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                3.5-   Examples. 
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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: 

• 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 to 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: 

• 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 different forms in nature 

into electrical energy is known as generation of electrical energy. 
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• 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. 

• 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 to 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 turbine converts heat energy of steam into mechanical 

energy which is further converted into electrical energy 

by the alternator. 

 

Fig. 1: General way to 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:  

• The Sun is the primary source of energy.   

• The heat energy radiated by the Sun can be focused over a small 

area by means of reflectors.   

• This heat can be used to raise steam and electrical energy can be 

produced with the help of turbine-alternator combination.   

• 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. 

• The wind energy is used to run the wind mill which drives a small 

generator. 

• In order to obtain the electrical energy from a wind mill 

continuously, the generator is arranged to charge the batteries. 

• These batteries supply the energy when the wind stops.   

• This method has the advantages that maintenance and generation 

costs are negligible.  

• 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: 

• When water is stored at a suitable place, it possesses potential 

energy because of the head created.   

• This water energy can be converted into mechanical energy with 

the help of water turbines.   
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• The water turbine drives the alternator which converts 

mechanical energy into electrical energy.   

• This method of generation of electrical energy has become very 

popular because it has low production and maintenance costs. 

 

       1.3.4- Fuels: 

• The main sources of energy are fuels viz., solid fuel as coal, liquid 

fuel as oil and gas fuel as natural gas.   

• The heat energy of these fuels is converted into mechanical energy 

by suitable prime movers such as steam engines, steam turbines, 

internal combustion engines etc.   

• 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: 

• 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.  

•  It is estimated that heat produced by 1 kg of nuclear fuel is 

equal to that produced by 4500 tons of coal.   

• The heat produced due to nuclear fission can be utilized to raise 

steam with suitable arrangements.   

• The steam can run the steam turbine which in turn can drive the 

alternator to produce electrical energy.   

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

a- high cost of nuclear plant. 

b- Problem of disposal of radioactive waste. 

 

 



 
 

12 | P a g e                                                        D r .  M u s h t a q  N a j e e b  
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Power I/1st Sem. 

Third Class 

2021-2022 
 

1.4- Structure of Electric Power System: 

• 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-   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. 

 

2.2-   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: 

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

smoke and fumes. 

• 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. 

 

Fig. 3: Steam power plant (from google) 

a- Coal and ash handling arrangement: 

• From the coal storage plant, coal  is crushed into small pieces and 

then delivered to the coal handling plant. 

• 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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• 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: 

• The dry steam is fed to the steam turbine through main valve. 

• The heat energy of steam when passing over the blades of turbine 

is converted into mechanical energy.   

• 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:  

• The alternator converts mechanical energy of turbine into 

electrical energy.   

• The electrical output from the alternator is delivered to the bus 

bars through transformer, circuit breakers and isolators. 
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e- Feed water (Condenser): 

• It condensate the steam that leaves out turbine.  

• It converts the low-pressure steam to water. 

 

f- Cooling arrangement: 

• The circulating water takes up the heat of the exhausted steam 

and itself becomes hot. 

• The hot water from the condenser is passed on to the cooling 

towers where it is cooled.   

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

 

2.2.2- Choice of Site for Steam Power Stations: 

• Supply of fuel:  The steam power station should be located near 

the coal mines so that transportation cost of fuel is minimum. 

•   Availability of water:  As huge amount of water is required for 

the condenser. 

• Transportation facilities:  The transportation facilities must exist 

such as rail, road, and etc. 

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

at a place where land is cheap. 
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• Nearness to load centers:  In order to reduce the transmission 

cost, the plant should be located near the center of the load.   

• Distance from populated area: As huge amount of coal is burnt in 

a steam power station; therefore, smoke and fumes pollute the 

surrounding area. 

 

2.3-   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. 

• In a 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: 

• It requires no fuel; water is used for the generation of electrical energy. 

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

• It requires small running charges because water is the source of energy 

which is available free of cost. 

• It is simple in construction and requires less maintenance. 

