University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering
Dept. of Electrical Engineering

Lecture Notes
on

Electric Power I- (First Semester)

(EE3317)

By
Dr. Mushtaq Najeeb
2021-2022

1|Page Dr. Mushtag Najeeb




University of Anbar

Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
Week
No. Subject 3
hrs/w
1
General Background
1.1- Importance of Electrical Energy 1
1.2- Generation of Electrical Energy
1.3- Sources of Electrical Energy
1.4- Structure of Electric Power System
2
Generating Stations
2.1-  Introduction to Generating Stations
2.2- Steam Power Station (Thermal Station)
2.2.1- Schematic Arrangement of Steam Power Station
2.2.2- Choice of Site for Steam Power Stations
2.3- Hydro-electric Power Station
2.3.1- Schematic Arrangement of Hydro-electric Power
Station
2.3.2- Choice of Site for Hydro-electric Power
Stations
2.3.3- Constituents of Hydro-electric Power Plant 4
2.4- Diesel Power Station
2.4.1- Schematic Arrangement of Diesel Power Station
2.5- Nuclear Power Station
2.5.1- Schematic Arrangement of Nuclear Power
Station
2.5.2- Selection of Site for Nuclear Power Station
2.6- Variable Load on Power Station
2.6.1- Load Curve
2.6.2- Load Duration Curve
2|Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering

Dept. of Electrical Engineering

2.6.3- Base Load and Peak Load
2.6.4- Types of Loads

2.6.5- Important Terms and Factors
2.6.6- Examples

Overhead Transmission Lines (Electrical Design)

3.1- Constants of a Transmission Line
3.2- Resistance of a Transmission Line
3.3- Inductance of a Transmission line
3.3.1- Inductance of a solid cylindrical conductor due
to internal flux
3.3.2- Inductance of a solid cylindrical conductor due
to external flux
3.3.3- Inductance of single - phase Two - wire line
3.3.4- Flux linkages of one conductor in a group
3.3.5- Inductance of composite conductor lines
3.3.6- Inductance of three-phase lines with 6
symmeftrical spacing
3.3.7- Inductance of three-phase lines with
unsymmetrical spacing
3.3.8- Inductance of bundled conductors
3.3.9- Inductance of parallel-circuit three-phase lines
with symmetrical spacing
3.4- Capacitance of Transmission Line
3.4.1- Capacitance of a two-wire line
3.4.2- Capacitance of three-phase line with
symmeftrical spacing
3.4.3- Capacitance of three-phase line with
unsymmetrical spacing
3.4.4- Capacitance of bundle conductors

3|Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
3.4.5- Effect of earth on the capacitance of a single-
phase line
3.5- Examples.
4
Performance of Overhead Transmission Lines
4.1- Introduction
4.2- Equivalent circuit of Short Transmission line, voltage
requlation, and phasor diagram
4.3- Equivalent circuit of Medium Transmission line and its 4
voltage regulation
4.3.1- Nominal m circuit and its phasor diagram
4.3.2- Nominal T circuit and its phasor diagram
4.4- Equivalent circuit of Long Transmission line
4.3.1- Nominal m circuit (approximately)
4.3.2- Nominal 1 circuit (exactly)
45- Examples
References:

e Element of Power System Analysis / by W. Stevenson, McGraw- Hill
Pub., 2005.

e Principles of power system / by V.K Mehta and S. chand, company I1d.,
2004.

4|Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering
Dept. of Electrical Engineering

Chapter One

General Background

1.1- Importance of Electrical Energy
1.2-Generation of Electrical Energy
1.3-Sources of Energy

1.4-Structure of Electric Power System
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1.1- Importance of Electrical Energy:

e Energy is the basic necessity for the economic development of a

country.

The availability of huge amount of energy in the modern times has
resulted in a shorter working day, higher agricultural and
industrial production, a healthier and more balanced diet and
better transportation facilities.

Energy exists in different forms in nature but the most important
form is the electrical energy.

For example, if we want to convert electrical energy into heat, the
only thing to be done is fo pass electrical current through a wire
of high resistance e.g., a heater. Similarly, electrical energy can
be converted into light (e.g. electric bulb), mechanical energy (e.g.

electric motors) etc.

1.2- Generation of Electrical Energy:
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e Electrical energy is a manufactured commodity like clothing,

furniture or tools. Just as the manufacture of a commodity
involves the conversion of raw materials available in nature into
the desired form, similarly electrical energy is produced from the
forms of energy available in nature.

So, the conversion of energy available in dif ferent forms in nature

into electrical energy is known as generation of electrical energy.
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e Energy is available in various forms from different natural sources
such as pressure head of water, chemical energy of fuels, and
nuclear energy of radioactive substances.

e Figure 1 shows the general way how to produce electrical energy:

a- The prime mover is driven by the energy obtained from
various sources such as burning of fuel, pressure of water,
force of wind etc.

b- For example, chemical energy of a fuel (e.g., coal) can be
used fo produce steam at high temperature and pressure.

c- The steam is fed to a prime mover which may be a steam
engine or a steam turbine.

d- The fturbine converts heat energy of steam into mechanical
energy which is further converted into electrical energy

by the alternator.

Energy from R Y B

some source I I
Prime ;

=< Niciiar ]_ Alternator [

Fig. 1: General way o produce electrical energy
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1.3- Sources of Energy:
Electrical energy is produced from energy available in various forms in
nature, it is desirable to look into the various sources of energy. These
sources of energy are:
1.3.1- The Sun
1.3.2- The Wind (renewable or non-conventional)
1.3.3- Water
1.3.4- Fuels

1.3.5- Nuclear energy } (non-renewable or conventional)

1.3.1- The Sun:

e The Sun is the primary source of energy.

e The heat energy radiated by the Sun can be focused over a small
area by means of reflectors.

e This heat can be used to raise steam and electrical energy can be
produced with the help of turbine-alternator combination.

e However, this method has limited application because:

a- It requires a large area for the generation of even a small
amount of electric power.

b-It cannot be used in cloudy days or at night.
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1.3.2- The Wind:

This method can be used where wind flows for a considerable

length of time.
e The wind energy is used to run the wind mill which drives a small
generator.
e In order to obtain the electrical energy from a wind mill
continuously, the generator is arranged to charge the batteries.
e These batteries supply the energy when the wind stops.
e This method has the advantages that maintenance and generation
costs are negligible.
e However, the drawbacks of this method are:
a- Variable output.
b- Unreliable because of uncertainty about wind pressure.

c- Power generated is quite small.

1.3.3- Water:

e When water is stored at a suitable place, it possesses potential
energy because of the head created.
e This water energy can be converted into mechanical energy with

the help of water turbines.
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e The water turbine drives the alternator which converts
mechanical energy into electrical energy.
e This method of generation of electrical energy has become very

popular because it has low production and maintenance costs.

1.3.4- Fuels:

e The main sources of energy are fuels viz., solid fuel as coal, liquid
fuel as oil and gas fuel as natural gas.

e The heat energy of these fuels is converted into mechanical energy
by suitable prime movers such as steam engines, steam furbines,
internal combustion engines etc.

e The prime mover drives the alternator which converts mechanical

energy into electrical energy.

Advantages of Liquid Fuels Over Solid Fuels:

1- The handling of liquid fuels is easier and they require less
storage space.

2- The combustion of liquid fuels is uniform.

3- The solid fuels have higher percentage of moisture.

4- The waste product of solid fuels is a large quantity of ash and its
disposal becomes a problem.

5- The firing of liquid fuels can be easily controlled.
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Advantages of Solid Fuels Over Liquid Fuels:
1- In case of liquid fuels, there is a danger of explosion.
2- Liquid fuels require special types of burners for burning.
3- Liquid fuels pose problems in cold climates since the oil stored in
the tanks is to be heated in order to avoid the stoppage of oil

flow.

1.3.5- Nuclear energy:

e Towards the end of Second World War, it was discovered that
large amount of heat energy is liberated by the fission of uranium
and other fissionable materials.

e It is estimated that heat produced by 1 kg of nuclear fuel is
equal to that produced by 4500 tons of coal.

e The heat produced due to nuclear fission can be utilized to raise
steam with suitable arrangements.

e The steam can run the steam turbine which in turn can drive the
alternator to produce electrical energy.

e However, there are some difficulties in the use of nuclear energy:

a- high cost of nuclear plant.

b- Problem of disposal of radioactive waste.
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1.4- Structure of Electric Power System:
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The function of a power station is to deliver power to a large
number of consumers.

However, the power demands of different consumers vary in
accordance with their activities.

The result of this variation in demand is that load on a power
station is never constant, rather it varies from time to time.
Unfortunately, electrical power cannot be stored and, therefore,
the power station must produce power as and when demanded to
meet the requirements of the consumers.

The power demanded by the consumers is supplied by the power
station through the transmission and distribution networks.

As the consumers' load demand changes, the power supply by the
power station changes accordingly.

Figure 2 shows the typical representation of a transmission-

distribution scheme.
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Fig. 2: Typical scheme of generation, transmission, and distribution (from

google)
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Chapter Two

Generating Stations

2.1- Introduction to Generating Stations
2.2- Steam Power Station (Thermal Station)
2.3- Hydro-electric Power Station

2.4- Diesel Power Station

2.5- Nuclear Power Station

2.6- Variable Load on Power Station
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2.1-

2.2-

Introduction to Generating Stations:

Bulk electric power is produced by special plants known as generating
stations or power plants.

The prime mover (e.g., steam turbine, water turbine etc.) converts
energy from some other form into mechanical energy.

The alternator converts mechanical energy of the prime mover into
electrical energy.

The electrical energy produced by the generating station is transmitted

and distributed with the help of conductors to various consumers.

Steam Power Station (Thermal Station):

A generating station which converts heat energy of coal combustion into
electrical energy is known as a steam power station.

A steam power station basically works on the Rankine cycle.

Steam is produced in the boiler by utilizing the heat of coal combustion.
The steam is then expanded in the prime mover (i.e., steam turbine) and
is condensed in a condenser to be fed into the boiler again.

The steam turbine drives the alternator which converts mechanical
energy of the turbine into electrical energy.

This type of power station is suitable where coal and water are available.
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Advantages:

Fuel (i.e., coal) used is cheap.

Less initial cost as compared to other generating stations.

Coal can be transported to the site of the plant by rail or road.

It requires less space as compared to the hydroelectric power station.

Cost of generation is lesser than that of the diesel power station.

Disadvantages:

e It pollutes the atmosphere due to the production of large amount of

smoke and fumes.

e Its running cost is high as compared to hydroelectric plant.

2.2.1- Schematic Arrangement of Steam Power Station:

The schematic arrangement of a modern steam power station is
shown in Figure 3. The whole arrangement can be divided into the
following stages:

a- Coal and ash handling arrangement.

b- Steam generating plant.

c- Steam turbine.

d- Alternator.
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e- Feed water.

f- Cooling arrangement.,

Combustion gases
o stack

\.L/Pump ? Cooled water -j-

Fecdwater pump Makeup water

e ————————————

Fig. 3: Steam power plant (from google)
a- Coal and ash handling arrangement:

e From the coal storage plant, coal is crushed into small pieces and
then delivered to the coal handling plant.

e The coal is burnt in the boiler and the ash produced after the
complete combustion of coal is removed to the ash handling plant

and then delivered to the ash storage plant for disposal.
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e In fact, in a thermal station, about 50 % to 60 % of the total

operating cost consists of fuel purchasing and its handling.

b- Steam generating plant:

The main part of the steam generating plant is boiler which is used

to convert the water into high pressure steam.

c- Steam turbine:

e The dry steam is fed fo the steam furbine through main valve.

o The heat energy of steam when passing over the blades of turbine
is converted into mechanical energy.

e After giving heat energy to the turbine, the steam is exhausted to
the condenser which condenses the exhausted steam by means of

cold-water circulation.

d- Alternator:

e The alternator converts mechanical energy of turbine into
electrical energy.
e The electrical output from the alternator is delivered to the bus

bars through transformer, circuit breakers and isolators.

18| Page Dr. Mushtaqgq Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering

Dept. of Electrical Engineering

e- Feed water (Condenser):

e It condensate the steam that leaves out turbine.

e It converts the low-pressure steam to water.

f- Cooling arrangement:

e The circulating water takes up the heat of the exhausted steam
and itself becomes hot.

e The hot water from the condenser is passed on to the cooling
towers where it is cooled.

e The cold water from the cooling tower is reused in the condenser.

