CHAPTER TWO

 ELECTRICAL POWER TRANSMISSION AND DISTRIBUTION 
2.1 Overview 
The amount of power on a line at any given moment depends on generation production and dispatch, customer use, the status of other transmission lines and their associated equipment, and even the weather. The transmission system must accommodate changing electricity supply and demand conditions, unexpected outages, planned shutdowns of generators or transmission equipment for maintenance, weather extremes, fuel shortages, and other challenge.

Transmission includes moving power over somewhat long distances, from a power station to near where it is used. Transmission involves high voltages, almost always higher than voltage at which the power is either generated or used. Transmission also includes connecting together power systems owned by various companies and perhaps in different states or countries. 
Distribution involves taking power from the transmission system to end users, converting it to voltages at which it is ultimately required.
The objective of the protection and control system is to enable the distributed resource generators and/or storage devices to deliver the intended services to the users and the distribution system reliably, safely, and cost effectively.
This chapter deals with transmission and distribution of power system, followed by an introduction to power system protection and control.
2.2 Transmission of Electrical Energy 
The purpose of the electric transmission system is the interconnection of the electric energy producing power plants or generating stations with the loads. A three-phase AC system is used for most transmission lines. The operating frequency is 60 Hz in the U.S. and 50 Hz in Europe, Australia, and part of Asia. The three-phase system has three phase conductors. The system voltage is defined as the rms voltage between the conductors, also called line-to-line voltage. The voltage between the phase conductor and ground, called line-to-ground voltage, is equal to the line-to-line voltage divided by the square root of three [20].
The electrical transmission system is more complex and dynamic than other utility systems, such as water or natural gas. Electricity flows from power plants, through transformers and transmission lines, to substations, distribution lines and then finally to the electricity consumer (Figure 2.1). The electric system is highly interconnected.
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Figure 2.1 Simplified of Electrical System [21].
2.2.1 Components of the Transmission System

Power plants generate three-phase alternating current (AC). This means that there are three wires coming out of every plant.

On a transmission structure, the three large wires are called conductors and carry the electric power. They are usually about an inch in diameter. There is also a smaller wire at the top of the structure, called a shield wire. The shield wire is designed to protect the power line from lightning. Poles with two sets of three wires (conductors) are called double-circuit poles. Sometimes a distribution line is strung under the transmission lines reducing the need for additional power poles.
 Electricity is transferred from the power plant to the users, through the electric grid. The grid consists of two separate infrastructures: the high-voltage transmission system and the lower-voltage distribution system. High-voltage transmission lines minimize electrical losses and are therefore used to carry electricity hundreds of miles.

 One kilovolt equals 1,000 volts. Higher voltage lines, such as 500 and 765 kV lines are used. The lower-voltage lines (distribution system) draw electricity from the transmission lines and distribute it to individual customers. Lower voltage lines range from 12 to 24 kV. The voltage that connects to customer house is 120 to 240 volts.
The interface between different voltage transmission lines and the distribution system is the electrical substation. Substations use transformers to step down voltages from the higher transmission voltages to the lower distribution system voltages. Transformers located along distribution lines further step down the line voltages for household usage [21].
2.2.2 Transmission Line Parameters
The power transmission line is one of the major components of an electric power system. Its major function is to transport electric energy, with minimal losses, from the power sources to the load centers, usually separated by long distances. The three basic electrical parameters of a transmission line are:
1. Series resistance

2. Series inductance

3. Shunt capacitance

Once evaluated, the parameters are used to model the line and to perform design calculations. The arrangement of the parameters (equivalent circuit) representing the line depends upon the length of the line [20].
2.2.2.1 Equivalent Circuit
A transmission line is defined as a short-length line if its length is less than 80 km (50 mi). [20] In this case, the capacitive effect is negligible and only the resistance and inductive reactance are considered. Assuming balanced conditions, the line can be represented by the equivalent circuit of a single phase with resistance R, and inductive reactance
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 in series, as shown in Figure 2.2.
[image: image3.emf]
Figure 2.2 Equivalent Circuit of a Short-Length Transmission Line [20]
If the line is between 80 km (50 mi) and 240 km (150 mi) long, the line is considered a medium length line and its single-phase equivalent circuit can be represented in a nominal ( circuit configuration. [20] The shunt capacitance of the line is divided into two equal parts, each placed at the sending and receiving ends of the line. Figure 2.3 shows the equivalent circuit for a medium-length line.

[image: image4.emf]
Figure 2.3 Equivalent Circuit of a Medium-Length Transmission Line [20]
Both short- and medium-length transmission lines use approximated lumped-parameter models. However, if the line is more than 240 km long, the model must consider parameters uniformly distributed along the line. [20] The appropriate series impedance and shunt capacitance are found by solving the corresponding differential equations, where voltages and currents are described as a function of distance and time. 
Figure 2.4 shows the equivalent circuit for a long line, The resistance R and the
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 increase as the length of the line increases ,whereas
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 decrease with increasing length [20].
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Where   Z = z l = equivalent total series impedance (()
             Y= y l = total shunt admittance (S)
             z =series impedance per unit length (Ω/m)

             y =shunt admittance per unit length (S/m)
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Figure 2.4 Equivalent Circuit of a Long-Length Transmission Line [20]

2.2.2.2 Resistance

The AC resistance of a conductor in a transmission line is based on the calculation of its DC resistance. If DC is flowing along a round cylindrical conductor, the current is uniformly distributed over its cross-section area and the DC resistance is evaluated by


[image: image11.wmf][

]

W

=

A

l

R

dc

r

                                                                                            (2.2)

where 
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 conductor resistivity at a given temperature (
[image: image13.wmf]m

-

W

)

           
 L = conductor length (m)

           
 A= conductor cross-section area (
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If AC current is flowing, rather than DC current, the conductor effective resistance is higher due to the skin effect.

A. Frequency Effect
The frequency of the AC voltage produces a second effect on the conductor resistance due to the non uniform distribution of the current. This phenomenon is known as skin effect. As frequency increases, the current tends to go toward the surface of the conductor and the current density decreases at the center. Skin effect reduces the effective cross-section area used by the current and thus the effective resistance increases. 
Also, although in small amount, a further resistance increase occurs when other current-carrying conductors are present in the immediate vicinity. A skin correction factor k, obtained by differential equations and Bessel functions, is considered to reevaluate the AC resistance. For 60 Hz, k is estimated around 1.02 [21].
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Other variations in resistance are caused by:

• Temperature

• spiraling of stranded conductors

• bundle conductors arrangement
B. Temperature Effect

The resistivity of any metal varies linearly over an operating temperature, and therefore the resistance of any conductor suffers the same variations. As temperature rises, the resistance increases linearly, according to the following equation:
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Where 
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Resistivity (
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) and temperature coefficient (T) constants depend on the particular conductor material. Table 2.1 lists resistivity and temperature coefficients of some typical conducting materials [21].
C. Spiraling and Bundle Conductor Effect
There are two types of transmission line conductors: overhead and underground. Overhead conductors, made of naked metal and suspended on insulators, are preferred over underground conductors because of the lower cost and ease of maintenance.