• It is robust and has a longer life 

 

Disadvantages: 

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

• There is uncertainty about the availability of huge amount of water due 

to dependence on weather conditions. 

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

• 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 

• The schematic arrangement of a hydro-electric plant is shown in 

Figure 4. 

• The dam is constructed across a river or lake. 

• The water collects at the back of the dam to form a reservoir.   
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• 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 to 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 into 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 to ensure the generation of power 

throughout the year.   
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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 transported. 

 

2.4-   Diesel Power Station 

• 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. 

• In a diesel power station, diesel engine is used as the prime mover.  

• The diesel burns inside the engine and the products of this combustion 

act as the “working fluid” to produce mechanical energy. 

• The diesel engine drives the alternator which converts mechanical 

energy into electrical energy.  

• As the generation cost is considerable due to high price of diesel, 

therefore, such power stations are only used to produce small power. 

• 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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• 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- It 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- It 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 

• A generating station in which nuclear energy is converted into electrical 

energy is known as a nuclear power station. 

• In nuclear power station, Uranium (U235) is subjected to nuclear fission 

in a special apparatus known as a reactor.   

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

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

mechanical energy.   

• The turbine drives the alternator which converts mechanical energy into 

electrical energy. 

• 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.   

• It has been found that complete fission of 1 kg of Uranium (U235) can 

produce as much energy as can be produced by the burning of 4,500 tons 

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. It ensures reliability of operation. 
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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 

• The schematic arrangement of a nuclear power station is shown in Figure 

6.   

• 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: 

• Nuclear fuel (U235) is subjected to nuclear fission.   

• 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 

• The fuel rods constitute the fission material and release huge amount of 

energy when bombarded with slow moving neutrons.  

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

• The moderator slows down the neutrons before they bombard the fuel 

rods.   

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

• Cadmium is strong neutron absorber and thus regulates the supply of 

neutrons for fission.   

• 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. 

• 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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• In practice, the lowering or raising of control rods is accomplished 

automatically according to the requirement of load.   

• The heat produced in the reactor is removed by the coolant, generally a 

sodium metal.   

• The coolant carries the heat to the heat exchanger. 

 

2. Heat exchanger: 

• The coolant gives up heat to the heat exchanger which is utilized in 

raising the steam.   

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

 

3. Steam turbine: 

• The steam produced in the heat exchanger is led to the steam turbine 

through a valve.   

 

4. Alternator: 

• The steam turbine drives the alternator which converts mechanical 

energy into electrical energy.   

• 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 
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• 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. 

 

 

2.6-   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 time due to uncertain 

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

• The curve showing the variation of load on the power station with 

respect to time is known as a load curve. 

• 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. 

 

Fig. 8: daily load curve of a power station. 

• 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 

• 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). 

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

in which it is contained gives the load factor. 

 

• 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). 

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

• Yearly load curve: It can be obtained by considering the monthly load 

curves of that particular year. 

• The yearly load curve is generally used to determine the annual load 

factor. 

 

2.6.2- Load Duration Curve: 

• 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.  



 
 

35 | P a g e                                                        D r .  M u s h t a q  N a j e e b  
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Power I/1st Sem. 

Third Class 

2021-2022 
 

 

Fig. 9: load duration curve 

• 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.   

• In other words, the maximum load is represented to the left and 

decreasing loads are represented to the right in the descending order. 

• 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: 

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

nature. 
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• However, the load curve on a power station can be considered in two 

parts, namely; 

• Base load:  The unvarying load which occurs almost the whole day on the 

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

 

Fig. 10 beak and base loads  

• 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. 

• Peak load:  The various peak demands of load over and above the base 

load of the station is known as peak load. 

• It is clear that there are two peak demands of load in figure 10 excluding 

base load. 

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

total load. 
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2.6.4- Types of Loads: 

• The load may be resistive (e.g., electric lamp), inductive (e.g., induction 

motor), capacitive or some combination of them.   

• The various types of loads on the power system are: 

1- Residential Load:  

• consists of lights, fans, refrigerators, heaters, television, small 

motors for pumping water etc.   