2.2.2- Choice of Site for Steam Power Stations:

e Supply of fuel: The steam power station should be located near
the coal mines so that transportation cost of fuel is minimum.

e Availability of water: As huge amount of water is required for
the condenser.

e Transportation facilities: The transportation facilities must exist
such as rail, road, and etc.

e Cost and type of land: The steam power station should be located

at a place where land is cheap.
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2.3-

e Nearness to load centers: In order to reduce the transmission
cost, the plant should be located near the center of the load.

o Distance from populated area: As huge amount of coal is burnt in
a steam power station; therefore, smoke and fumes pollute the

surrounding area.

Hydro-electric Power Station:

A generating station which utilizes the potential energy of water at a
high level for the generation of electrical energy is known as a hydro-
electric power station.

Ina hydro-electric power station, water head is created by constructing
a dam across a river or lake.

From the dam, water is led to a water turbine.

The water turbine captures the energy in the falling water and changes
the hydraulic energy (i.e., product of head and flow of water) into
mechanical energy at the turbine shaft.

The turbine drives the alternator which converts mechanical energy into
electrical energy.

Hydro-electric power stations are becoming very popular because the

reserves of fuels (i.e., coal and oil) are depleting day by day.
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Advantages:

e TItrequiresno fuel; water is used for the generation of electrical energy.

e It is clean as no smoke or ash is produced.

e It requires small running charges because water is the source of energy
which is available free of cost.

e Itissimplein construction and requires less maintenance.

e TItisrobustand has a longer life

Disadvantages:

e It involves high capital cost due to construction of dam.

e There is uncertainty about the availability of huge amount of water due
to dependence on weather conditions.

e Skilled and experienced hands are required to build the plant.

e It requires high cost of transmission lines as the plant is located in hilly

areas which are away from the consumers.

2.3.1- Schematic Arrangement of Hydro-electric Power Station

e The schematic arrangement of a hydro-electric plant is shown in
Figure 4.
e The dam is constructed across a river or lake.

e The water collects at the back of the dam to form a reservoir.
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e A pressure tunnel is taken off from the reservoir and water

brought to the valve house at the start of the penstock.

The valve house contains automatic isolating valves which controls
the water flow to the power house and cuts off supply of water
when the penstock bursts.

The penstock is a huge steel pipe which is used to take water from
the valve house to the turbine.

The water turbine converts hydraulic energy into mechanical
energy.

The turbine drives the alternator which converts mechanical
energy into electrical energy.

A surge tank (open from top) is built fo protect the penstock from
bursting in case the turbine gates suddenly close due to electrical
load being thrown off.

When the gates close, there is a sudden stopping of water at the
lower end of the penstock and the penstock can burst like a paper
log.

The surge tank absorbs this pressure swing by increase in its level

of water.
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Fig. 4: Hydroelectric power plant (from google)

2.3.2- Choice of Site for Hydro-electric Power Stations

The following points should be taken info account while selecting the

site for a hydro-electric power station:

1- Availability of water: The primary requirement of a hydro-electric
power station is the availability of huge quantity of water.

2- Storage of water: There are wide variations in water supply from a
river during the year. This makes it necessary to store water by
constructing a dam in order fo ensure the generation of power

throughout the year.

23 |Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering

Dept. of Electrical Engineering

3- Cost and type of land: The land for the construction of the plant
should be available at a reasonable price. Further, the bearing
capacity of the ground should be adequate to withstand the weight of
heavy equipment to be installed.

4- Transportation facilities: The site selected should be accessible by
rail and road so that necessary equipment and machinery could be

easily tfransported.

2.4- Diesel Power Station

e A generating station in which diesel engine is used as the prime mover
for the generation of electrical energy is known as diesel power station.

e Inadiesel power station, diesel engine is used as the prime mover.

e The diesel burns inside the engine and the products of this combustion
act as the "working fluid" to produce mechanical energy.

e The diesel engine drives the alternator which converts mechanical
energy into electrical energy.

e As the generation cost is considerable due to high price of diesel,
therefore, such power stations are only used to produce small power.

e Steam power stations and hydro-electric plants are used to generate
bulk power at cheaper cost, yet diesel power stations are finding at

places where demand of power is less.
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o Diesel power plants are also used as standby sets for continuity of supply
to important points such as hospitals, radio stations, houses and

telephone exchanges.
Advantages:

1- Tt requires less space as compared with other power stations.
2- It can be located at any place.

3- It can be started quickly and can pick up load in a short time.
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4- Tt requires less quantity of water for cooling.
5- The thermal efficiency of the plant is higher than that of a steam power
station.

6- It requires fewer operating staff.

Disadvantages:

1- The plant has high running charges as the fuel (i.e., diesel) used is costly.

2- The plant does not work satisfactorily under overload conditions for a
longer period.

3- The plant can only generate small power.

4- The cost of lubrication is generally high.

5- The maintenance charges are generally high.

2.5- Nuclear Power Station

e A generating station in which nuclear energy is converted into electrical
energy is known as a nuclear power station.

e In nuclear power station, Uranium (U%*°) is subjected to nuclear fission
in a special apparatus known as a reactor.

e The heat energy thus released is utilized in raising steam at high

temperature and pressure.
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e The steam runs the steam turbine which converts steam energy into
mechanical energy.

e The turbine drives the alternator which converts mechanical energy into
electrical energy.

e The most important feature of a nuclear power station is that huge
amount of electrical energy can be produced from a relatively small
amount of nuclear fuel as compared to other conventional types of power
stations.

e It has been found that complete fission of 1 kg of Uranium (U%°) can
produce as much energy as can be produced by the burning of 4,500 fons

of high-grade coal.
Advantages:

1. The amount of fuel required is small but it is used for producing bulk
electrical energy which is considered economical.

2. A nuclear power plant requires less space as compared to any other type
of the same size.

3. It can be located near the load centers because it does not require large
quantities of water and no need to be near coal mines.

4. Tt ensures reliability of operation.

27| Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering
Dept. of Electrical Engineering

Disadvantages:

1. The erection and commissioning of the plant requires greater technical
know-how.

2. The fission by-products are generally radioactive and may cause a
dangerous amount of radioactive pollution.

3. Maintenance charges are high due to lack of standardization.

4. Nuclear power plants are not well suited for varying loads as the reactor

does not respond to the load fluctuations efficiently.

2.5.1- Schematic Arrangement of Nuclear Power Station

e The schematic arrangement of a nuclear power station is shown in Figure
6.
e This arrangement can be divided into the following main stages:
1. Nuclear reactor.
2. Heat exchanger.
3. Steam turbine.

4. Alternator.
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Fig. 6: Nuclear Power Station

1. Nuclear reactor:

e Nuclear fuel (U?*®) is subjected to nuclear fission.

e A nuclear reactor is a cylindrical pressure vessel and contains fuel rods

of Uranium, moderator and control rods (See Fig.7).
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Fig. 7: A nuclear reactor

e The fuel rods constitute the fission material and release huge amount of
energy when bombarded with slow moving neutrons.

e The moderator consists of graphite rods which enclose the fuel rods.

e The moderator slows down the neutrons before they bombard the fuel
rods.

e The control rods are of cadmium and are inserted into the reactor.

e Cadmium is strong neutron absorber and thus regulates the supply of
neutrons for fission.

e When the control rods are pushed in deep enough, they absorb most of
fission neutrons and hence few are available for chain reaction which,
therefore, stops.

e By pulling out the control rods, power of the nuclear reactor is increased,

whereas by pushing them in, it is reduced.
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e In practice, the lowering or raising of control rods is accomplished
automatically according to the requirement of load.

e The heat produced in the reactor is removed by the coolant, generally a
sodium metal.

e The coolant carries the heat to the heat exchanger.

2. Heat exchanger:
e The coolant gives up heat to the heat exchanger which is utilized in
raising the steam.

e After giving up heat, the coolant is again fed to the reactor.

3. Steam turbine:
e The steam produced in the heat exchanger is led fo the steam turbine

through a valve.

4. Alternator:

e The steam tfurbine drives the alternator which converts mechanical
energy into electrical energy.

e The output from the alternator is delivered to the bus-bars through

transformer, circuit breakers and isolators.

2.5.2- Selection of Site for Nuclear Power Station

31|Page Dr. Mushtag Najeeb




University of Anbar
College of Engineering
Dept. of Electrical Engineering

Electric Power I/15" Sem.
Third Class
2021-2022

2.6-

Availability of water: the plant site should be located where ample
quantity of water is available.

Disposal of waste: The waste produced by fission in a nuclear power
station is generally radioactive which must be disposed off properly to
avoid health hazards.

Distance from populated areas: The site should be away from the
populated areas as there is a danger of presence of radioactivity in the
atmosphere near.

Transportation facilities: To transport the heavy equipment during
erection and to facilitate the movement of the workers employed in the

plant.

Variable Load on Power Station

The function of a power station is to deliver power to a large number of
consumers.

However, the power demands of different consumers vary in accordance
with their activities.

The result of this variation in demand is that load on a power station is
never constant, rather it varies from time to time.

The load on a power station varies from time to ftime due fo uncertain

demands of the consumers is known as variable load on the station.
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2.6.1- Load Curve:

e The curve showing the variation of load on the power station with
respect to time is known as a load curve.
e Daily load curve: It shows the variations of load with respect to time

during the day (i.e., 24 hours) as shown in figure 8.
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Fig. 8: daily load curve of a power station.

e The area under the daily load curve gives the number of units generated
in the day.
Units generated/day = Area (in kWh) under daily load curve
e The highest point on the daily load curve represents the maximum
demand on the station on that day (It is clear that from fig. 8, being
maximum at 6 P.M. in this case).
e The area under the daily load curve divided by the total number of hours

gives the average load on the station in the day.
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Area (in kWh) under daily load curve
24 hours

Average load

e The ratio of the area under the load curve to the total area of rectangle

in which it is contained gives the load factor.

Average load _ Average load x 24
Max. demand  Max. demand x 24
Area (in kWh) under daily load curve
Total area of rectangle in which the load curve is contained

Load factor

e Monthly load curve: It can be obtained from the daily load curves of
that month (average values of power over a month at different times of
the day are calculated and then plotted on the graph).

e The monthly load curve is generally used to fix the rates of energy.

e Yearly load curve: It can be obtained by considering the monthly load
curves of that particular year.

e The yearly load curve is generally used to deftermine the annual load

factor.

2.6.2- Load Duration Curve:

e When the load elements of a load curve are arranged in the order of
descending magnitudes, the curve thus obtained is called a load duration

curve as shown in figure 9.
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Fig. 9: load duration curve

e The load duration curve is obtained from the same data as the load curve
but the ordinates are arranged in the order of descending magnitudes.

e In other words, the maximum load is represented to the left and
decreasing loads are represented to the right in the descending order.

e Hence the area under the load duration curve and the area under the

load curve are equal. For example, 20 MW for 8 hours; 15 MW for 4
hours and 5 MW for 12 hours.

2.6.3- Base Load and Peak Load:

e The changing load on the power station makes its load curve of variable

nature.
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e However, the load curve on a power station can be considered in two
parts, namely:
e Base load: The unvarying load which occurs almost the whole day on the

station is known as base load as shown in figure 10.

Peak load
=
=
=
= 20! ‘ ; :
(] > !
3 1087 Base load”’ )
| ‘ . , / '
() Qe lodedibedd Y bkl

4 8 12 16 20 24
—— Time in hours—»

Fig. 10 beak and base loads

e It is clear that 20 MW of load has to be supplied by the station at all
times of day and night i.e. throughout 24 hours.

e Peak load: The various peak demands of load over and above the base
load of the station is known as peak load.

e Itisclear that there are two peak demands of load in figure 10 excluding
base load.

e These peak demands of the station generally form a small part of the

total load.

36|Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering

Dept. of Electrical Engineering

2.6.4- Types of Loads:

e The load may be resistive (e.g., electric lamp), inductive (e.g., induction
motor), capacitive or some combination of them.

e The various types of loads on the power system are:
1-Residential Load:

e consists of lights, fans, refrigerators, heaters, television, small
motors for pumping water etc.

e Most of the residential load occurs only for some hours during
the day (i.e., 24 hours) e.g., lighting load occurs during night time
and load occurs for few hours.

e For this reason, the load factor is low (10% to 12%).