Table 2.1 Resistivity and Temperature Coefficient of Some conducting Materials [21]
	Material
	Resistivity at 20
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	Silver
	1.59 
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	243.0

	Annealed
	1.72 
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	234.5

	Hard-drawn copper
	1.77 
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	aluminum
	2.83 
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In overhead transmission lines, aluminum is a common material because of the lower cost and lighter weight compared to copper, although more cross-section area is needed to conduct the same amount of current. The aluminum conductor, steel-reinforced (ACSR), is one of the most used conductors. It consists of alternate layers of stranded conductors, spiraled in opposite directions to hold the strands together; surrounding a core of steel strands as shown in Figure 2.5 The purpose of introducing a steel core inside the stranded aluminum conductors is to obtain a high strength-to-weight ratio.
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Figure 2.5 Stranded Aluminum Conductor with Stranded Steel Core (ACSR) [21]

 A stranded conductor offers more flexibility and is easier to manufacture than a solid large conductor. However, the total resistance is increased because the outside strands are larger than the inside strands due to the spiraling. The resistance of each wound conductor at any layer, per unit length, is based on its total length as follows:
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where 
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The parallel combination of (n) conductors with the same diameter per layer gives the resistance per layer as follows:
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Similarly, the total resistance of the stranded conductor is evaluated by the parallel combination of resistances per layer
In high-voltage transmission lines, there may be more than one conductor per phase. This is a bundle configuration used to increase the current capability and to reduce corona discharge. By increasing the number of conductors per phase, the current capacity is increased, and the total AC resistance is proportionally decreased with respect to the number of conductors per bundle.
 Corona occurs when high electric field strength along the conductor surface causes ionization of the surrounding air, producing conducting atmosphere and thus producing corona losses, audible noise, and radio interference. 
Although corona losses depend on meteorological conditions, their evaluation takes into account the conductance between conductors and between conductors and ground. Conductor bundles may be applied to any voltage but are always used at 345 kV and above to limit corona. To maintain the distance between bundles conductors, spacers are used which are made of steel or aluminum bars. Figure 2.6 shows some arrangements of stranded bundle configurations.

[image: image44]
Figure 2.6 Stranded conductors arranged in bundles of (a) two, (b) three,
and (c) four [21]

2.2.2.3 Current-Carrying Capacity (Ampacity)
In overhead transmission lines, the current-carrying capacity is determined mostly by the conductor resistance and the heat dissipated from its surface. The heat generated in a conductor (
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where R =conductor resistance (
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            I = conductor current-carrying (A)
           S = conductor surface area (sq. in.)
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Dissipation by convection is defined as:
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where p      = atmospheric pressure (atm)
           v       = wind velocity (ft/sec)
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Dissipation by radiation is obtained from the Stefan-Boltzmann law and is defined as:
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where 
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            E = emissivity constant (1 for the absolute black body and 0.5 for oxidized                       copper)
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Substituting Equations (2.8) and (2.7) in (2.6) we can obtain the conductor ampacity at given temperatures.
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Some approximated current-carrying capacity values for overhead aluminum and aluminum reinforced conductors are presented in Appendix A [21].

2.2.2.4 Inductance and Inductive Reactance
The magnetic flux generated by the current in transmission line conductors produces a total inductance whose magnitude depends on the line configuration. To determine the inductance of the line, it is necessary to calculate, as in any magnetic circuit with permeability μ:
1. The magnetic field intensity H,

2. The magnetic field density B, and

3. The flux linkage λ.
A. Inductance of a Solid, Round, Infinitely Long Conductor
Consider a long, solid, cylindrical conductor with radius r, carrying current I as shown in Figure 2.7. If the conductor is a nonmagnetic material, and the current is assumed to be uniformly distributed (no skin effect), then the generated internal and external magnetic field lines are concentric circles around the conductor with direction defined by the right-hand rule.
B. Internal Inductance

To obtain the internal inductance, a magnetic field at radius x inside the conductor is chosen as shown in Figure 2.8. The fraction of the current Ix enclosed in the area of the circle is determined by:
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Ampere’s law determines the magnetic field intensity Hx constant at any point along the circle contour:
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[image: image70.emf]
Figure 2.7 External and internal concentric magnetic flux lines around the conductor [21]
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Figure 2.8 Internal magnetic flux [21]
The magnetic flux density 
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where 
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The differential flux
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 for a 1-m length of conductor, and the differential flux linkage
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The internal flux linkage is obtained by integrating the differential flux linkage from x = 0 to x = r
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The inductance due to internal flux linkage per-unit length becomes
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C. External Inductance
The external inductance is evaluated assuming that the total current I is concentrated at the conductor surface (maximum skin effect). At any point on an external magnetic field circle of radius y (Figure 2.9), the magnetic field intensity 
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The differential flux 
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As the total current I flow in the surface conductor, then the differential flux linkage 
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 has the same magnitude as the differential flux
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[image: image103.emf]
Figure 2.9 External magnetic flux [21]

The total external flux linkage enclosed by the ring is obtained by integrating from
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In general, the external flux linkage from the surface of the conductor to any point D is
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The summation of the internal and external flux linkage at any point D permits evaluation of the total inductance of the conductor
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where GMR (geometric mean radius)
[image: image113.wmf]r

r

e

GMR

7788

.

0

4

/

1

=

=

-

.

D. Inductance of a Three-Phase Line
The total inductance per-unit length is
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It can be seen that the inductance of the single-phase system is twice the inductance of a single conductor. For a line with stranded conductors, the inductance is determined using a new GMR value (
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) evaluated according to the number of conductors. Generally, the GMR stranded for any particular cable can be found in conductors tables. Additionally, if the line is composed of bundle conductors, the inductance is reevaluated taking into account the number of bundle conductors and the separation among them. The GMR bundle is introduced to determine the final inductance value [21].
Assuming the same separation among bundles, the equation for
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, up to three conductors per bundle, is defined as:
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where       n        = number of conductors per bundle

         
[image: image119.wmf]stranded
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= GMR of the stranded conductor
                 d        =distance between bundle conductors
The derivations for the inductance in a single-phase system can be extended to obtain the inductance per phase in a three-phase system. As If the GMR value is the same in all phase conductors, the total flux linkage expression is the same for all phases. Therefore, the equivalent inductance per phase is:
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E. Inductance of Transposed Three-Phase Transmission Lines
In actual transmission lines, the phase conductors generally do not have a symmetrical (triangular) arrangement. However, if the phase conductors are transposed, an average distance GMD (geometrical mean distance) is substituted for distance D, and the calculation of the phase inductance derived for symmetrical arrangement is still valid. In a transposed system, each phase conductor occupies the location of the other two phases for one third of the total line length as shown in Figure 2.10.The inductance per phase per unit length in a transmission line is
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where GMD = 
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Once the inductance per phase is obtained, for bundle conductors, the
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 value is determined, as in the single-phase transmission line case, by the number of conductors, and by the number of conductors per bundle and the separation among them. The expression for the total inductive reactance per phase is:
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where   
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    =geometric mean radius of bundle conductors
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                 n              =number of conductors per bundle
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Figure 2.10 Arrangement of conductors in a transposed line [21]