• 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.   

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

2- Commercial load:   

• It consists of lighting for shops, fans and electric equipment’s 

used in restaurants etc.   

• This class of load occurs for more hours during the day as 

compared to the residential load.   

• The commercial load has seasonal variations due to the 

extensive use of air-conditioners and space heaters. 

3- Industrial load:   

• The magnitude of industrial load depends upon the type of 

industry.  
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• 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.   

• Each consumer has certain equipment installed in his building.  

• The sum of the continuous ratings of all the equipments in the 

consumer’s building is the “connected load” of the consumer.   

• 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 × 100 + 500 = 1000 watts.   

• 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. 

• The load on the power station varies from time to time.   

• The maximum of all the demands that have occurred during a given 

period (say a day) is the maximum demand.   

• 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.   

 

• 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.   

• The knowledge of maximum demand is very important as it helps in 

determining the installed capacity of the station.   

• 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., 

 

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

• It is expected because maximum demand on the power station is 

less than the connected load.   

• If the maximum demand on the power station is 80 MW and the 

connected load is 100 MW, then demand factor = 80/100 = 0·8. 

• 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). 
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5- Load factor: 

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

i.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.   

• Load factor is always less than 1 because average load is smaller 

than the maximum demand. 

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

• per unit generated.   

• 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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• A power station supplies load to various types of consumers whose 

maximum demands generally do not occur at the same time. 

• Therefore, the maximum demand on the power station is always 

less than the sum of individual maximum demands of the consumers.   

• Obviously, diversity† factor will always be greater than 1.   

• 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., 

 

• Thus, if the considered period is one year, 
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• The plant capacity factor is an indication of the reserve capacity 

of the plant.   

• A power station is so designed that it has some reserve capacity 

for meeting the increased load demand in future.   

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

greater than the maximum demand on the plant. 

 

 

7- Plant use factor: 

   It is ratio of kWh generated to the product of plant capacity and the 

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

 

• Suppose a plant having installed capacity of 20 MW produces annual 

output of 7·35 × 106 kWh and remains in operation for 2190 hours 

in a year.  Then, 
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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 × 106 per annum.  Calculate (i) the 

demand factor and (ii) load factor. 

 

 

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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Example: 
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Chapter Three 

 

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 

 3.4-   Capacitance of Transmission Line 

 3.5-   Examples. 
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3.1-   Constants of a Transmission Line: 

 

• A transmission line has:  

✓ Series resistance (accounts for ohmic (I2R) line losses). 

✓ Series inductance-including resistance and inductive 

(gives rise to series – voltage drops along the line).  

✓ Shunt capacitance (gives rise to line – charging 

currents).  

uniformly distributed along the whole length of the line as 

shown in figure 11. 

 

Fig. 11:  

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

length (say one meter) of the line we will have: 
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• Therefore, the resistance and inductance are considered as lumped 

parameters.  

• As any two conductors of an overhead transmission line are 

separated by air which acts as an insulation (capacitor) as shown 

below 

 

• Therefore, capacitance exists between any two overhead line 

conductors. 

• The capacitance is uniformly distributed along the whole length of 

the line. 

 

• 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. 
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• The current flows between the conductors known as a charging 

current.  

• The charging current will flow in the line even when it is open-

circuited i.e., supplying no load. 

• 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: 

 

• The resistance of transmission line conductors is the most 

important cause of power loss in a transmission line. 

𝑹 =
𝒑𝒐𝒘𝒆𝒓 𝒍𝒐𝒔𝒔 𝒊𝒏 𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒐𝒓 

|𝑰|𝟐
 Ω 

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

conductor in amperes. 

• The d.c resistance of various type of conductors at specified 

temperature T is found by: 
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• The resistance of T.L conductor is affected by the following 

factors: 

✓   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. 

✓ 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. 
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✓ 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. 

 

 

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: 

 

• When alternating current flows through a conductor, a magnetic 

field is produced according to Oersted's law.  

• Due to the varying of magnetic field, induced EMF is produced 

according to Faraday’s law. 