2- Commercial load:

o It consists of lighting for shops, fans and electric equipment’s
used in restaurants etc.

e This class of load occurs for more hours during the day as
compared to the residential load.

e The commercial load has seasonal variations due to the
extensive use of air-conditioners and space heaters.

3-Industrial load:

e The magnitude of industrial load depends upon the type of
industry.
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e Thus, small scale industry requires load up to 25 kW, medium
scale industry between 25kW and 100 kW and large-scale
industry requires load above 500 kW.

2.6.5-Important Terms and Factors:
1- Connected load:

It is the sum of continuous ratings of all the equipments connected to

supply system.

A power station supplies load to thousands of consumers.

e Each consumer has certain equipment installed in his building.

e The sum of the continuous ratings of all the equipments in the
consumer’s building is the "connected load" of the consumer.

e For instance, if a consumer has connections of five 100-watt lamps
and a power point of 500 watts, then connected load of the
consumer is 5 x 100 + 500 = 1000 watts.

e The sum of the connected loads of all the consumers is the

connected load to the power station.
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2- Maximum demand:

It is the greatest demand of load on the power station during a given

period.

e The load on the power station varies from time fo time.

e The maximum of all the demands that have occurred during a given
period (say a day) is the maximum demand.

e Referring back to the load curve of Fig. 8, the maximum demand on

the power station during the day is 6 MW and it occurs at 6 P.M.
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hour:

v

e Maximum demand is generally less than the connected load because
all the consumers do not switch on their connected load to the
system at a time.

e The knowledge of maximum demand is very important as it helps in
determining the installed capacity of the station.

e The station must be capable of meeting the maximum demand.
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3- Demand factor:

It is the ratio of maximum demand on the power station to its connected

load i.e.,

Maximum demand

Demand factor =
Connected load

e The value of demand factor is usually less than 1.

e It is expected because maximum demand on the power station is
less than the connected load.

e If the maximum demand on the power station is 80 MW and the
connected load is 100 MW, then demand factor = 80/100 = O-8.

e The knowledge of demand factor is vital in determining the

capacity of the plant equipment

4- Average load (Average demand):
The average of loads occurring on the power station in a given period (day

or month or year).

No. of units (kWh) generated in a day
24 hours

Daily average load =

No. of units (kWh) generated in a month
Number of hours in a month

Monthly average load =

No. of units (kWh) generated in a year

Yearly average load = :
8760 hours
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5- Load factor:

The ratio of average load to the maximum demand during a given period

ie.,

Average load
Max. demand
If the plant is in operation for T hours,

Load factor =

Average load X T
Load factor = ' —iosc 940 =

Max. demand X T

Units generated in T hours

Max. demand X T hours

e The load factor may be daily load factor, monthly load factor or
annual load factor if the time period considered is a day or month
or year.

e Load factor is always less than 1 because average load is smaller
than the maximum demand.

e The load factor plays key role in determining the overall cost

e per unit generated.

e Higher the load factor of the power station, lesser will be the cost

per unit generated.

6- Diversity factor:

The ratio of the sum of individual maximum demands to the maximum

demand on power station, i.e.,
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_— Sum of individual max. demands

Diversity factor _
Max. demand on power station

e A power station supplies load to various types of consumers whose
maximum demands generally do not occur at the same time.

e Therefore, the maximum demand on the power station is always
less than the sum of individual maximum demands of the consumers.

e Obviously, diversityt factor will always be greater than 1.

e The greater the diversity factor, the lesser is the cost of

generation of power.

7- Plant capacity factor:
It is the ratio of actual energy produced to the maximum possible energy

that could have been produced during a given period i.e.,

Actual energy produced
Max. energy that could have been produced

Plant capacity factor =

Average demand x T **

Plant capacity x T
Average demand
Plant capacity

e Thus, if the considered period is one year,

Annual kWh output
Plant capacity x 8760

Annual plant capacity factor =
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e The plant capacity factor is an indication of the reserve capacity
of the plant.

e A power station is so designed that it has some reserve capacity
for meeting the increased load demand in future.,

e Therefore, the installed capacity of the plant is always somewhat

greater than the maximum demand on the plant.

Reserve capacity = Plant capacity — Max. demand

7- Plant use factor:
It is ratio of kWh generated fo the product of plant capacity and the

number of hours for which the plant was in operation i.e.

Station output in kWh
Plant capacity x Hours of use

Plant use factor =

e Suppose a plant having installed capacity of 20 MW produces annual
output of 7-:35 x 10° kWh and remains in operation for 2190 hours

ina year. Then,

.35 6
Plant use factor = — 92 %10 = 0167 = 167%

(20 % 10-‘) % 2190
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Example 3.2:

A generating station has a connected load of 43MW and a maximum demand
of 20 MW: the units generated being 61-5 x 10° per annum. Calculate (i) the

demand factor and (ii) load factor.

Solution.
() Demand factor = —Max. demand _ 20 _ 4465
Connected load 43
ot : 6
(ii) Average demand = Units gener.aled/annum _61-5X10" _ 7020 kW
Hours in a year 8760
Load factor = avers e e w1020 = = 0351 or 35:-1%
Max. demand 20 % 10°
Example 3.4:

A generating station has a maximum demand of 25MW, a load factor of
60%, a plant capacity factor of 50% and a plant use factor of 72%. Find
(i) the reserve capacity of the plant (ii) the daily energy produced and (iii)
maximum energy that could be produced daily if the plant while running as

per schedule, were fully loaded.
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- Average demand

Load factor = Maximum demand
060 — Averagg 5demand

Average demand = 25 x 060 =15 MW
Plant capacity factor = AR demand

Plant capacity
Plant capacity = Avemgodonang . 13 30 MW

Plant capacity factor  0-5

Reserve capacity of plant = Plant capacity — maximum demand
= 30-25=5MW
(i) Daily energy produced = Average demand X 24
= 15 x 24 =360 MWh
(iif) Maximum energy that could be produced

Actual energy produced in a day
Plant use factor

— 360 _ 500 MWh/day
0-72
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Example:

Example: A power station is to supply three consumers . The
daily demand of three consumers are given below :

Time (hours) Consumer (1) Consumer 2) Consumer (3)

0-6 200 KW 100 KW No - load

614 600 KW 1000 KW 400 KW
14 - 18 No - load 600 KW 400 KW
18 -24 800 KW No - load 600 KW

Plot the load curve of power station and , find :
1- Load factor of individual consumer.

2- Diversity factor of power station .

3- Load factor of power station .

Solution :

T (KW)

2400

2000 2000

1600

1200 1400

300 1000
400 300
= -1 e 1 —P
6 14 18 24 hours
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Energy consumed | day

- x 100
I- load factor of consumer = - 37" domand x hours in day

load factor of consumer(1) =

200 x 6+ 600 x 8+ 0x4 + 800 x6
800 x 24
load factor of consumer(2) =

100 x6+1000 x8+600x4+0x6
1000 x 24

x 100 =56.25 %

x 100 =45.8%

load factor of consumer(3) =

O0x6+400 x8+400 x4+ 600 x6
600 x 24

x 100 =58.3%

Sum of indiviual max . demands

2- Diversity factor = max . demand on power station

From load curve , the Max. demand on power station is 2000 KW

800 +1000 + 600

_ _ T 1.2
Diversity factor 2000

3- Load factor of power station =

300x6+2000x8+1000x4+1400x 6
2000x 24

x 100 =629 %
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Example: A power station is to supply two loads . The daily
load curve of the station is as shown in figure below . If the load
factor of the two loads are 0.416 and 0.458 respectively , and the
diversity factor of the power station 1s 1.142 | find ;

|- The load factor of power station .

2- The energy consumed per day and the maximum demand of
each load .

N

1400
1200
1000

800

600

400 |
200

—~

6 12 14 20 24 hours
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Energy consumed ( generated ) / day « 100

I- load factor (L.F') = Max. demand x hours in day

Load factor of power station =

18x400+6x4oo+10x400+'5(6x400)+'5(6x600)
1400 x 24

16600
~ 1400 x 24

= 0.49

2- Let: FEI—energy consumed by load 1
E2 — energy consumed by load 2
M1 — Max. demand of load 1
M2 -~ Max. demand of load 2

LFIl,LF2 - load factor of loads 1 and 2

7 | S . 0.416 = A
24 x M1 ’ 24 x M 1
OMI = EI  vvvver, (1)
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0.458 = 2
24 x M2
1} M2 = E2  civniaavamaavens (2)

Sum of indiviual max . demands

Diversity factor = max . demand on power station

M1+ M2
1400

1600 = Ml + M2 ooeeen...... (3)

1.142 =

Energy generated from power station = EJ] + El
16600 = El +E2 ..ccccnn.... (4)

Put (3) and (4) in (2)

11 (1600 — MI) = 16600 — EI

17600 — 16600 — 11 MI+EI=0
Put (1) in (5)

1000 - 11 MI +10 M1 = 0

M1 =1000 KW

From (3) M2=1600- 1000 =600 KW
From (1) EI=10x1000=10000 KWh
From (2) E2=11x600 =6600 KWh
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3.1-
3.2-
3.3-
3.4-
3.5-
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3.1- Constants of a Transmission Line:

e A transmission line has:
v’ Series resistance (accounts for ohmic (I?R) line losses).
v' Series inductance-including resistance and inductive
(gives rise to series - voltage drops along the line).
v'_Shunt capacitance (gives rise to line - charging
currents).
uniformly distributed along the whole length of the line as

shown in figure 11.
R L B L Ry L . ERSE

— > NW—550—"VW— 50— W\—50—5— — > \VWN— 50—
@vs Va (2] () vs Vii (2]
i v — v
(i) (i1)
Fig. 11

e If each section of the line is of equal length corresponding to unit

length (say one meter) of the line we will have:

R, =R, =R,......= R, resistance per unit
length of the line i.e. ohms/loop meter.

Similarly ,

L =L, =L...=L henrys/loop meter ,
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o Therefore, the resistance and inductance are considered as lumped
parameters.

e As any two conductors of an overhead transmission line are
separated by air which acts as an insulation (capacitor) as shown

below

Line conductor

T T T T A
| | | | I
| I | | v C
| I | |
| I | |
1 ] 1 | B Vs oI C
| I I |
I I I |
| | | |
NN v
Line conductor
(1) (i1)

o Therefore, capacitance exists between any two overhead line
conductors.
e The capacitance is uniformly distributed along the whole length of

the line.
C, =C, =(,......= C farads/loop meter

e When an alternating voltage is impressed on a transmission line,
the charge on the conductors at any point increases and decreases
with the increase and decrease of the instantaneous value of the
voltage between conductors at that point.

q

Capacitance, C = S farad
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e The current flows between the conductors known as a charging
current.

e The charging current will flow in the line even when it is open-
circuited i.e., supplying no load.

e It affects the voltage drop along the line as well as the efficiency

and power factor of the line.

3.2- Resistance of a Transmission Line:

e The resistance of transmission line conductors is the most

important cause of power loss in a transmission line.

power loss in conductor
e

e Where the power is in watts and I is the rms current in the

conductor in amperes.
e The d.c resistance of various type of conductors at specified

temperature T is found by:

Pyl
de.T = Q
A
Where Pr - conductor resistivity at temperature T

(Q.m).

[ — conductor length (m) .
A — conductor cross- sectional area (m*).
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e The resistance of T.L conductor is affected by the following

factors:

v'  Spiraling of a stranded conductor:

Spiraling makes the strands length 2% longer than the

actual conductor length. As a result, the dc resistance

of a stranded is 1 or 2% larger than that calculated

from eq. above for a specified conductor length.

v' Temperature:

The variation of resistance of conductors with

temperature is practically linear over the normal range

of operation. If temperature is plotted on the vertical

axis and resistance on the horizontal axis, as shown

below.

t
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RZ“ T+,

R, T+1¢

where R, and R, are the resistances of the conductor at temperatures ¢, and
t,, respectively, in degrees Celsius and T is the constant determined from the
graph.