2.2.2.5 Capacitance and Capacitive Reactance
To evaluate the capacitance between conductors in a surrounding medium with permittivity ε, it is necessary to first determine the voltage between the conductors, and the electric field strength of the surrounding.
A. Capacitance of a Single Solid Conductor
Consider a solid, cylindrical, long conductor with radius r, in a free space with permittivity
[image: image132.wmf]0

e

, and with a charge of q+ C per meter uniformly distributed on the surface. There is constant electric field strength on the surface of cylinder (Figure 2.11). The resistivity of the conductor is assumed to be zero (perfect conductor), which results in zero internal electric field due to the charge on the conductor.
[image: image133.emf]
Figure 2.11 Electric field produced from a single conductor [21]

The charge q+ produces an electric field radial to the conductor with equipotential surfaces concentric to the conductor. According to Gauss’s law, the total electric flux leaving a closed surface is equal to the total charge inside the volume enclosed by the surface. Therefore, at an outside point P separated x meters from the center of the conductor, the electric field flux density, and the electric field intensity are:
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B. Capacitance of a Three-Phase Line
Consider a three-phase line with the same voltage magnitude between phases, and assume a balanced system with abc (positive) sequence such that
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Figure 2.12 Capacitance between line-to-ground in a two-wire, single-phase line [21]

The positive sequence capacitance per unit length between phase A and neutral is shown in equation (2.35).The same result is obtained for capacitance between phases B and C to neutral.
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C. Capacitance of Stranded Bundle Conductors
The calculation of the capacitance in the equation (2.35) based on:

· Solid conductors with zero resistivity (zero internal electric field)

· distributed charge uniformly

· Equilateral spacing of phase conductors
In actual transmission lines, the resistivity of the conductors produces a small internal electric field and, therefore, the electric field at the conductor surface is smaller than estimated.
 However, the difference is negligible for practical purposes. Because of the presence of other charged conductors, the charge distribution is non uniform, and therefore the estimated capacitance is different. However, this effect is negligible for most practical calculations. In a line with stranded conductors, the capacitance is evaluated assuming a solid conductor with the same radius as the outside radius of the stranded conductor. This produces a negligible difference [21].

Most transmission lines do not have equilateral spacing of phase conductors. This causes differences between the line-to-neutral capacitances of the three phases. However, transposing the phase conductors balances the system, resulting in equal line-to-neutral capacitance for each phase. 
For bundle conductors, an equivalent radius
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Finally, the capacitance and capacitive reactance per unit length from phase to neutral can be evaluated as
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2.2.2.6 Characteristic Impedance
The characteristic impedance [23] of a transmission line is defined as the ratio of the voltage to the current of a traveling wave on a line of infinite length. This ratio of voltage to its corresponding current at any point the line is constant impedance, Z0. Carrier terminals and line coupling equipment must match the characteristic impedance for best power transfer.
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In practice, the jωC and jωL are so large in relationship to R and G; this equation can be reduced to:
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By applying appropriate formulas for L and C, this equation can be expressed in terms of the distance between conductors and the radius of the conductor as follows:
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The characteristic impedance will vary according to the distance between conductors, distance to ground, and the radius of the individual conductor. In general, both the radius of the conductors and distance between conductors increase with higher voltages, so there is little variance of characteristic impedance at various voltages. When bundled conductors are used, as in Extra-high voltage (EHV) transmission lines, the effective impedance will be lower [23].
2.2.2.7 Characteristics of Overhead Conductors
Tables A1 and A2 (Appendix A) present general characteristics of aluminum cable steel reinforced conductors (ACSR). The size of the conductors (cross-section area) is specified in square millimeters and kcmil, where a cmil is the cross-section area of a circular conductor with a diameter of 1/1000 inch. Typical values of resistance, inductive reactance, and capacitive reactance are listed. The approximate current carrying capacity of the conductors is also included assuming 60 Hz, wind speed of 1.4 mi/h, and conductor and air temperatures of 75°C and 25°C, respectively. Similarly, tables B1 and B2 (Appendix A) present the corresponding characteristics of aluminum conductors (AAC) [20].
2.2.3 Transmission Line Design
The electric lines that generate the most public interest are high-voltage transmission lines. These are the largest and most visible electric lines. Most large cities require several transmission lines for reliable electric service. Figure 2.13 shows two 345-kV double-circuited transmission structures sharing the same right-of-way (ROW). Double-circuited means that the transmission structure is carrying two sets of transmission lines, each with three conductors [22].
[image: image174.png]



Figure 2.13 Two High Voltage Double Circuit Transmission Structure [22]
Transmission lines are larger than the more common distribution lines that exist along rural roads and city streets. Transmission line poles or structures are between 60 and 140 feet tall. Distribution line structures are approximately 40 feet tall.
There are several different kinds of transmission structures. Transmission structures can be constructed of metal or wood. 
They can be single poled or double poled. They can be single-circuited carrying one set of transmission lines or double-circuited with two sets of lines. Figure 2.14 shows a close up of a commonly built double-circuited, single-pole transmission structure. Figure 2.15 shows diagrams of different types of transmission structures.
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Figure 2.14 Closed up of a Double Circuit Transmission Structure [22].
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Figure 2.15 Different Transmission Structures [22].
Different transmission structures have different materials and construction costs, and require different right-of-way widths, distances between structures (span length), and pole height. These issues also vary with different voltages. In the past, many transmission lines were constructed on H-frame wood structures and metal lattice structures. New lines are most often constructed with single pole structures because of ROW width limitations and environmental considerations. 

 Pole height and load capacity limitations control allowable span length either on the basis of ground clearance or ability to support heavy wind and ice loads. In areas where single-pole structures are preferred, weak or wet soils may require concrete foundations for support. Where a transmission line must cross a street or slightly change direction, large angle structures or guy wires may be required [22].
Poles with guy wires impact a much larger area. Angle structures are usually more than double the diameter of other steel poles. They are made of steel, usually five to six feet in diameter, and have a large concrete base. The base may be buried ten or more feet below the ground surface. The diameter of the pole and the depth the base is buried depends on the condition of the soils and the voltage of the line.
2.2.4 Types of Power Lines
Electrical power utilities divide their systems into two major categories:
1. Transmission system in which the line voltage is roughly between 115 KV and 800 KV.
2. Distribution systems in which the voltage generally lines between 120Vand 69KV and its divided into medium voltage distribution systems between (2.4 KV to 69 KV) and low voltage distribution systems (120 V to 600 V)

The design of a power line depends upon:

· The amount of active power it has to transmit.

· The distance over which the energy must be carried.

· And the cost.

