm occurs. This is
typically not a problem in most residential applications where standard wiring provides
an active and neutral line for each appliance (that's why your power plugs always have at
least two tongs) and the voltages are relatively low however these issues do limit the
effectiveness of RCDs in other applications such as industry. Even with the installation of
an RCD, exposure to electricity can still prove lethal.

SCADA systems

In large electric power systems, Supervisory Control And Data Acquisition (SCADA) is
used for tasks such as switching on generators, controlling generator output and
switching in or out system elements for maintenance. The first supervisory control
systems implemented consisted of a panel of lamps and switches at a central console near
the controlled plant. The lamps provided feedback on the state of plant (the data
acquisition function) and the switches allowed adjustments to the plant to be made (the
supervisory control function). Today, SCADA systems are much more sophisticated and,
due to advances in communication systems, the consoles controlling the plant no longer
need to be near the plant itself. Instead in today's power systems, it is increasingly
common for plant to be controlled from a central remote site with equipment similar to (if
not identical to) a desktop computer. The ability to control such plant through computers
has increased the need for security and already there have been reports of cyber-attacks
on such systems causing significant disruptions to power systems.
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Power systems in practice

Despite their common components, power systems vary widely both with respect to their
design and how they operate. This section introduces some common power system types
and briefly explains their operation.

Residential power systems

Residential dwellings almost always take supply from the low voltage distribution lines
or cables that run past the dwelling. These operate at voltages of between 110 and 260
volts (phase-to-earth) depending upon national standards. A few decades ago small
dwellings would be fed a single phase using a dedicated two-core service cable (one core
for the active phase and one core for the neutral return). The active line would then be run
through a main isolating switch in the fuse box and then split into one or more circuits to
feed lighting and appliances inside the house. By convention, the lighting and appliance
circuits would be kept separate so the failure of an appliance would not leave the
dwelling's occupants in the dark. All circuits would be fused with an appropriate fuse
based upon the wire size used for that circuit. Circuits would have both a active and
neutral wire with both the lighting and power sockets being connected in parallel. Sockets
would also be provided with a protective earth. This would be made available to
appliances to connect to any metallic casing. If this casing were to become live, the
theory is the connection to earth would cause an RCD or fuse to trip - thus preventing the
future electrocution of an occupant handling the appliance. Earthing systems vary
between regions, but in countries such as the United Kingdom and Australia both the
protective earth and neutral line would be earthed together near the fuse box before the
main isolating switch and the neutral earthed once again back at the distribution
transformer.

There have been a number of minor changes over the year to practice of residential
wiring. Some of the most significant ways modern residential power systems tend to vary
from older ones include:

e For convenience, MCBs are now almost always used in the fuse box instead of
fuses as these can easily be reset by occupants.

o For safety reasons, RCDs are now installed on appliance circuits and,
increasingly, even on lighting circuits.

o Dwellings are typically connected to all three-phases of the distribution system
with the phases being arbitrarily allocated to the house's single-phase circuits.

e Where as air conditioners of the past might have been fed from a dedicated circuit
attached to a single phase, centralised air conditioners that require three-phase
power are now becoming common.

o Protective earths are now run with lighting circuits to allow for metallic lamp
holders to be earthed.

o Increasingly residential power systems are incorporating microgenerators, most
notably, photovoltaic cells.
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Commercial power systems

Commercial power systems are in many ways similar to residential systems but are often
much grander in scale. One of the main consequences of this is that, unlike residential
systems, electrical designs for larger commercial systems (e.g. shopping centres, office
buildings, etc.) are rarely done without simulation. The key focus in simulating
commercial power systems is typically to ensure the supplied voltages are within
reasonable limits and the wire sizes are appropriate for the expected load however some
consideration may also be given to system transients. Many larger commercial
installations will also have an orderly system of sub-panels, (i.e. distribution boards
separate from the main distribution board) so as to allow for better system protection and
more efficient electrical installation.

