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Course Objectives: 

  To know about fundamental aspects of distribution system, principle of distribution 

substations 

  To know about classification of various loads 

  To understand difference between conventional load flow studies of power system and 

distribution system load flow  

 To know about evaluation of voltage droop and power loss calculations, distribution 

automation and management system, SCADA  

Course Outcomes: 

 • Understand basics of distribution systems and substations, modelling of various loads  

• Evaluation of load flow solutions in distribution system 

 • Evaluation of power loss and feeder cost 

 • Analyze the concepts of SCADA, Automation distribution system and management 

 

 UNIT IDISTRIBUTION SYSTEM FUNDAMENTALS 

 Brief description about electrical power transmission and distribution systems, Different types of 

distribution sub-transmission systems, Substation bus schemes, Factors effecting the substation 

location, Factors effecting the primary feeder rating, types of primary feeders, Factors affecting 

the primary feeder voltage level, Factors effecting the primary feeder loading.  

UNIT II DISTRIBUTION SYSTEM SUBSTATIONS AND LOADS 

 Substations: Rating of a distribution substation for square and hexagonal shaped distribution 

substation service area, K constant, Radial feeder with uniformly and non-uniformly distributed 

loading. Loads: Various types of loads, Definitions of various terms related to system loading, 

detailed description of distribution transformer loading, feeder loading, Modelling of star and delta 

connected loads, two-phase and single-phase loads, shunt capacitors. 

 UNIT IIIDISTRIBUTION SYSTEM LOAD FLOW  

Exact line segment model, Modified line model, approximate line segment model, Step-Voltage 

Regulators, Line drop compensator, Forward/Backward sweep distribution load flow algorithm – 

Numerical problems. 

 



UNIT IV VOLTAGE DROP AND POWER LOSS CALCULATION  

Analysis of non-three phase primary lines, concepts of four-wire multi-grounded common-neutral 

distribution system, Percent power loss calculation, Distribution feeder cost calculation methods, 

Capacitor installation types, types of three-phase capacitor-bank connections, Economic 

justification for capacitors – Numerical problems. 

UNIT VDISTRIBUTION AUTOMATION 

 Distribution automation, distribution management systems, distribution automation system 

functions, Basic SCADA system, outage management, decision support applications, substation 

automation, control feeder automation, database structures and interfaces.  

Text books:  

1. Distribution System Modelling and Analysis, William H. Kersting, CRC Press, Newyork, 2002.  

2. Electric Power Distribution System Engineering, TuranGonen, McGraw-Hill Inc., New Delhi, 

1986.  

Reference Books:  

1. Control and automation of electrical power distribution systems, James Northcote-Green and 

Robert Wilson, CRC Press (Taylor & Francis), New York, 2007. 

 Online Learning Resources: .https://onlinecourses.nptel.ac.in/noc22_ee126/preview 
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UNIT-1 

DISTRIBUTION SYSTEM FUNDAMENTALS 

INTRODUCTION 

The distribution system is that part of the electric utility system between the bulk power 

source and the customers’ service switches. This definition of the distribution system includes 

the following components: 

1, Subtransmission system 

2. Distribution substations 

3.Distribution or primary feeders 

4. Distribution transformers 

5. Secondary circuits 

6. Service drops 

The distribution system as that part of the electric utility system between the distribution 

substations and the consumers’ service entrance. 

            Figure 1 shows a one-line diagram of a typical distribution system. The 

subtransmission circuits deliver energy from bulk power sources to the distribution 

substations. The subtransmission voltage is somewhere between 12.47 and 245 kV. The 

distribution substation, which is made of power transformers together with the necessary 

voltage-regulating apparatus, buses, and switch. gear, reduces the subtransmission voltage to 

a lower primary system voltage for local distribution.‘The three-phase primary feeder, which 

is usually operating in the range of 4.16-34.5 KV, distributes energy from the low-voltage 

bus of the substation to its load center where it branches into three-phase subfeeders and 

single laterals. 