There are four types of power lines according to their voltage class:
· Low voltage lines
Low voltage (LV) lines are installed inside buildings, factories and houses to supply power to motors, electrical stoves, light, and so on. The service entrance panel constitutes the source and the lines are made of insulated cable or bus-bar operating at voltage below 600 V.
· Medium voltage lines

Medium voltage (MV) lines tie the load centers to the main substation of the utility company. The voltage is usually between 2.4KV to 69KV.
· High voltage lines 
High voltage (HV) lines connect the main substations to the generating stations. The lines are composed of aerial wire or under grounding cable operating at voltage below 230KV. In this category there are lines to transmit energy between two large systems to increase the stability of the network. 
· Extra high voltage lines 

Extra high voltage (EHV) lines are used when generating station are very far from the load centers. They are put in a separate class because of their special properties. Such lines operate at voltage up to 800KV and may be as long as 1000 KM [1]. 
Table 2.2 Voltage Classes as Applied to Industrial and Commercial Power [1].
	Voltage class
	Two _wire
	Three_ wire
	Four _wire

	Low voltage (LV)
	120 V
Single phase
	120/240
single phase

480 V
600 V
	_
120/208

277/480

347/600

	Medium voltage (MV)
	_
	2400
4160

4800

6900

13800

23000

34500

46000

69000
	7200/12470

7620/13200

7970/13200

14400/24940

19920/34500

	High voltage
HV
	_
	115000
138000

161000

230000
	_


2.3 Distribution of Electrical Energy
The blocks in figure 2.16 representing the generation and transmission systems and the bulk power substation this section focuses on the distribution system, also called the sub transmission system. In this system high-voltage electrical energy from the bulk power substation is stepped down by distribution substations for local transmission at lower voltages to serve the local customer base [24].
[image: image177.emf]
Figure 2.16 Simplified Diagram of a Power System from Generation to Distribution [24]
2.3.1 Distribution Substations
Distribution substations serve a wide range of private and public customers in distributing electric power. They can be shareholder, cooperatively, privately, and government owned. All substations contain power transformers and the voltage regulating apparatus required for converting the high incoming sub transmission voltages to lower primary system voltages and maintaining them within specified voltage tolerances. Those voltages, typically 11 to 15 kV, are then sent to distribution transformers and load substations for serving regional and local customers [23].
Substations serve many purposes, including connecting generators, transmission or distribution lines, and loads to each other and generally stepping higher voltages down to lower voltages to meet specific customer requirements. They can also interconnect and switch alternative sources of power and control system voltage and power flow.

Power factor can be corrected and over voltage can be regulated by substations. In addition, instruments in substations measure power, detect faults, and monitor and record system operational information.

The basic equipment in substations includes transformers, circuit breakers, disconnect switches, bus-bars, shunt-reactors, power factor correction capacitors, lightning arresters, instrumentation, control devices, and other protective apparatus related to the specific functions in the power station shows in figure 2.17
Circuit breakers and other switching equipment in a substation can be organized to separate a bus, part of a transformer, or a control device from other equipment. The common system switching arrangements are shown in the one-line diagrams in figure 2.18. In these diagrams connections are indicated by arrowheads, switches by offset lines, and circuit breakers by boxes.

The single-bus switching system in (figure 2.18 a) is bus protected by the circuit breakers on the incoming and outgoing lines. The double-bus system in (figure2.18 b) has two main buses, but only one is normally in operation; the other is a reserve bus. The ring bus in (figure 2.18 e) has the bus arranged in a loop with breakers placed so that the opening of one breaker does not interrupt the power through the substation [24]. 
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Figure 2.17 A Typical Small Substation [24].
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Figure 2.18 One-line Diagrams of Substation Switching Arrangements: (a) single bus; (b) double bus, single breaker; (c) double bus, double breaker; (d) main and transfer bus; (e) ring bus; (f) breaker-and-a-half; (g) breaker-and-a-third [24]
A typical distribution system consists of:
· Sub transmission circuits, which carry voltages ranging from 12.47 to 245 kV (of these, 69, 115, and 138 kV are most common) for delivering electrical energy to the various distribution substations.

· Three-phase primary circuits or feeders, which typically operate in the range of 4.16 to 34.5 kV (11 to 15 kV being most common) for supplying the load in designated areas.
· Distribution transformers rated from 10 to 2500 kVA, installed on poles, on aboveground pads, or in underground vaults near customers. These transformers convert primary voltage to useful voltages for practical applications.

· Secondary circuits at useful voltage levels, which carry the energy from the distribution transformers along highways, streets, or rights-of-way. These can be either single- or three-phase lines.

· Service drops and service laterals, which deliver energy from the secondary circuits to the user’s service entrance equipment.
Power is switched from the substation transformers to separate distribution buses. In some systems the buses distribute power to two separate sets of distribution lines at two different voltages. Smaller transformers connected to the bus step the power down to a standard single-phase line voltage of about 7.2 kV for residential and rural loads, while power from larger transformers can leave in another direction at the higher three-phase voltages to serve large industrial and commercial loads [24].
2.3.2 Substation Equipment
Substation transformers have laminated steel cores and are built with isolated primary and secondary windings to permit the transfer of power from the primary side to the secondary side at different voltages. 

Most of these transformers are insulated and cooled with oil, making them vulnerable to fire. Adequate precautions must be taken to minimize the possibility of fire and to extinguish any fires that occur as rapidly as possible. In addition to the installation of fire extinguishers, they are located at safe distances from other equipment and positioned in pits to contain any oil leakage. Additionally, fire walls might be built between them.

Substation circuit breakers capable of interrupting the highest fault currents are installed in substations. They are typically rated for 20 to 50 times the normal current and are built to withstand high voltage surges that occur after interruption. Switches rated only for normal load interruption are called load-break switches.
Disconnect switches have isolation and connection capability but lack current interruption capability.

Bus bars make connections between substation equipment. Flexible conductor buses connect insulators, but rigid buses, typically hollow aluminum alloy tubes, are installed on insulators in air or in gas-enclosed cylindrical pipes.

Shunt reactors compensate for line capacitance in long lines, and shunt capacitors compensate for the inductive components of the load current.
Current and potential transformers are used to measure currents and voltages, and they provide low-level currents and voltages at ground potential for control and protection.

Control and protective devices include protective relays that can detect faults rapidly in substation equipment and lines, identify their locations, and provide appropriate signals for opening circuit breakers. They also include equipment for controlling voltage and current and selecting optimum system configurations for the load conditions. Included in this category are fault-logging and metering instruments, internal and external communications equipment, and auxiliary power supplies.

Solid-state digital instruments containing microprocessors have replaced many of the earlier-generation analog moving-coil instruments. Most substations are fully automated yet have provision for manual override. Essential status information is transmitted via communications channels to the central office dispatcher and can be displayed on video terminals [24].
2.3.3 Primary Distribution Systems

The primary distribution system is that part of the electric distribution system between the distribution substation and distribution transformers. It is made up of circuits called primary feeders or distribution feeders. These feeders include the primary feeder main or main feeder, usually a three-phase, four-wire circuit, and branches or laterals, which can be either three-phase or single-phase circuits. These are tapped from the primary feeder main, as shown in the simplified distribution feeder diagram of Figure 2.19. A typical power distribution feeder provides power for both primary and secondary circuits.
[image: image181.emf]
Figure 2.19 Simplified Diagram of a Power Distribution Feeder [24]
The primary feeder main is usually sectionalized by re-closing devices positioned at various locations along the feeder. This arrangement minimizes the extent of primary circuitry that is taken out of service if a fault occurs. Thus the re-closing of these devices confines the outage to the smallest number of customers possible. This can be achieved by coordinating all the fuses and re-closers on the primary feeder main. 
In block diagram figure 2.19, distribution substation voltage is 12.47 kV line-to-line and 7.2 kV line-to-neutral (this is conventionally written as 12,470Y/7200 V).