The point of intersection of the extended line with the temperature
axis at zero resistance is a constant of the material.

v’ Skin Effect:
For dc, the current distribution (current density) is
uniform throughout the conductor cross-section.
However, for ac, the current flowing through the
conductor does not distribute uniformly, rather it has
the tendency to concentrate near the surface of the

conductor (it is known a skin effect) as shown below.

Current No current
flows over flow
the surface

Due to skin effect, the effective area of cross-section

of the conductor through which current flows is
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reduced. Consequently, the resistance of the conductor
is slightly increased when carrying an alternating
current. Thus, the inductance near the center of
conductor is larger than the surface due to it is
surrounded by a greater magnetic flux. The high
reactance at the center causes alternating current to
flow near the surface of conductor. The skin effect
depends upon the following factors:
» Nature of material:
> Diameter of wire: increases with the
diameter of wire.
> Frequency: increases with the increase in
frequency.
»> Shape of wire: less for stranded conductor
than the solid conductor.
The skin effect is negligible when the supply frequency
is less than 50 Hz.
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3.3- Inductance of a Transmission line:

e When alternating current flows through a conductor, a magnetic
field is produced according o Oersted's law.

e Due to the varying of magnetic field, induced EMF is produced
according to Faraday's law.

e The direction of induced current (due to EMF) opposes the
direction of applied current to the inductor according to Lenz's law.

e Mathematically, inductance of a circuit is defined as the flux
linkages per unit current,

Inductance, L = %hcnry

where y = flux linkages in weber-turns

[ = current in amperes
e In order fo find the inductance of a circuit, the following
determinations are important:

v' Magnetic field intensity (HzﬁA/m,Ampere's law:
emf around any closed path equals fo the current
enclosed by the same path)

v Magnetic flux density (B = uH Tesla, pu is permeability
of medium (conductor) in which the magnetic field is
measured). Where; u = p,u,, u, is relative permeability

and p, is permeability of free space (u, = 4m * 1077,
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v' Magnetic flux (¢ = BAcos6 weber, wb). It is the
measured of magnetic field density through a closed
surface.

v' Magnetic flux linkages (W or 1 =N¢, wb-turn). Where N
is the number of turns for surface of area.

v Inductance from flux linkages per ampere is L ==
henry (H).
3.3.1- Inductance of a solid cylindrical conductor due to internal flux:

e Figure 12 shows a 1-meter section of a solid cylindrical conductor

with radius r, carrying current I.

Fig. 12:

e For simplicity, assume that the conductor: (1) is nonmagnetic (u =
to = 41+ 1077 henry/meter), (2) has a uniform current density

(skin effect is neglected).
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e To determine the magnetic field intensity (H,) inside the
conductor, select the dashed circle of radius x < r shown in Fig. 12

as a closed path.
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3.3.2- Inductance of a solid cylindrical conductor due to external flux
(flux linkages between two points):

e Figure 13 shows a solid cylindrical conductor with radius r, carrying

current I.

Fig. 13:

e In order to determine the magnetic field intensity (H,) outside the
conductor, select the dashed circle of radius x > r shown in Fig. 13 as a

closed path.
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3.3.3- Inductance of single - phase Two - wire line:

e Figure 14 shows a single-phase two-wire line consisting of two solid
cylindrical conductors 1 and 2.

conductor conductor

radius #1 _ radius 75

The magnetic field associated with a single phase live.

Fig. 14

e Conductor 1 with radius r; and conductor 2 with radius r,. So, the total

inductance of the circuit due to current in conductor 1 is:

Ll = Lint +Lext

1 F D
L=—107"+2x10"In—
2 4
= 254810 l+ln2 =2x107"7 1ne”4+ln2
4 Y Y
=2x%10""1n 2xe”4 =2x107"In _”14)
r e X 1

But, ¢4 =0.7788
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L=2x10"In P
0.7788r,

Li=210"" ln(g) henrys | m

h

Where, 77 =0.7788

1 is called Geometric mean radius (G.M.R)

e The inductance due to current in conductor 2 is:

| D

L,=2x10" In( r] henrys /' m

\ P2

Total inductance for the complete circuit :

L=L+1L, =zxm"f’[lnﬂ,+;n2]

h B
.. D?
=2x1ﬂ'“ln[ ﬂ ’]
hr1

2 "lr"z ERE
—4%x1077 In L
i

If the radius of the two conductor is same . 1.¢ :

] [ ' o _Ii - r
h =¥ =r | therefore \f"l o =1
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L=4x107" In| = ] henrys {m (H | m)

And,

L=04 h{E,] mH | Km
:

3.3.4- Flux linkages of one conductor in a group:

e Consider the array of N solid cylindrical conductors shown in figure 15.

Assume that each conductor n carries current I,,.

n

Fig. 15:

e Assume that the sum of the conductor currents is zero.
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If ¥, denotes all the flux linkages of conductor 1

due to its own current /, , internal and external,
upto point P

W ip1 -—-(12 +21, 1nDPJx1o-”

h

D,P
r

where 7 =0.7788 ;

=2x107"1,1n Wb.T | m

Also , V1,2 - is flux linkages with conductor 1 due to
current in conductor 2 (Z,) , but excluding flux
beyond point (P) is equal to the flux produced by /,
between the point P and conductor 1 (i.e. the flux
linkages due to /, with in limiting distance D,, and
D,, from conductor 2 ).

WlpZ -

Similarly for ¥ip3 5o Y\ pn
The flux linkages ¥1, with conductor 1 due to

1,,1,,1,..1,  but excluding flux beyond point P is:

A, D, D, D, D,
x//lp=2x10 [, In—- —L 4.4+ In—=+
A

12 Dl3 Dln

67 |Page Dr. Mushtag Najeeb




University of Anbar

Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
] 1 I 1
[ In—+I,In—+1In—+...4+] In—+
=2x10" K 12 13 n
LinD,+L,InD, +I;InD, +...+1 InD,_
But, I, =L +L+L+..t] )
1 I 1 )
1 ln -+, In—+LIn—+...+] In—+
i 12 I3 I
2y, =2x107| 1, InD, +LnD, +L1nD,, +...~(,+
L+Li+...+1 ) nD
\ /
' \
(11 lni,+12 lni+13 lni+....+1” lni+
r n
v, = 25107 ! 12 13 1
IIn—2+I,n—2+. . . +] In—22
np np np Y,

Now if point (P) moves infinity, terms such as :

D, D

lp . 2p

D

(n=1)p

D np D np

68| Page

approach the value 1 and ,

In(1)=0

Dr. Mushtaq Najeeb




University of Anbar Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
§ 1 1 ] 1
sy, =2x10 7(11 In—+7,In—+Lln—+...+1 In—
.7 D, D, D,

Wb.T/m

LI

Also denoting /7 as D,; we have :

— 1 1 1 1)
w, =2x10 1,ln—+lzln—+[;ln—+....+1"ln—J

i 12 13 ln

Wb.T/m
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3.3.5- Inductance of composite conductor lines:

e Stranded conductors come under the general classification of composite
conductors.

e This means conductors composed of two or more strands electrically in
parallel, the strands are identical and share the current equally.

e Figure 16 shows a single-phase line composed of two composite

conductors A and B.

Ob Oe OF
Qs Of O Oz O
O Oe O O
conductor A conductor B
Fig. 16:
e Conductor A is composed of p identical parallel filaments (strands) while
conductor B is composed of g’ identical strands.
e The current in conductor A is I and the return current in conductor B is
—I.
e Assume that the current is equally divided among the strands in both
conductors A and B.

e Therefore, each strand of conductor A carries the current é while each

. 1
strand of conductor B carries the current — o
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e The letter D represents the distances between the strands.

e By applying the following equation; flux linkages for one conductor in a

group.

w, =2xI 0‘7(11 ln—l+l2 ln—l—+h I, / lnLJ
D )

11 12 13 In

Wb.T/m
e Based on above equation, the flux linkages of strand a in conductor A

can be obtained as;

o Wb r [')up
2x107 _,]]n : _,]ln L e +;11n—l—
q 'l)l'h 7 q alf q @'
i l 1/ p l 1/ p I/ p 9
2 Inl — +In| — n A +1n| — +
=2X10- [ aa 1)‘7!) ap
(D, )" +In(D,, )" +....+ In(DM , y ¢

-1/q
] I f 1/¢
Where "{ D, ] =i )-,..,,-=ln(Dm~) :

0 ad’

«D.D.D....D.
w, =2x10711n \f, B i WbT | m
AD D i

aa " ab"ac*"*
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e To find the inductance of strand a in conductor A, the above equation is

divided by é
4D, ,DyD,,...D,,
=Y Y = 2px1071 \/ = . H/m
1//) \/[)(m[')u/i[')m ’l’

e In the same way for above, the inductance of strand b in conductor A

can be determined as;

D Do Do
L ="t = 2px1071 \/ —— < H/m
I/ p (I),”l), sDperse Dy,

U

e The average inductance of the strands of conductor A is

L+L, +L +,.,+L,
p

e Conductor A is composed of p strands electrically in parallel;

1-1f, L=L=L =L =L

average

Lj===
P

Where L, , inductance of conductor A .

* average

2-If LAL#L #L,

L 2 L;J'I.'E‘."-IJ_E'E' 23 LJ+LI:-+L.:' +“""L_.n
A P’
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‘\J’{ :’J-:'.I'I S 'D '}{'Dbcf'ﬂbﬂﬂh' """ 'E'}n'xf } ki

2D, E—;.!,D BN B Bsces Do

g

(510 0 DO 2 O
] -*'-{ﬂmﬂprpf"”'DFF} .

L,=2x10"1n Him

e The numerator is called geometric mean distance (G.M.D) between
conductors A and B which denoted D,,. But denominator is called

geometric mean radius (6.M.R) and denoted D;.

7. D ,
L,=2x10" In—  henrys/ meter
54

i A
L,=2x10" In—=  henrys/ meter
SB |

Ds.: == DSB = DS

If conductors A and B are identical 1.e.

L=L+L, =4x10" ln& H/m

08

=0.4x10" ln-& mH /| Km

S
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Example 4.2:

One circuit of a single-phase transmission line is composed of three solid 0.25-
cm-radius wires. The return circuit is composed of two 0.5-cm radius wires.
The arrangement of conductors is shown in Fig. 17. Find the inductance due
to the current in each side of the line and the inductance of the complete line

in henrys per meter (and in millihenrys per mile).

L
Yol
3
3

—
O
O

6m
OC
— et M et
Side X Side Y

Fig. 17:
Solution. Find the GMD between sides X and Y:

G
D-rﬂ - ‘,{-ﬂn{f Dﬂr ﬂbd Dh ¢ ﬂrn‘ Drr,'
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D.I.H: -— Dlr“; - ﬂﬂ, — !_.'ﬁz + g.E = JEI?

D, =V92+12? = 15m

4]
D= v¥92x 15 ¥ 1173? =10,743 m

Then, find the GMR for side X

9
D: = Jﬂm Dﬂbﬂﬂc Dbtﬂbbﬂbc ﬂm Dc!:- Drc

o - -
‘= v (0.25 X 0.7788 x 1072)’ x 6* X 12? = 0.481 m

and forside Y

4
D, = V(0.5 x 0.7788 x 10-2)? x 62 = 0.153 m

10.743
Le=2%10""In
' 0.481

=6.212 x 10°7 H/m

10.743

Ly=2%10""In =8.503 x 10~7 H/m
0.153

L=L,+L,=14715%x10""H/m

75| Page Dr. Mushtaqgq Najeeb




University of Anbar Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
Example:
nT \ (e VX V2V
Lx = 2%\ \1y § Vab it * |, Smevx
G MRx = MRy

<A We W CQJW\QOS\\(' Co\dbg@gu\.'/ Concducdor X \Mu>
5 5*’“‘\\’1‘\8 ( \/‘2 /9)

Td Ly, by a3 =1
QMD,(\‘ = GOy X 3
=[Br D Bai e 0 D12 5O

('D“ = 'DZZ\ = N

i?_ = Dz.\\ :‘D?’l\: ’(‘052_1-(9.:1)
= |1 AR
ey 2
D3t }(\0) tto)’

= 4. 4w

S

OF f Pz ;z'x-)t?.\'*)u — D?l

O smovy-=] 0103 - (o- ). \u.)] e

= 44-2 -m.