• The direction of induced current (due to EMF) opposes the 

direction of applied current to the inductor according to Lenz’s law.  

• Mathematically, inductance of a circuit is defined as the flux 

linkages per unit current. 

 

• In order to find the inductance of a circuit, the following 

determinations are important: 

✓ Magnetic field intensity (𝐻 =
𝐼

2𝜋𝑟
 𝐴/𝑚, Ampere’s law: 

emf around any closed path equals to the current 

enclosed by the same path) 

✓ Magnetic flux density (𝐵 = 𝜇𝐻 𝑇𝑒𝑠𝑙𝑎, 𝜇 is permeability 

of medium (conductor) in which the magnetic field is 

measured). Where; 𝜇 = 𝜇𝑟𝜇𝑜,  𝜇𝑟 is relative permeability 

and 𝜇𝑜 is permeability of free space (𝜇𝑜 = 4𝜋 ∗ 10−7. 
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✓ Magnetic flux (ɸ = 𝐵𝐴 cos 𝜃 weber, wb). It is the 

measured of magnetic field density through a closed 

surface.  

✓ Magnetic flux linkages (Ψ or 𝜆 =Nɸ, wb-turn). Where N 

is the number of turns for surface of area. 

✓ Inductance from flux linkages per ampere is 𝐿 =
𝛹

𝐼
  

henry (H). 

 

3.3.1- Inductance of a solid cylindrical conductor due to internal flux: 

 

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

with radius r, carrying current I. 

 

Fig. 12: 

• For simplicity, assume that the conductor: (1) is nonmagnetic (𝜇 =

𝜇𝑜 = 4𝜋 ∗ 10−7 henry/meter), (2) has a uniform current density 

(skin effect is neglected).  
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• To determine the magnetic field intensity (𝐻𝑥) 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): 

 

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

current I. 

 

Fig. 13: 

• In order to determine the magnetic field intensity (𝐻𝑥) 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: 

 

• Figure 14 shows a single-phase two-wire line consisting of two solid 

cylindrical conductors 1 and 2.  

 

 
Fig. 14: 

 

• Conductor 1 with radius 𝑟1 and conductor 2 with radius 𝑟2. So, the total 

inductance of the circuit due to current in conductor 1 is: 
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• The inductance due to current in conductor 2 is: 
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3.3.4- Flux linkages of one conductor in a group: 

 

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

Assume that each conductor n carries current 𝐼𝑛.  

 

 

Fig. 15: 

 

• Assume that the sum of the conductor currents is zero. 
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3.3.5- Inductance of composite conductor lines: 

 

• Stranded conductors come under the general classification of composite 

conductors. 

• This means conductors composed of two or more strands electrically in 

parallel, the strands are identical and share the current equally. 

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

conductors A and B.  

 

 

Fig. 16: 

• Conductor A is composed of 𝑝 identical parallel filaments (strands) while 

conductor B is composed of 𝑞′ identical strands.  

• The current in conductor A is 𝐼 and the return current in conductor B is 

−𝐼.  

• Assume that the current is equally divided among the strands in both 

conductors A and B. 

• Therefore, each strand of conductor A carries the current 
𝐼

𝑝
 while each 

strand of conductor B carries the current −
𝐼

𝑞′ 
. 
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• The letter D represents the distances between the strands.  

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

group. 

 

• Based on above equation, the flux linkages of strand 𝑎 in conductor A 

can be obtained as; 
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• To find the inductance of strand 𝑎 in conductor A, the above equation is 

divided by 
𝐼

𝑝
.  

 

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

can be determined as; 

 

• The average inductance of the strands of conductor A is  

 

• Conductor A is composed of 𝑝 strands electrically in parallel; 
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• The numerator is called geometric mean distance (G.M.D) between 

conductors A and B which denoted 𝐷𝑚. But denominator is called 

geometric mean radius (G.M.R) and denoted 𝐷𝑠. 
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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).  

 

 

Fig. 17: 
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Example: 
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3.3.6- Inductance of three-phase lines with symmetrical spacing: 

 

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

group. 