However, the trend is toward higher primary four-wire distribution voltages in the 25_35kV range. Single phase feeders such as those serving residential areas are connected line-to-neutral on the four-wire systems.

The use of underground primary feeders that are radial three-conductor cables is increasing. They are serving urban areas where load demand is heavy, particularly during the hot summer months, and newer suburban residential developments.

Both cost factors and the importance of reliability to the customers being served influence the design of primary systems. The simplest and least expensive (as well as least reliable) configuration is the radial distribution system shown in Figure 2.20 a, because it depends on a single power source. 
Despite their lower reliability, radial systems remain the most economical and widely used distribution systems for serving homes because an electrical power outage there is less likely to have serious economic or public safety consequences. As a hedge against outages, most utilities plan their distribution systems so that they will have backup if those events occur. The goal of all electrical distribution systems is the economic and safe delivery of adequate electric power to serve the electrical loads.
[image: image182.emf]
Figure 2.20 Simplified Diagrams of the Basic Electrical Distribution Systems: 
(a) Radial and (b) Loop [24]
The reliability of the primary feeder can be improved with the installation of a loop distribution system, as shown in Figure 2.16 b. In loop systems the feeder, which originates at one bulk power source, loops through the service area and several substations before terminating at the original substation or another bulk source. The strategic placement of switches at the substations permits the electric utility to supply customers in either direction. If one power source fails, switches are opened or closed to bring an alternative power source online.

Loop systems provide better service continuity than radial systems, with only short service interruptions during switching. However, they are more expensive than radial systems because of the additional switching equipment requirements. As a result, loop systems are usually built to serve commercial and light industrial buildings and shopping malls, where power outages are more likely to endanger human lives or result in property losses.

Reliability and service quality can be significantly improved at even higher cost with a multiple parallel circuit pattern. In these systems, two or more circuits are tapped at each substation. The circuits can be radial or they can terminate in a second bulk power source. These interconnections permit each circuit to be supplied by many different substations [24].
2.3.4 Secondary Distribution Systems
The secondary distribution system is that part of the electrical power system between the primary system and the customer’s service entrance. This system includes distribution transformers, secondary circuits (secondary mains), customer services (consumer drops), and watt-hour meters to measure customer power consumption.

 Secondary voltages are provided by distribution transformers that are connected to the primary system and sized for the voltages required for specific parts of the service area.

Heavy industries or mines, which require the most power, are usually supplied with three-phase power by privately owned or corporate industrial substations. They are typically located on land owned by those companies and close to the equipment being served. These substations are capable of providing a wide range of voltages from the 12.47- to 13.8-kV transformers located there.

Factories, high-rise buildings, shopping centers, and other large power consumers are furnished with three-phase power from load substations in the 480-V to 4.16-kV range. Many commercial and light industrial customers are supplied by 208Y/120-Vor 480Y/277-V three-phase, four-wire systems.

The most reliable service in densely populated urban business and commercial areas is provided by grid-type secondary systems at 208Y/120 V or by spot networks; usually at 480Y/277 V. Spot networks are usually located in urban areas near high-rise office buildings, factories, hospitals, and dense commercial properties such as shopping malls, which have high load densities. In these networks the transformers and their protective equipment are typically placed adjacent to or within the properties being served [24].

2.3.5 Underground Distribution Systems
A well-designed distribution system must provide for anticipated load growth that can be accommodated economically. This means that provisions must be made to furnish electrical service to new as well as existing customers.

Both overhead and underground distribution systems have existed in large metropolitan areas for many years, but underground distribution was rarely used in suburban residential areas, small towns, or rural areas because of the high cost of these installations. Overhead distribution was almost universally used in those locations [24].
2.3.6 Power Transformers
The term power transformer is used to refer to those transformers used between the generator and the distribution circuits and are usually rated at 500 kVA and above. 
Power transformers must be used at each of these points where there is a transition between voltage levels. Power transformers are selected based on the application, with the emphasis towards custom design being more apparent the larger the unit. Power transformers are available for step-up operation, primarily used at the generator and referred to as generator step up (GSU) transformers, and for step-down operation, mainly used to feed distribution circuits [25]. 

The construction of a transformer depends upon the application, with transformers intended for indoor use primarily dry-type but also as liquid immersed and for outdoor use usually liquid immersed, such as those shown in figure 2.21 .
[image: image183.emf]
Figure 2.21 20 MVA, Three-Phase Transformers [25]
2.3.6.1 Transformer Construction
The construction of a power transformer will vary throughout the industry to a certain degree. The basic arrangement is essentially the same and has seen little significant change in recent years [25].

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

The two basic types of core construction used in power transformers are called core-form and shell-form shown in figures 2.22 and 2.23. In core-form construction; there is a single path for the magnetic circuit. In shell-form construction, the core provides multiple paths for the magnetic circuit [25]. 
[image: image184.emf]
Figure 2.22 Transformer Constructions Using a Box Core with Physical Separation [6]
[image: image185.emf]
Figure 2.23 Schematic of Single-Phase Shell-form Construction [25].

B. The Windings
The windings consist of the current carrying conductors wound around the sections of the core and must be properly insulated, supported, and cooled to withstand operational and test conditions as shown in figure2.24.

Copper and aluminum are the primary materials used as conductors in power transformer windings. While aluminum is lighter and generally less expensive than copper, a larger cross-section of aluminum conductor must be used to carry a current with similar performance as copper. Copper has higher mechanical strength and is used almost exclusively in all but the smaller size ranges, where aluminum conductors may be perfectly acceptable. 

There are a variety of different types of windings that have been used in power transformers through the years. the type of winding depend on the transformer rating as well as the core construction .Coils can be wound in an upright, vertical orientation, as is necessary with larger, heavier coils, or can be wound horizontally and up righted upon completion [25]. 
[image: image186.emf]
Figure 2.24 Radial and Axial Forces in a Transformer Winding [25].