One of the largest appliances connected to a commercial power system is typically the
HVAC unit and ensuring this unit is adequately supplied is an important consideration in
commercial power systems. There are also typically other requirements jurisdictions
place on commercial systems that are not placed on residential systems: In Australia,
commercial systems must comply with AS 2293, the standard for emergency lighting,
which requires emergency lighting be maintained for at least 90 minutes in the event of
loss of mains supply. In the United States, the National Electrical Code requires
commercial systems to be built with at least one 20A sign outlet in order to light outdoor
signage.
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Chapter 7

Power Flow Study & Power Quality
Compression Algorithm

Power flow study

In power engineering, the power flow study (also known as load-flow study) is an
important tool involving numerical analysis applied to a power system. Unlike traditional
circuit analysis, a power flow study usually uses simplified notation such as a one-line
diagram and per-unit system, and focuses on various forms of AC power (ie: reactive,
real, and apparent) rather than voltage and current. It analyzes the power systems in
normal steady-state operation. There exist a number of software implementations of
power flow studies.

In addition to a power flow study, sometimes called the base case, many software
implementations perform other types of analysis, such as short-circuit fault analysis and
economic analysis. In particular, some programs use linear programming to find the
optimal power flow, the conditions which give the lowest cost per kilowatthour delivered.

Power flow or load-flow studies are important for planning future expansion of power
systems as well as in determining the best operation of existing systems. The principal
information obtained from the power flow study is the magnitude and phase angle of the
voltage at each bus, and the real and reactive power flowing in each line.

Commercial power systems are usually too large to allow for hand solution of the power
flow. Special pupose network analyzers were built between 1929 and the early 1960s to
provide laboratory models of power systems; large-scale digital computers replaced the
analog methods.

Power flow problem formulation

The goal of a power flow study is to obtain complete voltage angle and magnitude
information for each bus in a power system for specified load and generator real power
and voltage conditions. Once this information is known, real and reactive power flow on
each branch as well as generator reactive power output can be analytically determined.
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Due to the nonlinear nature of this problem, numerical methods are employed to obtain a
solution that is within an acceptable tolerance.

The solution to the power flow problem begins with identifying the known and unknown
variables in the system. The known and unknown variables are dependent on the type of
bus. A bus without any generators connected to it is called a Load Bus. With one
exception, a bus with at least one generator connected to it is called a Generator Bus. The
exception is one arbitrarily-selected bus that has a generator. This bus is referred to as the
Slack Bus.

In the power flow problem, it is assumed that the real power Pp and reactive power Q) at
each Load Bus are known. For this reason, Load Buses are also known as PQ Buses. For
Generator Buses, it is assumed that the real power generated Pg and the voltage
magnitude | V] is known. For the Slack Bus, it is assumed that the voltage magnitude |V]
and voltage phase @ are known. Therefore, for each Load Bus, both the voltage
magnitude and angle are unknown and must be solved for; for each Generator Bus, the
voltage angle must be solved for; there are no variables that must be solved for the Slack
Bus. In a system with N buses and R generators, there are then 2(N— 1) — (R — 1)
unknowns.

In order to solve for the 2(N — 1) — (R — 1) unknowns, there must be 2(N— 1) — (R — 1)
equations that do not introduce any new unknown variables. The possible equations to
use are power balance equations, which can be written for real and reactive power for
each bus. The real power balance equation is:

N

k=1

where P; is the net power injected at bus i, Gy is the real part of the element in the bus
admittance matrix Ygys corresponding to the ith row and kth column, By is the imaginary
part of the element in the Yguys corresponding to the ith row and kth column and 0y is the
difference in voltage angle between the ith and kth buses. The reactive power balance
equation is:

N
0=-0Q; + Z |Vi|| Vi (Girsindy, — Bigcostiy)
k=1

where Q; is the net reactive power injected at bus i.

Equations included are the real and reactive power balance equations for each Load Bus
and the real power balance equation for each Generator Bus. Only the real power balance
equation is written for a Generator Bus because the net reactive power injected is not
assumed to be known and therefore including the reactive power balance equation would
result in an additional unknown variable. For similar reasons, there are no equations
written for the Slack Bus.
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Newton-Raphson solution method

There are several different methods of solving the resulting nonlinear system of
equations. The most popular is known as the Newton-Raphson Method. This method
begins with initial guesses of all unknown variables (voltage magnitude and angles at
Load Buses and voltage angles at Generator Buses). Next, a Taylor Series is written, with
the higher order terms ignored, for each of the power balance equations included in the
system of equations . The result is a linear system of equations that can be expressed as:

A
AV AQ

where AP and AQ are called the mismatch equations:

N
AP, = —P,+ . [Vil|Vi

k=1

(Gircosty, + Bipsinty,)

N
AQ; = -0 + Z |1’Z||T"’L|(G¢'&Siﬂag‘k N B‘ikCﬂE&ék)
k=1

JAP 9AP
S_ | v
JAQ  JAQ
and J is a matrix of partial derivatives known as a Jacobian: a0 a| 4 .