 

• Figure 18 shows the conductors of a three-phase transmission line (a, b, 

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

 

Fig. 18: 

• Based on above equation, the total flux linkage of conductor in phase 𝑎 

due to its own current (𝐼𝑎) and also due to the mutual inductance effects 

of 𝐼𝑏 and 𝐼𝑐  is given by:  
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• Assume balanced three phase currents; 

 

 

 

 

 

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

 

• 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.   

• A different inductance in each phase results in unequal voltage drops in 

the three phases even if the currents in the conductors are balanced. 

• Therefore, the voltage at the receiving end will not be the same for all 

phases. 

• 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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• 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. 

• However, the transposed conductors are spaced unsymmetrical as shown 

in figure 19.  

 

Fig. 19: 

• To find the inductance of three phase line; 
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Example: 
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Example: 
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3.3.8- Inductance of bundled conductors: 

 

• In extra high voltage (EHV) transmission line, bundle conductors (use 

more than one conductor per phase) are used to reduce the effect of 

corona. 

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

four conductors. 

 

Fig. 20: 

• Where the small letter of 𝑑 is the bundle spacing.  

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

considered; 
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•  𝐷𝑠 in above equation is replaced by the 𝐺𝑀𝑅 of the bundle, which is 

denoted by 𝐷𝑆𝐿
𝑏 ; 
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Example: 

 

 

 

 

 

 



 
 

87 | P a g e                                                        D r .  M u s h t a q  N a j e e b  
 

University of Anbar 

College of Engineering 

Dept. of Electrical Engineering 

Electric Power I/1st Sem. 

Third Class 

2021-2022 
 

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

 

• A three-phase double circuit line consists of two parallel conductors for 

each phase. 

• To enhance the maximum transmission capability, it is desirable to have 

a configuration which results in minimum inductance per phase. 

• This is possible if mutual 𝐺𝑀𝐷 (𝐷𝑚) is low and self 𝐺𝑀𝐷 (𝐷𝑠 𝑜𝑟 𝐺𝑀𝑅 =

0.7788 𝑟) is high as shown in figure 21 below. 

 

 

Fig. 21: 

• To calculate the inductance, it is necessary to determine mutual 𝐺𝑀𝐷 

(𝐷𝑚)  and self 𝐺𝑀𝐷 (𝐷𝑠). Suppose the radius of each conductor is r. 
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• The self-GMD (GMR) of a conductor depends upon the size and shape of 

the conductor and is independent of the spacing between the 

conductors. 

• 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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• The inductance formulas can be expressed in terms of GMD as listed 

below. 

 

 

 

Example: 
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• Note, if there is bundle with three-phase double circuit. 
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3.4- Capacitance of Transmission Line 

 

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

the line capacitance draws a leading current. 

 

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

current of the line.  

 

• The charging current will flow in the line even when it is open-circuited 

i.e., supplying no load. 

• The line capacitance is proportional to the length of the transmission 

line and may be neglected for a line less than 80 km of length. 

• Figure 22 shows a solid cylindrical conductor has a uniform charge 

(assumed positive charge) throughout its length and is isolated from 

other charges.  

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

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

distance X is; 

 

 

• The amount of capacitance between conductors is a function of 

conductor radius, spacing and height above the ground. 
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• Since the equipotential surface is orthogonal to electric flux lines, the 

equipotential surfaces are concentric cylinders surrounding the 

conductors. 

 

• By definition, the capacitance between the conductors is the ratio of 

charge on the conductors to the potential difference between them. 