C. Taps-Turns Ratio Adjustment
The capability of adjusting the turn’s ratio of a transformer is oftentimes desirable to compensate for variations in voltage that occur due to loading cycles and there are several means by which the task can be accomplished. There is a significant difference in a transformer that is capable of changing the ratio while the unit is on-line, referred to as a Load Tap Changing (LTC) transformer, and one that must be taken off-line, or de-energized, to perform a tap change.
Currently, most transformers are provided with a means to change the number of turns in the high voltage circuit, whereby part may be tapped out of the circuit. In many transformers this is done using one of the main windings and tapping out a section or sections, whereas with larger units a dedicated tap winding may be necessary to avoid ampere-turn voids along the length of the winding that occur in the former case. Use and placement of tap windings vary with the application and among manufacturers. A manually operated switching mechanism, a DETC (De-energized Tap Changer), is normally provided accessible external to the transformer to change the tap position. 
When LTC capabilities are desired, additional windings and equipment are required that significantly increases the size and cost of the transformer [25].
2.3.6.2 Rating and Classifications

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

The temperature that insulation is allowed to reach under operating conditions essentially determines the output rating of the transformer, called the kVA rating. Standardization has led to temperatures within a transformer being expressed in terms of the rise above ambient temperature, since the ambient temperature can vary under operating or test conditions. Transformers are designed to limit the temperature based on the desired load, including the average temperature rise of a winding, the hottest spot

temperature rise of a winding, and, in the case of liquid-filled units, the top liquid temperature rise. 
The normal life expectancy of power transformers is generally assumed to be about 30 years of service when operated within their ratings; however, they may be operated beyond their ratings, overloaded, under certain conditions with moderately predictable loss of life. Situations that may involve operation beyond rating are emergency re-routing of load or through-faults prior to clearing.

The transformer rating may have a slightly different meaning. Based on some standards, the kVA rating can refer to the power that can be input to a transformer, the rated output being equal to the input minus the transformer losses.
Power transformers have been loosely grouped into three market segments based upon size ranges. These three segments are:

1. Small power transformers 500 to 7500 KVA

2. Medium power transformers 7500 to 100 MVA

3. Large power transformers 100 MVA and above
It was noted that the transformer rating is based on usual service conditions, as prescribed by standards. Unusual service conditions may be identified by those specifying a transformer so that the desired performance will correspond to the actual operating conditions. Unusual service conditions include, but are not limited to, the following: high (above 40°C) or low (below –20°C) ambient temperatures; altitudes above 3300 ft above sea level; seismic conditions; and loads with harmonic content above 0.05 per unit [25].
B. Insulation Classes 

The insulation class of a transformer is determined based on the test levels that it is capable of with standing. Transformer insulation is rated by the BIL, or Basic Insulation Impulse Level, in conjunction with the voltage rating. Internally, a transformer is considered to be a non-self-restoring insulation system, mostly consisting of porous, cellulose material impregnated by the liquid insulating medium. 
Externally, the transformer’s bushings and, more importantly, the surge protection equipment must coordinate with the transformer rating to protect the transformer from transient over voltages and surges. Standard insulation classes have been established by standards organizations stating the parameters by which tests are to be performed.

Wye connected transformers will typically have the common point brought out of the tank through a neutral bushing. Depending on the application, for example in the case of a solidly grounded neutral vs. a neutral grounded through a resistor or reactor or even an ungrounded neutral, the neutral may have a lower insulation class than the line terminals. 
There are standard guidelines for rating the neutral based on the situation. It is important to note that the insulation class of the neutral may limit the test levels of the line terminals for certain tests, such as the applied potential, or hi-pot, test where the entire circuit is brought up to the same voltage level. A reduced rating for the neutral can significantly reduce the cost of larger units and autotransformers as opposed to a fully rated neutral.
C. Cooling Classes
Since no transformer is truly an ideal transformer, each will incur a certain amount of energy loss, mainly that which is converted to heat. Methods of removing this heat can depend on the application, the size of the unit, and the amount of heat that needs to be dissipated.
The insulating medium inside a transformer, usually oil, serves multiple purposes, first to act as an insulator, and second to provide a good medium through which to remove heat.

The windings and core are the primary sources of heat; however, internal metallic structures can act as a heat source as well. It is imperative to have proper cooling ducts and passages in proximity to the heat sources through which the cooling medium can flow such that the heat can be effectively removed from the transformer.

The natural circulation of oil through a transformer through convection has been referred to as a thermo siphon effect. The heat is carried by the insulating medium until it is transferred through the transformer tank wall to the external environment. 
Radiators, typically detachable, provide an increase in the convective surface area without increasing the size of the tank. In smaller transformers, integral tubular sides or fins are used to provide this increase in surface area. Fans can be installed to increase the volume of air moving across the cooling surfaces thus increasing the rate of heat dissipation.
 Larger transformers that cannot be effectively cooled using radiators and fans rely on pumps that circulate oil through the transformer and through external heat exchangers, or coolers, which can use air or water as a secondary cooling medium.

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

The use of auxiliary equipment such as fans and pumps with coolers, called forced circulation, increases the cooling and thereby the rating of the transformer without increasing the unit’s physical size. Ratings are determined based on the temperature of the unit as it coordinates with the cooling equipment that is operating. Usually, a transformer will have multiple ratings corresponding to multiple stages of cooling, as equipment can be set to run only at increased loads [25].
2.3.6.3 Efficiency and Losses
A. Efficiency
Power transformers are very efficient pieces of equipment with efficiencies typically above 99%. The efficiency is derived from the rated output and the losses incurred in the transformer. The basic relationship for efficiency is the output over the input, which according to U.S. standards translates to and will generally decrease slightly with increases in load. Total losses are the sum of the no-load and load losses [25].
Efficiency = [KVA rating / (KVA rating +Total losses)]*100%
B. Losses
The no-load losses are essentially the power required to keep the core energized, and so are many times referred to as the core losses. They exist whenever the unit is energized. No-load losses depend primarily upon the voltage and frequency, so under operational conditions it will only vary slightly with system variations. Load losses, as the terminology might suggest, result from load currents flowing through the transformer. 
The two components of the load losses are the 
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 losses and the stray losses. 
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 losses are based on the measured DC resistance, the bulk of which is due to the winding conductors, and the current at a given load. The stray losses are a term given to the accumulation of the additional losses experienced by the transformer, which includes winding eddy losses and losses due to the effects of leakage flux entering internal metallic structures. Auxiliary losses refer to the power required to run auxiliary cooling equipment, such as fans and pumps, and are not typically included in the total losses as defined above [25].
2.3.6.4 Distribution Transformer
Any transformer that takes voltage from a primary distribution circuit and steps down or reduces it to a secondary distribution circuit or a consumer’s service circuit is a distribution transformer. Although many industry standards tend to limit this definition by kVA rating (e.g., 5 to 500), distribution transformers can have lower ratings and can have ratings of 5000 kVA or even higher, so the use of kVA ratings to define transformer types is being discouraged. Figure 2.25 shows example of three phase transformer [25].
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Figure 2.25 Construction of an oil-filled three-phase power transformer used for commercial power distribution [6]

2.4 Power System Control and Protection 
The distributed resource control function is focused on starting, stopping, paralleling, and disconnecting the generators and/or storage systems in an orderly and reliable manner. In addition, the controller monitors the health of the distributed resource subsystems such as generator over temperature; shutting down the units in an orderly manner should any fault or combination of fault conditions not related to the network connection and delivery of power to or from the network occurs [26]
Protection, in the context of distributed resources connected to the utility network (i.e., operating in parallel), includes protection of network physical assets (lines, breakers, disconnects, transformers, etc.) and the utility line personnel, protection of the distributed resource assets and personnel, and protection of the loads served by the distributed resource in combination with the utility supply as it pertains to the flow of electrical power.
2.4.1 Power System Control
Given the complexity of the power system and its dynamic phenomena, one would expect that various controls have been developed over time to control various phenomena. These developments have followed the availability of enabling hardware technologies (e.g. electronics, communications, and microprocessors) as well as the evolution of control methodologies.
2.4.1.1 Energy Management
Energy management is the process of monitoring, coordinating, and controlling the generation, transmission, and distribution of electrical energy. The physical plant to be managed includes generating plants that produce energy fed through transformers to the high-voltage transmission network (grid), interconnecting generating plants, and load centers. Transmission lines terminate at substations that perform switching, voltage transformation, measurement, and control. Substations at load centers transform to sub-transmission and distribution levels. These lower-voltage circuits typically operate radially i.e., no normally closed paths between substations through sub-transmission or distribution circuits. (Underground cable networks in large cities are an exception.)