The linearized system of equations is solved to determine the next guess (m + 1) of
voltage magnitude and angles based on:

6.-m+1 — gm + Ag

-V- m+1 — |-v-

™ AV

The process continues until a stopping condition is met. A common stopping condition is
to terminate if the norm of the mismatch equations are below a specified tolerance.

A rough outline of solution of the power flow problem is:

1. Make an initial guess of all unknown voltage magnitudes and angles. It is
common to use a "flat start" in which all voltage angles are set to zero and all
voltage magnitudes are set to 1.0 p.u.

2. Solve the power balance equations using the most recent voltage angle and
magnitude values.
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Linearize the system around the most recent voltage angle and magnitude values
Solve for the change in voltage angle and magnitude

Update the voltage magnitude and angles

Check the stopping conditions, if met then terminate, else go to step 2.

kW

Power quality compression algorithm

A Power Quality Compression Algorithm is an algorithm used in power quality
analysis. Electricity today is classed as one of the most important commodities, and has a
particular characteristic that it is either impossible or uneconomical to store. Hence,
electricity must be consumed as soon as it is produced. In order to provide high quality
electric power service, it is essential to monitor the quality of the electric signals also
termed as Power Quality (PQ) at different locations along an electrical power network.
Electrical utilities carefully monitor waveforms and currents at various network locations
constantly, in order for them to understand what lead up to any unforeseen events such as
a power outage and blackouts. This is particularly critical at sites where the environment
and public safety are at risk (institutions such as hospitals, sewage treatment plants,
mines, etc.).

Power Quality Challenges

Engineers have at their disposal many meters , that are able to read and display electrical
power waveforms and calculating parameters of the waveforms. These parameters may
include, for example, current and voltage RMS, phase relationship between waveforms of
a multi-phase signal, power factor, frequency, power factor, THD, harmonics, active
power (KWatt), reactive power (KVAR), apparent power (KVA) and active energy
(KWh), reactive energy (KVARH) and apparent energy (KVAh) and many more. In
order to sufficiently monitor unforeseen events, Ribeiro et al. explains that it is not
enough to display these parameters, but to also capture voltage waveform data at all
times. This virtually impracticable due to the large amounts of data involved, causing
what is known the “bottle effect”. For instance at a sampling rate of 32 samples per cycle,
1,920 samples are collected per second. For three-phase meters that measure both voltage
and current waveforms, the data is 6-8 times as much. More practical solutions developed
in recent years, store data only when an event occurs (e.g., High levels of power system
harmonics that creates voltage distortion) or alternatively to store the RMS of power the
electrical signals . This data, however, is not always sufficient to determine the exact
nature of problems.

Data Compression Algorithm

Nisenblat ef al. proposes the idea of Power Quality (PQ) compression algorithm (similar
to the Lossy Compression method) that enables meters to continuously store the
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waveform of one or more power signals, regardless whether or not an event of interest
was identified. This algorithm referred to as PQZip empowers a processor with a memory
that is sufficient enough to store the waveform, under normal power conditions, over a
long period of time, of at least a month, two months or even a year. The compression is
performed in real time, as the signals are acquired; it calculates a compression decision
before all the compressed data is received. For instance should 1 parameter remain
constant, and various others fluctuate, the compression decision retains only what is
relevant from the constant data, and retains all the fluctuation data. It then decomposes
the waveform of the power signal of numerous components, over various periods of the
waveform. It concludes the process by compressing the values of at least some of these
components over different periods, separately. This real time compression algorithm,
performed independent of the sampling, prevents data gaps and has a typical 1000:1
compression ratio.