D\q_'-‘-' \ = 'DQZ - D’S’L = Sw™ N(Y\._* i

,AQA*»\@M G »
. Q) O-=>M" Vo,
=M R E@w D Dy Dan- Doy 025.0,, P, . ] Gz W ke
\\3\\1\’\) —_O- i a 8%\"\ ; G““Q\'—Bw:?\k\\“'i

D\2=D2y= e ™ V,e‘//\

s
l—>> Oy—= Daa =027 = 0. 77 5Q (o' Xo >
— TFFBIN 16—
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\
Y

\
- “mM2
=\MR\I = [D;‘\" ‘ ‘)vi\ D'z"ri‘ \')1\1\
NoA i, r—v'g (PN r\j
it = DA s
Dap = o 7788 2-Sxo )

L
= 3.29u A\

ot CAMRy = E Q«g,) % %.qq.(\;sD —l

— 2,124 7 o -\ wn

s L.D(",‘_ 101\7 \l/‘) GMD
G- MR

Lx=2aie \ﬁ"(“ 2 >

6% )
Lope s 49 o(\on /A

Ao
Sy

Q. \\,\>

Ly ~=-'-’8.:76‘6(\0 QA/W\)

L~ Loy = F.J7Fx00 4 BAEELD
L = sa3ieT (Mym)
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3.3.6- Inductance of three-phase lines with symmetrical spacing:

e By applying the following equation; flux linkages for one conductor in a

group.

W, = 2><10‘7(11 lnDL +1, lnL +1, lnL +ot lnL]

11 12 13 ‘l)ln

Wb.T /m
e Figure 18 shows the conductors of a three-phase transmission line (a, b,

and c) with symmeftrical spacing (D). Radius of each conductor is r.
b

VANRN

Fig. 18:

e Based on above equation, the total flux linkage of conductor in phase a
due to its own current (I,) and also due to the mutual inductance effects
of I, and I, is given by:

v, =2x10‘7(la Ins 47, In—+1, 1ni) WBT I m
: D "D

4
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e Assume balanced three phase currents;
I +i1,+1 =0
I, ==l 1
v, =2x10"1 lnl—? WbTl /m
»

r'=0.7788 x r

L, - Inductance per phase of 3-phase line .
IF conductor is stranded , ¥' = Ds | therefore:

L, =2x10" lnB H/m

S

3.3.7- Inductance of three-phase lines with unsymmetrical spacing:

e When the distances among conductors for 3-phase lines are not equal
(unsymmetrical). Then, the flux linkages and inductance of each phase
are not the same.

e A different inductance in each phase results in unequal voltage drops in
the three phases even if the currents in the conductors are balanced.

e Therefore, the voltage at the receiving end will not be the same for all
phases.

e To make the voltage drops in all conductors are equal, the positions of
the conductors will be exchanged at regular intervals along the line. This

is knowns as transposition as shown below.
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A G B
Position 1
d
a¥ C l B A

e The phase conductors are designated as A, B and C and the positions
occupied are numbered 1, 2 and 3. The effect of transposition is that
each conductor has the same average inductance.

e However, the transposed conductors are spaced unsymmetrical as shown

in figure 19.

Fig. 19:

e To find the inductance of three phase line;

Assume ¥Ya1-¥a2-¥as - are the flux linkages of
conductor (a) in positions 1 , 2 , and 3 respectively and
by using eq. (15) :

v, =2x10 7(1‘1 lni,+1,, lnL +Z, lnL]
2 D,

12 31

(1 1 1)
v, =2x107| I In—+1I, In—+1 In—
’ S Di; D,
( 1 I |
W, =2x107| I, In—+1,In—+1 In—
2 K ’ D3| D23/
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Then average flux linkages of conductor (a) :

!//nl + l//a.'Z + Wa3
3

V, =

p
w, =2x107[ 1, lnl, +llb ln; +llc ln;
\ r 3 1)12D23D3l 3 D12D23D31

=2x107 1 ln -+1,In +17 In

1

But, 4 =(lb+]c)

3 D,,D,,D
t//u:2x10“7(laln e 3'} WbT Im

2

a
/ r

a

3/D,..D..D
L = Ya =2x107[ln\/ 12 ,‘3 3'] H/m

H/m

L, =2x10"

s

Where , DC"]:{/DIZD?.}DM , D, =7

§

L =L,=L

¢ ( because of the circuit is balance )
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D.
=2x10"1In D‘" H/m

)

Example:

A 3-phase , 50Hz , 132 KV overhead transmission
lines has conductor diameter of 4 cm each , are
arranged in a horizontal plane as shown in fig .
supplies a balanced load , assume the line is
completely transposed . Find the inductance per

Km per phase .
Phase A Phase B Phase C
- = .
4m 4m

Solution :

D, = Dv(/ = VD.-IIKDII(‘D('.'I

=3/4x4x8 =5.04 m

Di=r'=0.7788xr
=().7788 x g =1.5576 ¢m

g 5.04
1.5576 x107

L=2x10"1n2m = 2x10
D

§

=11.53x107 H/m
=1.153 mH / Km
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Example:

/A c;mjl‘: ¢ '\v(‘(\()‘_ %WQ\\M‘/ 1s O Q"V? {_'r)\o'( /
'\A(“W\EL "y .(Q“Q)(\JS Y L“\ (0\\(&\& Q(‘ g ¢
S V\\ o v |
A Ovake | Fud YL pe PUaleeay, .
1«—_<c1:z“g()¢ o

A
= -’l-y\U.
Q‘ﬂ‘\/@\z
¥ e
x
DM:E/DAQ"“@C'YAQA o 3% \_®‘Y§
ﬁ_-\
x'j/fz_ox%%x Lo = zq,77 _ﬁ

L = M\;? TH73
\V\ i 03?’3§—5L~ \2 - ‘W?M\o /0
XL ~2rE L = UTR%60 X 17-"(‘??><:?~J1/M
e gg.:%%‘g S/ mi e P Phat

—
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3.3.8- Inductance of bundled conductors:

e In extra high voltage (EHV) fransmission line, bundle conductors (use
more than one conductor per phase) are used to reduce the effect of

corona.

e Figure 20 below shows common EHV bundles consisting of two, three, or

.

d—

four conductors.

Two Sub-Conductors

8

T 4
P N

¢

4

N M
7O 7

Four Sub-Conductors

Three Sub-Conductors

Fig. 20:
e Where the small letter of d is the bundle spacing.

e To calculate inductance of bundle conductor, the equation below is

considered:;
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3|/D.,D..D,
L =Y =2x10_7[1n\/ = ,23 "j H/m

“ T

a

D
L, =2x107" In—=< H/m
D

s

Where , Deq=3\/D12D23D3| ; D=7

5

e D, in above equation is replaced by the GMR of the bundle, which is

denoted by D&

1- For two — conductor bundle :

Dl =3[(D; xd)* =4{(Dyxd)* = /(Dy xd)

2- For three — conductor bundle :

DY, =%/(Dy xd xd) =3(Dgxd’) =3/Dg xd’

3- For four — conductor bundle ;

Dy, =4(Dyxdxdxdy2)* ={(Dyxd'\2)' =4{Dyxd’\2
=1.09x4 D, xd’

"I

T - L] -r a . a
IF conductor is solid , Ds =7 in above three condition
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Example:
relachamie B =€ g double - D le- €‘k“’"‘*‘1'~', &l

Cc. -\(;\\I\L;kﬁ'\' (\_,Q ‘QL\V\A‘QO\ C(_-\-\Ab\(’k‘"v '\il’v’\ %\/\@k’: LA be‘u‘d 7
15 ACSR ?\Afﬂ&m*, %\f\o,\ Y- P Pk ot TN ) AL 29

oS o,q{ v.ay
i S =
A o= R <
B
-7
|
L.—2xto [V\__E'%_‘>
S

B . "
= lo. OBbu,
DM;E}S‘\B'DQC—"S)KA —:_}J%‘eéé&élé‘

'D}’ s ‘Ds-d x.)@ 3“6“‘%0;30(\%!)% RN = 0O'0% W
we P w”—)’}“

~ n? H
&\ 19-0% ~ o, 6F3ylo H/in
0 <16 in = ) = = 9
- =4
XL = 2REL = 'mxéoo(q.é"-?m([o?dl [lan = 3640

Kf oy
Y = 05583 K ﬁ K= 0 S BF vz [ayle-
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Example:
A 3-phase , 50Hz , 400 KV overhead transmission
lines are arranged in a horizontal plane , each phase
has two — strand bundle conductors , the diameter
of each strand is 25mm , as shown in the fig.
below. Find the inductance per Km per phase .
0.3m 25mm
&> [
| | —>i 'e
® & X, & SO
< >€ >i
i 6m ' 6m '
Phase A Phase B Phase C
Solution :

B = ‘D-:*-.gr = ;Jﬂ.wﬂﬂfﬂm

=36x6x12 =756 m

Do =r-=0.77188xr

5
= (0.7788 x 2? =0.735 mm

DEL: D’Sl‘iﬂf

—/9.735%x10 x 0.3 = 0.054 m
7.56

. 0.054
=0 88x107"H/m=0.988 mH / Km

L=2x10"1In D, =2%107" In
D

]
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3.3.9- Inductance of parallel-circuit three-phase lines:

e A three-phase double circuit line consists of two parallel conductors for
each phase.

e To enhance the maximum transmission capability, it is desirable to have
a configuration which results in minimum inductance per phase.

e This is possible if mutual GMD (D,,) is low and self GMD (D; or GMR =

0.7788 ) is high as shown in figure 21 below.

‘P S
Fig. 21:
e To calculate the inductance, it is necessary to determine mutual GMD

(D) and self GMD (Dy). Suppose the radius of each conductor is r.
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Self-GMD of conductor = 07788 r
Self-GMD of combination aa” is
D,=(**D_xD _,xD,  xD, }'”

Self-GMD of c{umbinatinn bb’

Dy =Dy % Diyix Disx f}hfb]”“
Self-GMD of combination cc” is
Ds={D. XD 5 D KD,
Equivalent self-GMD of one phase
D =(D, % D;xD)"

The value of D_ is the same for all the phases as each conductor has the same radius.
Mutual-GMD between phases 4 and B is
Dyg = (DX Dy Dygj, % D)™
Mutual-GMD between phascs Band Cis
Dpc = (D X Dy X Dy, * Dy )"
Mutual-GMD between phases Cand 4 is
= (D, xD.,xD,, D( )

Equivalent mutual-GMD, Dm = (Dyg X Dgp % CA)

o The self-GMD (6MR) of a conductor depends upon the size and shape of
the conductor and is independent of the spacing between the
conductors.

e The mutual GMD depends only upon the spacing and is independent of

the exact size, shape and orientation of the conductor.
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e The inductance formulas can be expressed in terms of GMD as listed

below.

(/) Single phase line
7 l)nl
Inductance/conductor/m =2x 10 ' log, D
where D = 07788 rand D, = Spacing between conductors = d
(if) Single circuit 3-¢ line
-7 Im
Inductance/phase/m = 2 x 10 Iog‘,T)—
where D, = 07788 rand D, = (d, d, dy)"”
(7iify Double circuit 3-¢ line
Inductance/phase/m = 2x 107 log, -l—)'”-
where D = (D,, D, D, 3)”3 and D, = (D 3% DpeX D(V.A)”3
Example:
cxy s A 3-M deuble C.{YC(A”‘ \ e 48 ?Avaz"f«) Q’(; BE Lk

e

QSH‘xd(\) 'F’V\d L_
-4 &'\R /[C,W\ J

XL=W.L —2LR L -L

b Yl
—2¥b "‘@“ﬁa)

Y

90| Page

avd XL pav Plota in (R /4010

Ds= 00229
" 544 e
e S~ @<
s : -.‘\‘\ 5
.l el
ZA=VS (S ;(._,.[l' _
@ \‘%@Q A

Dr. Mushtaq Najeeb




University of Anbar
College of Engineering
Dept. of Electrical Engineering

Electric Power I/15" Sem.
Third Class
2021-2022

{ P
D :\’\ : z{ ‘?‘ -

PS =
® "1[00«5' Dq\n

D_:Q = % :
o

e
N By - Do

D= - JemQ GMQb GMR o

a S gy awe Ty, oo Eﬂé}\
", wl C

—

GMR \,"M Bo\n\/":‘?u

t‘:- H\TDGC-BQL ¢ Qe
(NN

D“\ e\

= R~ O

D Qo\ )\

oy
GinR,, _j D) DL‘ Q\,

n,

GMRe —
Q‘('D(S'D\ \

.’ \ - :di‘;—‘ - D)t o

—

Dt = l\o)" + oyt

D' = m k\o)*

— o\ J_-‘. = D\

= Do =20q1 {4}

Bl slewt @ =i A= B

DL -9

Q< — 1

Oac = 20 {4 =Das

D«c\ = Da\c = \% BL '

D = f2e) ~Q8Y

\%-9 J L+

e —
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l.,
2rxXEov i lox(oT Tlim = 2-3Ki0 3y,

Xt~ REL = %
Sudueb 0-2F2 N
\lta»(p"“ \ w\-‘ \'e = “Oq o, /"\ \

f~;ll*~'."y Kf‘__’
\ \"i‘.‘.;_‘,. _,‘ i \V _\, \‘ - Be—— R \
wile

\ "w
YE9Y ey

e Note, if there is bundle with three-phase double circuit.