Since transmission systems provide negligible energy storage, supply and demand must be balanced by either generation or load. Production is controlled by turbine governors at generating plants, and automatic generation control is performed by control center computers remote from generating plants. Load management, sometimes called demand-side management, extends remote supervision and control to sub-transmission and distribution circuits, including control of residential, commercial, and industrial loads.

Events such as lightning strikes, short circuits, equipment failure, or accidents may cause a system fault. Protective relays actuate rapid, local control through operation of circuit breakers before operators can respond. The goal is to maximize safety, minimize damage, and continue to supply load with the least inconvenience to customers. Data acquisition provides operators and computer control systems with status and measurement information needed to supervise overall operations. Security control analyzes the consequences of faults to establish operating conditions that are both robust and economical [20].
2.4.1.2 Voltage Control
One way to control node voltages is by varying the excitation of the rotating generators. This is done by a feedback control loop that changes the excitation current in the generator to maintain a particular node voltage. This control is very fast.

Another way to control node voltage is to change the tap setting of a transformer connected to the node. Other ways are to switch shunt capacitors or reactors at the nodes. 
These changes can be made manually by the operator or automatically by implementing a feedback control that senses the node voltage and activates the control. Unlike the generator excitation control, transformer taps and shunt reactance can only be changed in discrete quantities. Often this type of control schemes has time delays built into them to avoid excessive control actions. More recently power electronic control devices have been introduced in the shunt reactance voltage control schemes. This makes the control much more continuous and often is done it a much faster time frame than the usual shunt switching. These static VAR controllers (SVC) are becoming more common [26].
2.4.1.3 Transmission Power Flow Control
Most power systems have free flowing transmission lines. This means that although power injections and node voltages are controlled quite closely, the power flow on each transmission line is usually not controlled. However, such control is feasible. A phase shifting transformer can control the power flow across it by changing the phase using taps. 
The major advantage of the AC transmission grid is its free flowing lines with relatively less control and so the wholesale control of every transmission line is not desirable and is not contemplated. However, controls on some lines have always been necessary and some new advantages may be realized in the more deregulated power system when monitoring transactions between buyers and sellers have to be better controlled.

Flow over DC transmission lines is always controlled and the control is very fast. The number of DC lines is only a handful [26].
2.4.1.4 Frequency Control
Frequency is controlled by balancing the load with generation. The governors on every generator senses any change in the rotational speed and adjusts the mechanical input power. This governor control is the primary control for maintaining frequency. A secondary control to set the governor set points is used to ensure that the steady state always returns to 60Hz. The governor control is local at the generator and fast. The secondary control is done over the whole system. This secondary control is done by the central controller and is slow. This control is also known as Automatic Generation Control (AGC) or Load Frequency Control (LFC) [26].

2.4.1.5 Control Center
Energy management is performed at control centers, typically called system control centers, by computer systems called energy management systems (EMS). Data acquisition and remote control is performed by computer systems called supervisory control and data acquisition (SCADA) systems. 
These latter systems may be installed at a variety of sites including system control centers. An EMS typically includes a SCADA “front-end” through which it communicates with generating plants, substations, and other remote devices. Figure 2.26 illustrates the applications layer of modern EMS as well as the underlying layers on which it is built: the operating system, a database manager, and a utilities/services layer [20].
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Figure 2.26 Layers of a modern EMS [20]
A SCADA system consists of a master station that communicates with remote terminal units (RTUs) for the purpose of allowing operators to observe and control physical plants. Generating plants and transmission substations certainly justify RTUs, and their installation is becoming more common in distribution substations as costs decrease. RTUs transmit device status and measurements to, and receive control commands and set point data from, the master station. 
Communication is generally via dedicated circuits operating in the range of 600 to 4800 bits/s with the RTU responding to periodic requests initiated from the master station (polling) every 2 to 10 s, depending on the criticality of the data. The traditional functions of SCADA systems are summarized [20]:
· Data acquisition: Provides telemetered measurements and status information to operator.
· Supervisory control: Allows operator to remotely control devices, e.g., open and close circuit breakers. A select before operate procedure is used for greater safety.
·  Tagging: Identifies a device as subject to specific operating restrictions and prevents unauthorized operation
· Alarms: Inform operator of unplanned events and undesirable operating conditions. Alarms are sorted by criticality, area of responsibility, and chronology. Acknowledgment may be required.
·  Logging: Logs all operator entry, all alarms, and selected information.
·  Load shed: Provides both automatic and operator-initiated tripping of load in response to system emergencies.
·  Trending: Plots measurements on selected time scales.
2.4.2 Power System Protection 
From the very beginning there was the necessity of protecting electrical equipment from burning up due to a short circuit. From the humble fuse to today’s microprocessor based relay, protection gear and methodology have progressed to the point where protection can be looked upon as a fast method of control. The many types of protection technology used in many ways are obviously outside the scope of this section and only a few applications that affect power system stability are mentioned.

When a fault (short circuit) occurs, the faulted equipment has to be isolated. A short circuit is characterized by very low voltages and very high currents, which can be detected and the faulted equipment identified. If the fault is on a shunt element, like a generator or a distribution feeder, the relay will isolate it by opening the connecting circuit breakers. If the fault is on a series element, like a transmission line or transformer, the breakers on both sides have to be opened to isolate it. The main characteristic of the protection system is that it operates quickly, often in tens of milliseconds, so as to protect the equipment from damage.

In addition, protective relays can be used to do such switching of circuit breakers under other circumstances. For example, if the frequency deviates much from 60Hz or the voltage from nominal, this may be an indication that the system may be going into an unstable state [26].