Conclusion - Importance of Compression Algorithm

Optimizing the distribution and consumption of our energy resources in particular
electricity, is vital for the preservation of such resources, especially considering the status
of the planet today. Development aforementioned ideas have been crucial in
understanding and prevention of unforeseen events during the distribution and
consumption of electricity. The challenge today is not only to identify that an event
happened and when the event happened. It is also crucial to have sufficient data at hand
to ensure that contingency plans are in place, and preventative action will be taken.
Efficient compression algorithm prevents “bottle effect” mentioned above, and ensures
that data is considered and processed responsibly for efficient and effective use.
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Chapter 8

Fault (Power Engineering)

In an electric power system, a fault is any abnormal flow of electric current. For example
a short circuit is a fault in which current flow bypasses the normal load. An open circuit
fault occurs if a circuit is interrupted by some failure. In three phase systems, a fault may
involve one or more phases and ground, or may occur only between phases. In a "ground
fault" or "earth fault", current flows into the earth. The prospective short circuit current of
a fault can be calculated for power systems. In power systems, protective devices detect
fault conditions and operate circuit breakers and other devices to limit the loss of service
due to a failure.

In a polyphase system, a fault may affect all phases equally which is a "symmetrical
fault". If only some phases are affected, the resulting "asymmetrical fault" becomes more
complicated to analyse due to the simplifying assumption of equal current magnitude in
all phases being no longer applicable. The analysis of this type of fault is often simplified
by using methods such as symmetrical components.

Transient fault

A transient fault is a fault that is no longer present if power is disconnected for a short
time.

Many faults in overhead powerlines are transient in nature. At the occurrence of a fault
power system protection operates to isolate area of the fault. A transient fault will then
clear and the powerline can be returned to service. Typical examples of transient faults
include:

e momentary tree contact

e Dbird or other animal contact
e lightning strike

e conductor clash

In electricity transmission and distribution systems an automatic reclose function is

commonly used on overhead lines to attempt to restore power in the event of a transient
fault. This functionality is not as common on underground systems as faults there are
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typically of a persistent nature. Transient faults may still cause damage both at the site of
the original fault or elsewhere in the network as fault current is generated.

Persistent fault

A persistent fault does not disappear when power is disconnected. Faults in underground
power cables are often persistent. Underground power lines are not affected by trees or
lightning, so faults, when they occur, are probably due to damage. In such cases, if the
line is reconnected, it is likely to be only damaged further.

Symmetric fault

A symmetric, symmetrical or balanced fault affects each of the three-phases equally. In
transmission line faults, roughly 5% are symmetric. This is in contrast to an asymmetric
fault, where the three phases are not affected equally. In practice, most faults in power
systems are unbalanced. With this in mind, symmetric faults can be viewed as somewhat
of an abstraction; however, as asymmetric faults are difficult to analyze, analysis of
asymmetric faults is built up from a thorough understanding of symmetric faults.

Asymetric fault
An asymmetric or unbalanced fault does not affect each of the three phases equally.
Common types of asymmetric faults, and their causes:

e line-to-line - a short circuit between lines, caused by ionization of air, or when
lines come into physical contact, for example due to a broken insulator.

o line-to-ground - a short circuit between one line and ground, very often caused by
physical contact, for example due to lightning or other storm damage

e double line-to-ground - two lines come into contact with the ground (and each
other), also commonly due to storm damage

Analysis

Symmetric faults can be analyzed via the same methods as any other phenomena in
power systems, and in fact many software tools exist to accomplish this type of analysis
automatically. However, there is another method which is as accurate and is usually more
instructive.

First, some simplifying assumptions are made. It is assumed that all electrical generators
in the system are in phase, and operating at the nominal voltage of the system. Electric
motors can also be considered to be generators, because when a fault occurs, they usually
supply rather than draw power. The voltages and currents are then calculated for this base
case.
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Next, the location of the fault is considered to be supplied with a negative voltage source,
equal to the voltage at that location in the base case, while all other sources are set to
zero. This method makes use of the principle of superposition.

To obtain a more accurate result, these calculations should be performed separately for
three separate time ranges:

e subtransient is first, and is associated with the largest currents
e transient comes between subtransient and steady-state
e steady-state occurs after all the transients have had time to settle

An asymmetric fault breaks the underlying assumptions used in three phase power,
namely that the load is balanced on all three phases. Consequently, it is impossible to
directly use tools such as the one-line diagram, where only one phase is considered.
However, due to the linearity of power systems, it is usual to consider the resulting
voltages and currents as a superposition of symmetrical components, to which three
phase analysis can be applied.