¥ Tl ~C V,\D\ﬂq,u,: b QW;\‘ _
- e
p‘u&l\ N2 i \OJ’J SET
Cleap ) ZJA» oL ‘ =
%tek&*‘l&‘? B e | \
- b e : \
3’\» J 0_‘__}‘-',..(1:*“ ------ 28 ""‘Q
C‘\MQA - ,Ds. DO\(\\l v‘i )‘ | (4
e - - a
J o D e s
c A
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3.4- Capacitance of Transmission Line

e When alternating voltage is applied to the transmission line conductors,

the line capacitance draws a leading current.

C'zi F/m
V

e The flow of charge is a current, and this current is called the charging

current of the line.

Line conductor
T

T

Ve —"TC

Line conductor

(i) (if)

o The charging current will flow in the line even when it is open-circuited
i.e., supplying no load.

e The line capacitance is proportional to the length of the fransmission
line and may be neglected for a line less than 80 km of length.

e Figure 22 shows a solid cylindrical conductor has a uniform charge
(assumed positive charge) throughout its length and is isolated from
other charges.

e So that the charge is uniformly distributed around its periphery, the

electric flux lines are radial.
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e From Gauss theorem, it is known that the electric field density at

distance X is;

D=l coulomb | m*
27X
Where ¢ - charge on the conductor coulomb /m
X - distance , from the conductor to the point
where the electric flux density is computed.
D - the electric flux density .

The electric flux density
The electric field intensity = The permittivity of the medium

E:—QZ 9 VIm

& 2wxE

Where € - actual permittivity of material .
e, =¢&lg,

!
&, - relative permittivity ; €o - permittivity of free space
1

g =885 %10~ = S Flm
47 x9x10

e The amount of capacitance between conductors is a function of

conductor radius, spacing and height above the ground.
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e Since the equipotential surface is orthogonal to electric flux lines, the
equipotential surfaces are concentric cylinders surrounding the

conductors.

equipotential
surface

e By definition, the capacitance between the conductors is the ratio of
charge on the conductors to the potential difference between them.
e The work done to move a unit charge of one coulomb from P, to P, is

numerically equal to the potential difference.

Therefore , instantaneous voltage drop between £ and

PziSZ
D,
Vi, = Ide
D,
D
= J)de =9 1n D, volts
p,27xE 2w e D,
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3.4.1- Capacitance of a two-wire line

o Electric charge is a source of electric fields. Electric field lines originate

from positive charges and terminate at negative charges as shown below.

Electric flux lines

J
g- coulomb/meter /
on line conductor

equipotential
surface

Electric field between two-line conductors

e Consider a single-phase overhead fransmission line consisting of two
parallel conductors A and B spaced D meters apart inair. Let us consider

the two conductors A and B having charges q, and g, as shown below.

qa Qh

A
v
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D
V,, = 95 1n volt
2 e v,
Va = _vba
=
D
v, = — Db D gy 2
2 e r, 2 e r,
r
v, due to q, = 2q;;bg In = volt

By the principle of superposition the voltage drop from
conductor (a) to conductor (b) due to charges on both
conductors is the sum of the voltage drop caused by
each charge alone .

| D r
V. = In —+ g, In -2 | volt
® ;e 1o g 4 D
For two-wire line 9a=- 9b, so that :
2
g, .. D* ¢, D

In = In

) —— T E——
ab
2 e Ly, 2me NI

97 |Page Dr. Mushtag Najeeb




University of Anbar Electric Power I/15" Sem.

College of Engineering Third Class
Dept. of Electrical Engineering 2021-2022
D
= dayy| 2 volts
e V ru rh
e
C,= 1a _ Farads | meter
vah D
In| ——

ra rb

If 7= =7 (radius of two conductors are same )

C‘,sz F /m
D
ln( ]
-
If e, =1,and ¢, = : F/m
PR TR " 4z x9x10°
~9 o]
C.,= L D F/m
36 ln( )
-
1 |
= D uF | Km
36 In
r |

e Capacitance to neutral, if we want to find the capacitance between one
of the conductors and a neutral point as shown below.

a n b

e

bn
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C,, - capacitance between conductor (a) and neutral
Cy, - capacitance between conductor (b) and neutral

Cin = bn= Cn =2 Cab

an

1 1
c,=2x -

36 I 2. 18 I 2

r s

c - 0.0555 p—

D

ln. y
"

Capacitive reactance between one conductor and
neutral is :

PR
27 ¢

Example:

A single-phase transmission line has two parallel conductors 3 metres apart,
radius of each conductor being 1 ecm. Calculate the capacitance of the line per km. Given that g,
=8-854 x 1077 F/m.

Solution.
Conductor radius, r = lem
Spacing of conductors, d = 3m=300cm
. : nE, X 8-854 %107
: = F =
Capacitance of the line log, dir /m Tog, 30071 F/m

0-4875x 107" F/m = 0-4875 x 10~ F/km
0-4875 x 102 pF/km
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3.4.2- Capacitance of three-phase line with symmetrical spacing

e Figure 23 shows the three conductors A, B and C of the 3-phase
overhead transmission line having charges q,, q, and q. per meter length

respectively.

Fig. 23:
e Let the distance d among the conductors is the same for all. We shall
find the capacitance from line conductor to neutral in this symmetrically
spaced line.

e The potential differences of V,;, and V,. are given by;

Q
v —L( ln2+ In—+ fng\
ab > e \qn - Db D ({d D y.
1 ( . D D r)
V,=—|¢q,In—+¢g,In+*+¢q. In—
27e \ r /D D )
1 {, D 4
Voo + Vs = %(an bt Sl i) I 5) Volts
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But qb+qc = _qa
1

D
Vv, +V 2 ln ——¢q, In—
ab ac 27'[8 ( qa qa D)

1 DY r 1 DY
In -—g In— |=—— In| —
e [q“ (r) e DJ 2re (qa (r) j

3
9 lr12 volts
Zira ¥

Phasor diagram of voltages Vas > Vs a1d V.,

=|v,|£30°
Vab °
=V, cos 30
2
-3y,

|vab| = \/—V

v, =~3V,,230°

i;ac o= —i;ca = ‘\/B_Vanl o 30°

Vo, +V,. =3V, £30° +f3V, £ -30°

=J§V(m x2xcos 30° =\/§Va,, x /3

== 3 Van
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3V, = 34 In £
2re r
V., = Ta_1n s volt
2ne r
C, =da - Sl F /m to neutral
n V D
an In—=
r
For ¢, =1
1 0.0555
C, = i D UF | Km
18 In — In —
r i3

Example:

A 3-phase overhead transmission line has its conductors arranged at the cor-
ners of an equilateral triangle of 2 m side. Calculate the capacitance of each line conductor per km.
Given that diameter of each conductor is 1-25 cm.

Solution,
Conductor radius, r = 12512 =0625 cm
Spacing of conductors, d =2m=200cm

Capacitance of each line conductor
2me, 27 x8-854 x 107"
F/m = F
og, dr ™ = " log, 200/0-625 ™
00096 x 10~ F/m = 0:0096 x 10”° F/km = 0-0096 pF/km
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Example:

A 3-phase , 50Hz , 132 KV overhead transmission lines has
conductor diameter of 4 cm each , are arranged in a horizontal
plane as shown in fig . supplies a balanced load , assume the line
is completely transposed . Find the capacitance to neutral per

phase per Km.
Phase A Phase B Phase C
1< i i 1
4m 4m

Dm :Deq :%/DABDBCDCA
=3/4x4x8 =5.04 m

Dg=r=2cm
0.0555 0.0555 0.0555
C= D, —l 50~ 5390 =0.01 uF' / Km
D, 2x107?
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3.4.3- Capacitance of three-phase line with unsymmetrical spacing

e Figure 24 shows a 3-phase transposed line having unsymmetrical spacing.

Let us assume balanced conditionsi.e. QA+ QB+ QC =0

a

D23

W

Fig. 24:

e Considering all the three sections of the transposed line for phase a.

— —

D D

vablzL qaln—lz_'-qblnL-*_qclni
27e | r D, D, |

_ o o5

V. =L g,In—*=+gq, 1n-r—+qc In =L
27e | r D,, D, |

Vab3 =—2~715_8 9a ln—%‘—+qbln~1§--+qc _ID)‘I‘z‘
L 31 23
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i, Vasr T Vas2 T Va3
ab —
3
i D\, DD, r’ |
q,In . +¢,In 5 5B 4
G 1 r 122345
ab —
6re D) D
+q. In =12 23/31/'
i 12472343
_ 1 1 \/D|2D23D3| l r
vab == 2_ qa n + qb n 3
e . 3 \/D12D23D31
If., Deq = 3\/D12D23D3|
1 - r
v, =—1/¢g In—%+g, In—
2re r D,
| D ¥
.3 v =——/|qg In—%+g In—
Slm]larly . o 2 e qa ¥ qc Deq

As in section () :

v, +v, =3V and q,+q,=-4,

an

I N T R
3x 27me 9a r 9a

¥

D

eq

an
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Dﬂ
Vo = l ¢, g, In—
Ix2me r Deq
1 [ . P2
= ] i |
Var 3x27e -q, n o ]
F)
v_ = Yo 1% yolts
2nE r
C,=a - EEE Fim
'l-"m an_
¥
o - 1E =ﬂ.ﬂ§}55 -~
18xIn—% In—L
F ¥

Example:

f&'é_:),. A 3_@\\ A ub\e OJVGMA % s .\} Q-v‘?oS«D
,,Jf B CoRQ B8\ Yo \?\N& c. g Yo per fWe

'\w Kd‘L-k«’\\t\ pu-e (dL-\“"\)/ auk-shde Ao A i

ooS* .\V\LL\.\ * &
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- A
Cog, B E = SR O @ €
4 h
"‘_ﬁ. “1e f)
Q‘Z - ,‘V)‘g"o‘-' )
A 53 - X 2 SR .
o e X 0
\o Lt
P e pP 6\ D y 3
u:"—‘?JDha nhg bg‘é @ Q—is O
| b ﬁf* - - h
‘(,‘ ) L&LXJ‘\AL’ N = «C
Dﬁg"q\/‘m ‘Dag -Dag -Oggn ,Oxc | OF, -
P - T —
qDSC. - JG“RN C‘\.Nt%( -G(MQQ( G\MQBC': |\’®BQ\
Cifw a IV P
G\MQ{L :\\j v« OpQ - v‘.ba\g - ’Y‘DNQ O'i f\c‘:
hé._g o 088 _sy= 60293 £

X o bl I «-»zu-m-a@( é\«k),pai,zu

ot DS!: - E/ Fm_$af-25.q .Jo-ot%s*?j ~\Foot%s$26'q

| of =o87s £4] i
,, P2 7 ‘.‘2 P/M ,é_\.. ._)‘.. —_‘_‘— e s T érlc.
C_CAV\ =, “%.%‘ *lb .. kk) )\ "Kﬁ-'V.L >\ >\/l)é
T T o R ha = e ik
@ ;T“ '*L (J{—M‘ ! NIT ~L - <
&) Xl = —geoT G e s T
L Y i) = *‘\JZ;M\ I
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3.4.4- Capacitance of bundle conductors

e The bundle conductor comprises two, three, and four conductors.