Generation or load can be shed (isolated) by the protective relays to correct the situation. The main characteristics of protective systems are that they are fast and usually triggered by local variables. Circuit breakers that are switched are close to the detection points of the anomalous variables. This obviously makes sense when the purpose is to isolate faulted equipment. However, communication technology today makes it possible to open circuit breakers far from the detected anomalies and this raises the possibility of remote or wide-area control.
Protection systems usually comprise four components [27]:

1. 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; 

2. Relays to sense the fault and initiate a trip, or disconnection, order; 

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

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

5. Communication channels to allow analysis of current and voltage at remote terminals of a line and to allow remote tripping of equipment.
2.4.2.1 Circuit Breakers
Circuit breakers are designed to interrupt either normal or short-circuit currents. They behave like big switches that may be opened or closed by local pushbuttons or by distant telecommunication signals emitted by the system of protection. Thus, circuit breakers will automatically open a circuit whenever the line current, line voltage, frequency, and so on, departs from a preset limit. The most important types of circuit breakers are the following:
1. Oil circuit breakers (OCBs)

2. air-blast circuit breakers

3. SF6 circuit breakers

4. vacuum circuit breakers
 The nameplate on a circuit breaker usually indicates [1]:
· The maximum steady-state current it can carry

· The maximum interrupting current.
·  The maximum line voltage, and
· The interrupting time in cycles. 
The interrupting time may last from 3 to 8 cycles on 60 Hz system. To interrupt large currents this quickly, we have to ensure rapid deionization of the arc, combined with rapid cooling. High-speed interruption limits the damage to transmission lines and equipment and, equally important, it helps to maintain the stability of the system whenever a contingency occurs.

     
The triggering action that causes a circuit breaker to open is usually produced by means of an overload relay that can detect abnormal line conditions. For example, the relay coil in figure 2.27 is connected to the secondary of a current transformer. The primary carries the line current of the phase that has to be protected. If the line current will cause relay contacts C1, C2 to close. As soon as they close, the tripping coil is energized by an auxiliary dc source. This causes the three main line contacts to open, thus interrupting the circuit.
[image: image191.png]



Figure2.27 Elementary Tripping Circuit for Circuit Breaker [1] 

A. Oil Circuit Breakers 
Oil circuit breakers are composed of a steel tank filled with insulating oil. In one version figure 2.28, three porcelain bushings channel the 3-phase line currents to a set of fixed contacts. Three movable contacts actuated simultaneously by an insulated rod, open and closed the circuit. When the circuit breaker is closed, the line current for each phase penetrates the tank by way of a porcelain bushing, flows through the first fixed contact, the movable contact, the second fixed contact, and then on out by a second bushing.
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Figure 2.28 Cross-section of Oil Circuit Breaker [1]

 If an overload occurs, the tripping coil releases a powerful spring that pulls on the insulated rod, causing the contacts to open. As soon as the contacts separate, a violent arc is created, which volatilizes the surrounding oil. The pressure of the hot gases creates turbulence around the contacts. This causes cool oil to swirl around the arc, thus extinguishing it.

 
In modern high-power breakers, the arc is confined to an explosion chamber so that the pressure of the hot gases produces a powerful jet of oil. The jet is made to flow across the path of the arc, to extinguish it. Other types of circuit breakers are designed so that the arc is deflected and lengthened by a self-created magnetic field. The arc is blown against a series of insulating plates that break up the arc and cool it down. 
B. Air-Blast Circuit breakers 
These circuit breakers interrupt the circuit by blowing compressed air at supersonic speed across the opening contacts. Compressed air is stored in reservoirs at a pressure of about 3 MPa (435 psi) and is replenished by a compressor located in the substation. The most powerful circuit breakers can typically open short-circuits currents of 40 KA at a line voltage of 765KV in a matter of 3 to 6 cycles on a 60 Hz line. The noise accompanying the air blast is so loud that noise-suppression methods must be used when the circuit breakers are installed near residential areas. Each phase is composed of three contact modules connected in series. Figure 2.29 show a cross-section of the contact module.
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Figure 2.29 Cross-section of One Module of an air-blast Circuit Breaker [1]

C. SF6 Circuit Breakers

These totally enclosed circuit- breakers insulated with SF6 gas, are used whenever space is at a premium, such as in downtown substations. These circuit breakers are much smaller than any other type of circuit breaker of equivalent power and are far less noisy than air circuit breakers.
D. Vacuum Circuit Breakers.

These circuit breakers operate on different principle from other breakers because there is no gas to ionize when the contacts open. They are hermetically sealed; consequently, they are silent and never become polluted Figure 2.30. Their interrupting capacity is limited to about 30 KV. For higher voltages, several circuit breakers are connected in series. Vacuum circuit breakers are often used in underground distribution systems.
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Figure 2.30 Three Phase Vacuum Circuit Breaker [1]
2.4.2.2 Coordination of the Protective Devices   
When a fault occurs, the current increases sharply, not only on the faulted line, but on all lines directly or indirectly lead to the short circuit to prevent the overload current from simultaneously tripping all the associated protective devices, the system must be designed so that the devices trip selectively.

 A well-coordinated system will cause only those devices next to the short circuit to open, leaving the others intact. To achieve this, the tripping current and tripping time of each device is set to protect the line and associated apparatus, while restricting the outage to the smallest number of customers.

The most important protective devices used on MV lines are the following [1]:

· Fused cutouts

· Reclosers

· Sectionalizers 
A. Fused cutouts

A fused cutout is essentially a fused disconnecting switch. The fuse constitutes the movable arm of the switch. It pivots about one end and the circuit can be opened by pulling on the other end of the fuse with a hook stick figure 2.31. Cutouts are relatively inexpensive and are used to protect transformers and small single-phase feeders against overload. They are designed so that when the fuse blows; it automatically swings down, indicating that a fault has occurred on the line.
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Figure 2.31 Expulsion Type Fused Cutout [1]
  Fused cutout cutouts possess a fuse link that is kept taut by a spring. The fuse link assembly is placed inside a porcelain or glass tube filled with boracic acid, oil, or carbon tetrachloride. The fuse link must be replaced every time it blows which often result in a relatively long outage. To ensure good coordination, the current/time characteristics are selected very carefully for each cutout. A burned-out fuse link must always be replaced by another having exactly the same rating.
B. Re-closers

A re-closer is a circuit breaker that opens on short-circuit and automatically re-closes after a brief time delay. The delay may range from a fraction of a second to several second. The open/close sequence may be repeated two or three times, depending on the internal control setting of the re-closer. If the short-circuit does not clear itself after two or three attempts to re-close the line, the re-closer opens the circuit permanently. A repair crew must then locate the fault, remove it, and reset the re-closer.

Re-closers rated at 24.9 KV can interrupt fault current up to 12000 A. they are made for either signal-phase or 3-phase lines, and are usually pole-mounted. 
Re-closers are self-powered, drawing their energy from the line and storing it in powerful actuating springs by means of the electromagnets [1].
C. Sectionalizers       
When a main feeder is protected by a several fuses spotted over the length of the line, it’s often difficult to obtain satisfactory coordination between them, based on the fused-blowing time alone. Under these circumstances, we resort sectionalizers. sectionalizers is a special circuit breaker that trips depending on the number of the time arecloser has tripped further up the line. In other words, asectionalizers works according to the instruction of the re-closer [1].    
2.5 Summary 
This chapter explains transmission and distribution of electrical energy especially transmission line components and parameters, also the basic analysis of distribution system such as primary and secondary distribution system, power transformers, and distribution transformers. On the other hand some information about power system control and protection was represented. Next chapter deals with the last part of power system (power system loads) and give some detail about overload power system.
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