• The work done to move a unit charge of one coulomb from 𝑃2 to 𝑃1 is 

numerically equal to the potential difference. 
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3.4.1- Capacitance of a two-wire line 

 

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

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

 

 
Electric field between two-line conductors 

 

• Consider a single-phase overhead transmission line consisting of two 

parallel conductors A and B spaced D meters apart in air.  Let us consider 

the two conductors A and B having charges 𝑞𝑎 and 𝑞𝑏 as shown below. 
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• The potential difference between two conductors (𝑉𝑎𝑏) is given by; 
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• Capacitance to neutral, if we want to find the capacitance between one 

of the conductors and a neutral point as shown below. 
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Example: 
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3.4.2- Capacitance of three-phase line with symmetrical spacing 

 

• Figure 23 shows the three conductors A, B and C of the 3-phase 

overhead transmission line having charges 𝑞𝑎, 𝑞𝑏 and 𝑞𝑐 per meter length 

respectively. 

 

Fig. 23: 

• 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.   

• The potential differences of 𝑉𝑎𝑏  and 𝑉𝑎𝑐 are given by; 
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Example: 
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Example: 
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3.4.3- Capacitance of three-phase line with unsymmetrical spacing 

 

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

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

 

Fig. 24: 

• Considering all the three sections of the transposed line for phase a. 
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Example: 
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3.4.4- Capacitance of bundle conductors 

 

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

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

calculated; 
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Example: 
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3.4.5- Effect of earth on the capacitance of a single-phase line 

 

• Figure 25 shows a single conductor with uniform charge distribution and 

with height ℎ above earth plane. 

• Consider that the conductor has a positive charge 𝑞 coulomb/m, an equal 

amount of negative charge −𝑞 coulomb/m is induced on the earth. 

• The electric field lines will originate from positive charge on the 

conductor and terminate at the negative charge on the earth.  

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

and conductor.  

 

Fig. 25: 

 

• Figure 26 shows that the earth is replaced by image conductor, lies 

directly below the original conductor. 

• 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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• The voltage between any two points above the earth is the same in figure 

25 and 26. 

 

Fig. 26: 

• 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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Fig. 27: 

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

as follows; 
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Example: 
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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 

4.5-   Examples 
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4.1-   Introduction   

• The important considerations in the design and operation of a 

transmission line are the determination of voltage drop, line losses and 

efficiency of transmission.   

• These values are influenced by the line constants R, L and C of the 

transmission line. 

• The overhead transmission lines are classified as: 

✓ 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 transmission line performance, the only resistance and 

inductance are taken into. 

✓ 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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✓ 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: 

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

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

 

Fig. 28: 

• The circuit is a simple A.C series circuit, some terms need to be defined; 
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• The phasor diagram of the line for lagging load power factor is shown 

below. 
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• Effect of load power factor (𝑝. 𝑓) on regulation and efficiency: 

✓ Note, the receiving voltage (𝑉𝑅) will be taken as voltage reference 

for inductive load (lagging 𝑝. 𝑓); 
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✓ Note, the receiving voltage (𝑉𝑅) will be taken as voltage reference 

for capacitive load (leading 𝑝. 𝑓); 

 

 

✓ Note, the receiving voltage (𝑉𝑅) will be taken as voltage reference 

for resistive load (unity 𝑝. 𝑓); 
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Example: 
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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 transmission 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 π 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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• Therefore, in this arrangement, full charging current flows over half the 

line. 

 

Fig. 29: 

 

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

Taking the receiving end voltage 𝑉𝑅
⃗⃗⃗⃗  as the reference phasor, we have, 
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Fig. 30: 

 

Example: 
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Example: 
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4.3.2- Nominal π method: 

• 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.   

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

line drop.   

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

obtain the total sending end current. 

 

Fig. 31: 
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• The phasor diagram for the nominal π method is shown in figure 32. 

 

Fig. 32: 

• Taking the receiving end voltage as the reference phasor, we have, 
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Example: 
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Example: 
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4.4-   Equivalent circuit of Long Transmission line: 

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

impedance and shunt admittance of the line uniformly distributed. 

 

Fig. 33: 

• Consider a small element in the line of length ‘𝑑𝑥’ situated at a distance 

‘𝑥’ from the receiving end. 
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• Now, the current entering the element ‘𝑑𝑥’ is (𝐼 +  𝑑𝐼) whereas the 

current leaving the same element is I.   

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

element i.e., 

 

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

equations as follows: 
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Example: 
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