Geometric mean radius GMR (self-GMD) of the bundle conductor cab be

calculated;

Instead of (r), put D, , where :

Dsbc - 1s the GMR of a bundle conductor, and can be

calculated as 1n inductance
1- For two — conductor bundle :

Dh. =%/(Dsxd)’ =4/(Dsxd)’ =+/(Dsxd)

2- For three — conductor bundle :

Db =¥/(Ds xdxd)’ =3/(Ds xd*)* =3/ Dy xd?

3- For four — conductor bundle :

D, =5/(Dyxdxdxdv2)* =Y(Dyxd*\2)* =4 D;xd*\2

=1.09x%/ D, xd’

IF conductor is solid , Ds =T in above three condition
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.. Capacitance of 3-phase line , bundle conductor with
equilateral spacing :

C., =().0;15)5 UF | Km
]nDb

And for unsymmetrical spacing but transposed , the
capacitance is :

_0.0555
D

eq
b
sc

C., uF | Km

In

Example:

A J-phase , 50Hz , 400 KV overhead transmission  lines are
arranged m a horizontal plane , ¢ach phase has two — strand
bundle conductors , the diameter of each strand is 25mm , as
shown in the fig. below . Find the capacitance to neutral pet

phase per kn1.

h3m 25mm

|| | |

i i — _ —

Q, & 2o lozs R, &

i € =
i fm ' fm \

Phase A Phase B FPhaze
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Solution :

Dm =Deq =:{/DABI)BCDCA

=3/6x6x12 =7.56 m

=2=12.5 mm
2

Dg=r

D;fc =/ Ds xd

=12.5%102x0.3 =0.0612 m

_0.0555  0.0555 _ 0.0555
D, |, 756 4816

D? 0.0612

sC

C, =0.0115 uF'/ Km

In
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3.4.5- Effect of earth on the capacitance of a single-phase line

e Figure 25 shows a single conductor with uniform charge distribution and
with height h above earth plane.

e Consider that the conductor has a positive charge g coulomb/m, an equal
amount of negative charge —q coulomb/m is induced on the earth.

e The electric field lines will originate from positive charge on the
conductor and terminate at the negative charge on the earth.

e Also, the electric field lines are perpendicular to the surfaces of earth

and conductor.

Earth plane
(zero potential)

Fig. 25:

e Figure 26 shows that the earth is replaced by image conductor, lies
directly below the original conductor.
e The electric field above the plane is the same as it is when the ground is

present instead of image conductors.
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e The voltage between any two points above the earth is the same in figure

25 and 26.

Fig. 26:

e Figure 27 shows a single-phase line with flat horizontal spacing. The
earth plane is replaced by separate image conductor for each overhead

conductor.
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a b
— 04, s conductor

h
H
Ground

V
;SN S L Ly S S S

b'
-4, @ Images of
| < >|  conductors
D (a) and (b)

Fig. 27:

o Potential difference between conductor a and b can be easily obtained

as follows;
v —L[ 1n2+ lnL]+L[— lni— ln%il
@ e 9. r % D 2re T 2h 2 H
but H =+/D?+(2h)? =~/D? + 4h*
1 —L[ ln2+ lnL:|+
ab 27[8 qa » qb D
1 VD? + 4h? 2h
] =g IR —4g,In
2ne 2h \/Dz+4h2
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1 2hD rD? + 4h?
Vo = 5| 4. 1n +q,In
271€ rD? + 4h? 2hD
but q,=-q,
i I o 4n’D’
“ 2ne _q“ r’(D* +4h?)
_ =
1 D
——| In
27e A1+ (D?/4n%)
m 2¢g,In 07
2me ryl+(D*/4h%)
= 4a ln—+1n ] volts
e J1+(D?/4h?)
. C, =Jde = = Flm
In ——+ 2 \
\/1 +(D?/4h?) %
<4
effect of earth
term
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Example:

A single-phase line 40-kilometer-long consisting of two wires, the diameter of each is four
millimeters and the distance between wires is two meters. Find the capacitance with and

without effect of ground, consider the height above ground is five meters

Neglecting the presence ef ground

Line Length = 40 km

4 mm = 4x10™ m

-
il

o
i

2m

€y = 8.854%10°'2 F/m

nE nx 8.854% 10712

In(Dfr) in(2/4x10?)

= 4.47585%10712 F/m
For line of 40 km length
Cap = 4.47585x1071 x40x10°

= 1.7903x107 F
CAB = 017903'.1P
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We have,

Considering the presence of groung
Here,

€o= 8.854x10712 F/m

h=5m

D=2m

r=4mm=4x10"2 m

ne,

F/m

| D
) D M—
_r,/l +(D? /4h2)}

nx8.854x10712

2
|4x1073[1+[(2)2 / 4(5)%] =
= 4.49x107'2 F/m

In

For a line of length of 40 km

Cas

116 |Page

= 4.49x1071? x40x10% =1.7960x10~7 F
= 0.17960 UF

Dr. Mushtaq Najeeb




University of Anbar Electric Power I/15" Sem.

Third Class
2021-2022

College of Engineering

Dept. of Electrical Engineering

Chapter Four

Performance of Overhead Transmission Lines

4.1- Introduction

4.2- Equivalent circuit of Short Transmission line
4.3- Equivalent circuit of Medium Transmission line
4.4- Equivalent circuit of Long Transmission line

45- Examples
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4. 1- Introduction

e The important considerations in the design and operation of a
transmission line are the determination of voltage drop, line losses and
efficiency of transmission.

e These values are influenced by the line constants R, L and C of the
transmission line.

e The overhead transmission lines are classified as:

v' Short transmission lines:
The length of an overhead transmission line is upto about 80
km and the line voltage is less than 20 kV. Therefore, the
capacitance effects are small and hence can be neglected. To
study the ftransmission line performance, the only resistance and
inductance are taken into.

v Medium transmission lines:
The length of an overhead transmission line is between 80 to 250
km and the line voltage is between 20 kV to 100 kV. For purposes
of calculations, the distributed capacitance of the line is divided
and lumped in the form of condensers shunted across the line at

one or more points
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v' Long transmission lines:
The length of an overhead transmission line is more than 250 km

and line voltage is greater than 100 kV.

4.2- Equivalent circuit of Short Transmission line:

e The equivalent circuit of a single-phase short transmission line is shown

in figure 28. The total line resistance and inductance are lumped.

Z=R+jX I
+ 0P ALY Y Y ) +
4 Lol t
LOAD(]
Vs Va
-6 @ = P
Fig. 28:

e The circuit is a simple A.C series circuit, some terms need to be defined;

! = load current
R = loop resistance i.e., resistance of both conductors
A; = loop reactance
Ve = receiving end voltage
cos §, = receiving end power factor (lagging)
¥; = sending end voltage
cos §, = sending end power factor
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Vs &V, - phase voltage (rms value)
fo=l =T
Vy =V, +21,

Eqs . can be written in matrix form as:

v.1 1 Z][¥,
o 1)z
e The phasor diagram of the line for lagging load power factor is shown
below.
Ve = Vp+1IRcos ¢, +1X; sin¢,
Vg — ¥y
Voltage regulation = 7 = x 100
[ + iR
Sending end g £, cos g = OD _ Vg 08 9

oC 7
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Power delivered = V1, cos 0,
Line losses = IR
Power sentout = V1, cos ¢, + PR
o ; Power delivered
Transmission efficiency = Dower Rt ot > 100
Ve I, cos Oy
= R_K O x 100

Vo I cos 0 + I°R

o Effect of load power factor (p.f) on regulation and efficiency:
v Note, the receiving voltage (V;) will be taken as voltage reference

for inductive load (lagging p. f);

Taking VR' as the reference phasor, draw the phasor diagram as

shown.lIt is clear that 7; is the phasor sum of 71; and 7 7.

¥V = Vp+j0
7 =T Z—dgp=1I(cos dpp—jsin dp)
Z = R+jX,

7w 712
= (Vp+Jj0)+1(cos op—jsindy) (R+jX,)
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Voltage regulation. When a transmission line is carrying current, there is a voltage drop in
the line due to resistance and inductance of the line. The result is that receiving end voltage
(V) of the line is generally less than the sending end voltage (V). This voltage drop (V¢ —
V) in the line is expressed as a percentage of receiving end voltage V, and is called voltage
regulation.

v Note, the receiving voltage (V) will be taken as voltage reference

for capacitive load (leading p. f);

When the load p.f. is leading to this extent that / X; sin ¢, > I R cos ¢, then voltage regula-
tion is negative i.e. the receiving end voltage ¥, is more than the sending end voltage V.

v Note, the receiving voltage (V) will be taken as voltage reference

for resistive load (unity p. f);

When the load p.f. is unity or such leading that / R cos ¢, > I X, sin ¢, then
voltage regulation is positive i.e., receiving end voltage ¥/, will be less than the sending end
voltage V.
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transmission efficiency. The power delivered
to the load depends upon the power factor.
P = Vp*Icos ¢, (For 1-phase line)

e

~ Vicosdp
P = 3 V,Icos ¢, (For3-phase line)
o B

3V, cos b,

It is clear that in each case, for a given amount of
power to be transmitted (P) and receiving end voltage

(V). the load current / is inversely proportional to the load p.f. cos ¢.
Consequently, with the decrease in load p.f., the load current and hence

the line losses are increased. This leads to the conclusion that trans-

mission efficiency of a line decreases with the decrease in load
p.f. and vice-versa,

Example:

A single phase overhead transmission line delivers 1100 kW at 33 kV at 0-8 p.f.
lagging. The total resistance and inductive reactance of the line are 10 Q and 15 Q respectively.
Determine : (i) sending end voltage (ii) sending end power factor and (iii) transmission efficiency.

Solution.
Load power factor, cos ¢, = 0-8 lagging

Total line impedance, Z=R +j X, =10+ 15

Receiving end voltage, V=33 kV = 33,000 V

. kW x10° 1100 x 10°
= —¢ :4 .
Line current, / V- cos 0, _ 33,000 0-8 167 A

Ascosd, = 08 .. sin¢,=06
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Taking receiving end voltage VR' as the reference phasor,
Ve = Vp+j0=33000V

1 = I (cos §p —j sin @)
= 4167 (0-8 -/ 06)=33-33 - 25

—_— > =

(/) Sending end voltage, VS’ = Vot lZ
= 33,000 +(33-33 —;25-0) (10 +; 15)
= 33,000 +333-3 — ;250 + ;500 + 375
= 33,7083 +; 250

Magnitude of Vg = \/(33,708-3)2 +(250)° =33,709V

250
= ol T LR Do) ) WO — ().47°
o = tan 337083 ~ tan ~ 0-0074 = 0-42

. Sending end power factor angle is
bg = b+ 0= 3687 +0-42°=37:29°
. Sendingend p.f,, cosd; = cos 37:29° = 07956 lagging
(iif) Line losses = I'R = (4167 x 10= 17,364 W = 17364 kW
Output delivered = 1100 kW

Powersent = 1100+ 17-364=1117-364 kW

Transmission efficiency = Po;vgvrv(el:lslzgcd x 100 = 1117-364 1}}10264

Note. Vgand ¢4 can also be calculated as follows :
Vi = Vp+IRcos ¢y + 11X, sin §, (approximately)
= 33,000+ 4167 x 10 x 08 +41-67x15x06
= 33,000 + 333-36 + 37503

x 100 = 98-44%

= 33708:39 V which is approximately the same as above
Vecosbp+ IR 33000x0-8+41-67x10 _ 26816-7

Ve - 33,708-39 ~ 33,708-39
= 0-7958

Cos g =
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4.3-

Equivalent Circuit of Medium Transmission Line:

As the length and voltage of the line are increased, the capacitance
gradually becomes importance.

Since the length of fransmission line is between 80 to 250 km and usually
operate at voltages greater than 20 kV until 100 kV, the effects of
capacitance cannot be neglected.

Therefore, in order to obtain reasonable accuracy in medium
transmission line calculations, the line capacitance must be taken into
consideration.