In the method of symmetric components, the power system is seen as a superposition of
three components:

e a positive-sequence component, in which the phases are in the same order as the
original system, i.e., a-b-c

e anegative-sequence component, in which the phases are in the opposite order as
the original system, i.e., a-c-b

e azero-sequence component, which is not truly a three phase system, but instead
all three phases are in phase with each other.

To determine the currents resulting from an asymmetrical fault, one must first know the
per-unit zero-, positive-, and negative-sequence impedances of the transmission lines,
generators, and transformers involved. Three separate circuits are then constructed using
these impedances. The individual circuits are then connected together in a particular
arrangement that depends upon the type of fault being studied (this can be found in most
power systems textbooks). Once the sequence circuits are properly connected, the
network can then be analyzed using classical circuit analysis techniques. The solution
results in voltages and currents that exist as symmetrical components; these must be
transformed back into phase values by using the A matrix.

Analysis of the prospective short-circuit current is required for selection of protective
devices such as fuses and circuit breakers. If a circuit is to be properly protected, the fault
current must be high enough to operate the protective device within as short a time as
possible; also the protective device must be able to withstand the fault current and
extinguish any resulting arcs without itself being destroyed or sustaining the arc for any
significant length of time.
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The magnitude of fault currents differ widely depending on the type of earthing system
used, the installation's supply type and earthing system, and its proximity to the supply.
For example, for a domestic UK 230 V, 60 A TN-S or USA 120 V/240 V supply, fault
currents may be a few thousand amperes. Large low-voltage networks with multiple
sources may have fault levels of 300,000 amperes. A high-resistance-grounded system
may restrict line to ground fault current to only 5 amperes. Prior to selecting protective
devices, prospective fault current must be measured reliably at the origin of the
installation and at the furthest point of each circuit, and this information applied properly
to the application of the circuits.

Detecting and locating faults

Locating faults in a cable system can be done either with the circuit de-energized, or in
some cases, with the circuit under power. Fault location techniques can be broadly
divided into terminal methods, which use voltages and currents measured at the ends of
the cable, and tracer methods, which require inspection along the length of the cable.
Terminal methods can be used to locate the general area of the fault, to expedite tracing
on a long or buried cable.

In very simple wiring systems, the fault location is often found through visual inspection
of the wires. In complex wiring systems (e.g. aircraft wiring) where the electrical wires
may be hidden behind cabinets and extended for miles, wiring faults are located with a
Time-domain reflectometer. The time domain reflectometer sends a pulse down the wire
and then analyzes the returning reflected pulse to identify faults within the electrical wire.

In historic submarine telegraph cables, sensitive galvanometers were used to measure
fault currents; by testing at both ends of a faulted cable, the fault location could be
isolated to within a few miles, which allowed the cable to be grappled up and repaired.
The Murray loop and the Varley loop were two types of connections for locating faults in
cables

Sometimes an insulation fault in a power cable will not show up at lower voltages. A
"thumper" test set applies a high-energy, high-voltage pulse to the cable. Fault location is
done by listening for the sound of the discharge at the fault. While this test contributes to
damage at the cable site, it is practical because the faulted location would have to be re-
insulated when found in any case.

In a high resistance grounded distribution system, a feeder may develop a fault to ground
but the system continues in operation. The faulted, but energized, feeder can be found
with a ring-type current transformer collecting all the phase wires of the circuit; only the
circuit containing a fault to ground will show a net unbalanced current. To make the
ground fault current easier to detect, the grounding resistor of the system may be
switched between two values so that the fault current pulses.
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Batteries

The prospective fault current of larger batteries, such as deep-cycle batteries used in
stand-alone power systems, is often given by the manufacturer.