The capacitance is uniformly distributed over the entire length of the
line. However, in order to make the calculations simple, the line
capacitance is assumed to be lumped or concentrated in the form of
capacitors shunted across the line at one or more points.

The most commonly used methods for the solution of medium

transmissions lines are: (i) Nominal T method (ii) Nominal ™ method.

4.3.1- Nominal T method:

In this method, the whole line capacitance is assumed to be concentrated
at the middle point of the line and half the line resistance and reactance

are lumped on its either side as shown in Figure 29.
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e Therefore, in this arrangement, full charging current flows over half the

line.

" VW—p 75

Vs
B s e v e e
Neutral
Fig. 29:
Let
I, = load current per phase ; R = resistance per phase
X, = inductive reactance per phase ; C = capacitance per phase
cos §, = receiving end power factor (/agging) ; V s =sending end voltage/phase

V, = voltage across capacitor C

e The phasor diagram for the nominal T method is shown in figure 30.

Taking the receiving end voltage V, as the reference phasor, we have,

Receiving end voltage, = Vptj0

LLoad current,

Sal N

Ip(cosdp—jsind )
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Fig. 30:
Voltage across C, T/l’ = VR’ + E Z/2
= Vi + 1 (cos Op —j sin Op) (.§+j inA)
Capacitive current, I_C’ = jocC T/T =j2rnfC T/;
Sending end current, 7; = 7,; + T(;
— — r— —_ — X
Sending end voltage, Ve = N+ g—= n+Ig (g +7 —Z'L—)

Example:
A 3-phase, 50-Hz overhead transmission line 100 km long has the following constants :

Resistance/km/phase =018
Inductive reactance/km/phase =028
Capacitive susceptance/km/phase = (0-04 1077 siemen

Determine (i) the sending end current (ii) sending end voltage (iii) sending end power factor
and (iv) transmission efficiency when supplying a balanced load of 10,000 kW at 66 kV, p.f. 0-8
lagging. Use nominal T method.
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Total resistance/phase, R = 0:1x100=10Q

Total reactance/phase. X; = 02x100=20Q

Capacitive susceptance, Y = 004%x107 %100 =4x107*S

Receiving end voltage/phase, Ve = 66,000\ 3 =38105 V

10,000 x 10°
Load current, Ip = =109 A

V3 %x66x10° x0-8
cos, = 0:8; sing,=06

Impedance per phase, Z =R+ JX;=10+;20

Receiving end voltage, V, = V,+j0=38,105 ¥
Load current, 1_,; = Ip(cos bp—j sin @p) = 109 (0-8 —j 0-6) =872 —j 654
Voltage across C, ¥ = Vg + 1, 2/2 =38,105+ (872 —j 65:4) (5 +,10)
= 38,105 +436 +; 872 —j 327 + 654 = 39,195 +j 545
Sending end current, —I_S' = 7; + 7; = (872-j654) +(-0218+;156)
= 87-0—-;49-8=100 L —29°47" A
Sending end current = 100 A

(i) Sending end voltage, V; = T’: +1Ig /2 = (39,195 + j 545) + (870 —j 49-8) (5 + 10)
39,195 + j 545 + 434°9 + j 870 — j 249 + 498
40128 +; 1170 =40145 L 1°40"V

Line value of sending end voltage
= 40145 xV 3 =69 533 V =69-533 kV
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(éii) Referring to phasor diagram,
— . 4 ’ VST VR
8, = angle between V, and V5 = 1°40

8, = angle between 7,; and 7; =29°47
Os

angle between l_{; and -1;:
= 0, + 6, =1°40" + 29°47" = 31°27"
Sending end power factor, cos ¢g = cos 31°27" = 0-853 lag o
(iv) Sending end power = 3 Vg /¢ cos Oo=3 x 40,145 x 100 x 0-853
10273105 W = 10273-105 kW
Power delivered = 10,000 kW

10,000
10273-105

Transmission efficiency = x 100 = 9734%

Example:

A 3-phase, 50 Hz transmission line 100 km long delivers 20 MW at 0-9 p.f.
lagging and at 110 kV. The resistance and reactance of the line per phase per km are 0-2 £2 and (-4

L2 respectively, while capacitance admittance is 2-5 x 1 07° siemen/km/phase. Calculate : (i) the

current and voltage at the sending end (ii) efficiency of transmission. Use nominal T method.
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4.3.2- Nominal = method:

e In this method, capacitance of each conductor (i.e., line to neutral) is

divided into two halves; one half being lumped at the sending end and the

other half at the receiving end as shown in figure 31.

e It is obvious that capacitance at the sending end has no effect on the

line drop.

e However, its charging current must be added to line current in order to

obtain the total sending end current.
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Ico

V¢ —Z—Cl2
Boosguoisa

Let Ip

R

X

(&

cos ¢p

Vs

R I, XL In
VVNV—>—F55" > *
Icy
G2 — I:E] Vi
- |
_____ 2oLl I WS (.
Fig. 31:

= load current per phase

resistance per phase

= inductive reactance per phase

= capacitance per phase

= receiving end power factor (lagging)
= sending end voltage per phase
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Fig. 32:

e Taking the receiving end voltage as the reference phasor, we have,

= Vp+joO

Ve
Load current, [_R'

= I, (cos @, —j sin @)
Charging current at load end is

Iq = jOC2)Vr=jnfCV

Line current, I & 7; + I_C;
Sending end voltage, Vo = Vo+I, Z=Vo+1I, (R+jX;)
Charging current at the sending end is

I, = jO(C2)Ve=jm fCV;

. Sending end current, 7; = I_L' + E
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Example:

A 3-phase, 50Hz, 150 km line has a resistance, inductive reactance and capacitive
shunt admittance of 0-1 Q, 0-5 Q and 3 x 1 0°s per km per phase. If the line delivers 50 MW

at 110 kV and 0-8 p.f. lagging, determine the sending end voltage and current. Assume a nominal 1

circuit for the line.

Solution. Fig. shows the circuit diagram for the line.

Total resistance/phase, R= 01x150=15 Q

Total reactance/phase, X, = 0:5x150=75Q

Capacitive admittance/phase, Y = 3 X 10°%150=45x10"§

Receiving end voltage/phase, V, = 110X 103/ V3 =63,508 V
50 x 10°

Load current, I, = =328 A
R Bx110%x10° x0-8
cosOp, = 08, sind,=06
Ig R | I
R_"_I—‘ VVV——F00 I y Y
Ico Ieq
L — o7/ C/l2-— Vg
-
 SUNUED S Neutal _____ o-Y__
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Taking receiving end voltage as the reference phasor, we have,
Ve = Vix+j0=63508V

Load current, TR’ = Iy (cos O, —jsin §p) =328 (0-8 —j0-6) =262-4 —j196-8
Charging current at the load end is

= ¥ 45%107°
)

I, = Ve j o5 =63508% j =j 143

—

Line current, 7, = T, +1, =(262:4—j1968) +; 143 =262-4 - 182'5

Sending end voltage, 75) = VR' + I_L' p = VR' + 1_1: (R+j X))
= 63,508 + (2624 —; 182-5) (15 + 75)
= 63,508 +3936 +; 19,680 —; 27375 + 13,687
= 81,131 +;16,942-5=82,881 L 11°47'V
Line to line sending end voltage = 82,881 x Vv 3=1,43,550V=143-55 kV
Charging current at the sending end is

-5

— 381+ 1825
Sending end current, I = I + I, = (2624 —j 182:5) + (- 3-81 + 18:25)

= 2586—716425=3064 £L-324°A
Sending end current = 3064 A
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Example:

A 100-km long, 3-phase, 50-Hz transmission line has following line constants:
Resistance/phase/km = 0-1 £2

Reactance/phase/km = 0-5 €2

Susceptance/phase/km = 10 x 1 s

If the line supplies load of 20 MW at 0-9 p.f. lagging at 66 kV at the receiving
end, calculate by nominal  method :

(i) sending end power factor (ii) regulation

(iif) transmission efficiency
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4.4- Equivalent circuit of Long Transmission line:

e Figure 33 shows one phase and neutral connection of a 3-phase line with

impedance and shunt admittance of the line uniformly distributed.

- Y- RN I
R} F =11 ¥ L 4
| | | I |
| | I I | |
Vs v+di ydx| [\ v Va
: cr L :
4 ¥ i g

P —

Fig. 33:

e Consider a small element in the line of length 'dx’ situated at a distance

'x" from the receiving end.

Let z = series impedance of the line per unit length
y = shunt admittance of the line per unit length
V = voltage at the end of element towards receiving end
V+dV = voltage at the end of element towards sending end
I+dl = current entering the element dx
I = current leaving the element dx
Then for the small element d,
zdx = series impedance
y dx = shunt admittance
Obviously,dV = Izdx

or % =1z i)
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e Now, the current entering the element 'dx' is (I + dI) whereas the

current leaving the same element is I.

e The difference in the currents flows through shunt admittance of the

element i.e.,
dl = Current through shunt admittance of element = V'y dx
or % =Vy (i)

e For elemental section under consideration, we can write the circuit

equations as follows:

dV(x) _
=gy 2. 1(x) ...(6.20)
dl
d?) = y.V(x) ..{6.22)

Differentiating eqn. (6.20) and substituting from eqn. (6.22), we get,

2 ;
TV o B0 v

dx* dx
2
VD _yviw=0 .(6.23)
dx
Let v =2y ...(6.24)
d*v ;
Therefore, 3 gx) ~YV(x) =0 ..(6.25)
x
The solution of the above equation is
Vix) = Cie"™ + Cy e ...{6.26)
where, v, known as the propagation constant and is given by,
Y=o +JB — ‘/5 ...(6.27)
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The real part o is known as the attenuation constant, and the
imaginary part B is known as the phase constant. B is measured

in radian per unit length. From eqn. (6.20), the current is,
1.4V

I(x) = dx

N

I(x) = % (Cie™—Cye ™)

I(x) = \/g (Cie™*=Cye™)

1
I(x) = Z

where, Z is known as the characteristic impedance, given by

<
Zo= |— ...(6.29
C J; ( )

For Over Head Transmission Line , Z¢ = 400 — 6000

(Cie™—-Cye™ ...(6.28)

, and for underground cable Z¢ = 40 — 60Q

Now note that, when x = 0, V(x) = Vi and from eqn. (6.26), we get

Ve=0C, +Cy ...{6.30)
also when x = 0, I(x) = I and from eqn. (6.28), we get,

LS (0~ C ..(6.31)
Zg
Solving eqns. (6.30) and (6.31), we obtain,
C, = w .(6.32)
Vo —Zn1
C;= ("—2”) ...(6.33)

Substituting the values of C; and C, from egns. (6.32) and (6.33)
into eqns. (6.26) and (6.28), we get

Vix) = (Vg +ZZCIR) e™ + %_zﬂe—ﬁ ..(8.34)

Dr. Mushtaq Najeeb
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(VR + ZCIR) (VR— chx) -
I(x) = ™ T ...(6.35
(x) YA e 57, e (6.35)
The equations for voltage and currents can be rearranged as follows:
™ + - ™ _o"
Vix) = k] 2e g ...(6.36)
(e™ —e™™) (e™ +e™)
I(x) = ———V, I «(6.37
(%) 27, R 2 R (6.37)
or WV(x) = cosh(yx) V + Z; sinh(yx) Iy ...(6.38)
I(x) = -21— sinh(yx) Vi + cosh(yx)I ...{6.39)
C

Our interest is in the relation between the sending end and the
receiving end of the line. Therefore, when x = I, V(I) = V5 and
I(l) = Ig. The result is

Vg = cosh (y1)Vy + Z sinh(yl)Iy ...(6.40)
Ig= Z_lc sinh (yl) Vi + cosh(yl) Iz ..(6.41)
Therefore, ABCD constants are:
A =cosh(yl) ; B=Z; sinh(yl) ...(6.42)
C= Z_lc sinh(yl) ; D = cosh(yl) ...(6.43)
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Example:

\.

A 3-0 transmission line 200 km long has the following constants :
Resistance/phase/km = 0-16 Q
Reactance/phase/km = 0-25 Q

Shunt admittance/phase/km = 1-5 x 1 0°s

Calculate the sending end voltage and current when the line is delivering a load of
20 MW at 0-8 p.f. lagging. The receiving end voltage is kept constant at 110 kV.
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