In Australia, when this information is not given, the prospective fault current in amperes

"should be considered to be 6 times the nominal battery capacity at the Cj»o A-h rate,"
according to AS 4086 part 2 (Appendix H).
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Chapter 9

Per-unit System

In the power transmission field of electrical engineering, a per-unit system is the
expression of system quantities as fractions of a defined base unit quantity. Calculations
are simplified because quantities expressed as per-unit are the same regardless of the
voltage level. Similar types of apparatus will have impedances, voltage drops and losses
that are the same when expressed as a per-unit fraction of the equipment rating, even if
the unit size varies widely. Conversion of per-unit quantities to volts, ohms, or amperes
requires a knowledge of the base that the per-unit quantities were referenced to.

A per-unit system provides units for power, voltage, current, impedance, and admittance.
Only two of these are independent, usually power and voltage. All quantities are
specified as multiples of selected base values. For example, the base power might be the
rated power of a transformer, or perhaps an arbitrarily selected power which makes
power quantities in the system more convenient. The base voltage might be the nominal
voltage of a bus. Different types of quantities are labeled with the same symbol (pu); it
should be clear from context whether the quantity is a voltage, current, etc.

Per-unit is used primarily in power flow studies; however, because parameters of
transformers and machines (electric motors and electrical generators) are often specified
in terms of per-unit, it is important for all power engineers to be familiar with the
concept.

Purpose

There are several reasons for using a per-unit system:

e Similar apparatus (generators, transformers, lines) will have similar per-unit
impedances and losses expressed on their own rating, regardless of their absolute
size.

« Use of the constant v3is reduced in three-phase calculations.

e Per-unit quantities are the same on either side of a transformer, independent of
voltage level

e By normalizing quantities to a common base, both hand and automatic
calculations are simplified.
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The per unit system was developed to make manual analysis of power systems easier.
Although power system analysis is now done by computer, results are often expressed as
per-unit values on a convenient system-wide base.

Base quantities

Generally base values of power and voltage are chosen. The base power may be the
rating of a single piece of apparatus such as a motor or generator. If a system is being
studied, the base power is usually chosen as a convenient round number such as 10 MVA
or 100 MVA. The base voltage is chosen as the nominal rated voltage of the system. All
other base quantities are derived from these two base quantities. Once the base power and
the base voltage are chosen, the base current and the base impedance are determined by
the natural laws of electrical circuits.

Relationship between units

The relationship between units in a per-unit system depends on whether the system is
single phase or three phase.

Single phase
Assuming that the independent base values are power and voltage, we have:

Pbase = lpu
Vbase = lpu

Alternatively, the base value for power may be given in terms of reactive or apparent
power, in which case we have, respectively,

Qbase = 1Pu
or
Sbase = 1PU

The rest of the units can be derived from power and voltage using the equations § =1V, P
= Scos(¢), O = §sin((p) and L = Q(Ohm’s law), Z being represented by
Z=R+j )X = ZCOS(‘I’) + JZSI’R(‘I’_). We have:

S SE
Thase = ‘J.—m = 1pu

‘base
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pbﬂSE Ifbﬂ.se . Db&se

rne = — — = 1pu
ba Ib\ise Ib&se L%a.se. Sbase P
Yiase 7 = 1pu
Three phase

Power and voltage are specified in the same way as single phase systems. However, due
to differences in what these terms usually represent in three phase systems, the
relationships for the derived units are different. Specifically, power is given as total (not
per-phase) power, and voltage is line to line voltage. In three phase systems the equations
P = Scos(p) and Q = Ssin(¢) also hold. The apparent power S now equals

Sba.se = 31’%&.36 Jrf:\a.se

A Sbase _ _ 1pu
base L’L&SE < \/5 pg.
Vibase Vi
Z 5E — = =/1
- Ib‘ise X V3 Sbase T
Yiase 7 = 1pu

Example of per-unit

As an example of how per-unit is used, consider a three phase power transmission system
that deals with powers on the order of 500 MW and uses a nominal voltage of 138 kV for
transmission. We arbitrarily select Sp,e = 500 MV A, and use the nominal voltage 138 kV
as the base voltage Vj... We then have:

Sba.se
Ihpee = ————— = 2.09kA
" hase X V3

Dhase = Voase  _ Viase = 38.1102
baze — Ibtise < \/g — SMSE = .
Yiase 7 = 26.3mS

If, for example, the actual voltage at one of the buses is measured to be 136 kV, we have:

L,V 136kV
P Ve 138KV

= 0.9855 pu
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