Distribution transformers, in ratings from 10 to 500 kVA, are usually connected to each  

primary feeder, subfeeders, and laterals. They reduce the distribution voltage to the utilization 

voltage. The secondaries facilitate the path to distribute energy from the distribution 

transformer to consumers through service drops. 
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SUBTRANSMISSION 

 

 The subtransmission system is that part of the electric utility system which delivers power 

from bulk power sources, such as large transmission substations. The 

subtransmission circuits may bemade of overhead open-wire construction on wood poles or 

of underground cables. The voltage of these circuits varies from 12.47 to 245 kV, with the 

majority at 69-, 115-, and 138-kV voltage levels. There is a continuous trend in the usage of 

the higher voltage as a result of the increasing use of higher primary voltages. 

 

 

Figure.1   One-line diagram of a typical distribution system 

 

The subtransmission system designs vary from simple radial systems to a subtransmission 

net- work. The major considerations affecting the design are cost and reliability. 
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Figure 2 shows a radial subtransmission system. In the radial system, as the name implies, 

the circuits radiate from the bulk power stations to the distribution substations. The radial 

system is simple and has a low first cost but it also has a low service continuity. Because of 

this reason, the radial system is not generally used. Instead, an improved form of radial-type 

subtransmission design is preferred, as shown in Figure.3 

  

Figure.2   Radaial-type Subtransmission 

It allows relatively faster service restoration when a fault occurs on one of the subtransmission 

circuits. 

In general, due to higher service reliability, the subtransmission system is designed as loop 

cir- cuits or multiple circuits forming a subtransmission grid or network.  

Figure.4 shows a loop-typesubtransmission system. In this design, a single circuit originating 

from a bulk power bus runs through a number of substations and returns to the same bus. 

Figure 4.5 shows a grid-type subtransmission which has multiple circuits. The distribution 

substations are interconnected, and the design may have more than one bulk power source. 

There- fore, it has the greatest service reliability, and it requires costly control of power flow 

and relaying. It is the most commonly used form of subtransmission. 
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Figure.3 Improved from of radial-type Subtransmission 

 

 

Figure.4 Loop-type Subtransmission 
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Figure.5 Grid-or network-type Subtransmission 

 

 

 

SUBSTATION BUS SCHEMES 

The different types of bus bar arrangements are: 

1. Single bus bar 

2. Single bus bar system with sectionalization 

3. Double bus bar with single breaker 

4. Double bus bar with two circuit breakers 

5. Breakers and a half with two main buses  

6. Main and transfer bus bar 

7. Double bus bar with bypass isolator 

8. Ring bus 
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1.SINGLE BUS BAR 

It consists of a single bus bar and all the incoming and outgoing lines are connected to the 

same bus bar as shown in Fig.1. Here, the 11 kV incoming lines are connected to the bus bar 

through isolators and circuit breakers. Three-phase, 400 V and single-phase, 230 V outgoing 

lines are connected through isolator, circuit breaker, and step-down transformer from the bus 

bar. This type of arrangement is suitable for DC stations and small AC stations. The major 

drawback of this system is that, if the fault occurs on any section of the bus bar, the entire bus 

bar is to be de-energized for carrying out the repair work. So, this results in a loss of continuity 

of service of all feeders. Similarly, the periodical maintenance work on bus bars can also be 

carried out only by disconnecting the whole supply. 

 

Fig.1  Layout diagram of single bus bar 

The equipment connections are very simple, and hence, the system is very convenient to 

operate. This arrangement is not popular for voltages above 33 kV. The indoor 11 kV 

substations often use single bus bar arrangements. 

Merits: 

 Each of the outgoing circuits requires a single-circuit breaker. So, this type of 

arrangement is the cheapest one. 

 The relaying system is simple. 

 The maintenance cost is low. 

 The bus bar potential can be used for the line relays. 
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Demerits: 

 Maintenance without interruption of supply is not possible. 

 Expansion of the substation without shutdown is not possible. 

 

2.SINGLE-BUS BAR SYSTEM WITH SECTIONALIZATION 

The sectionalization of the bus bar ensures continuity of supply on the other feeders, during 

the time of maintenance or repair of one side of the bus bar. The whole of the supply need 

not be shut down. The number of sections of a bus bar is usually 2 or 3 is a substation as 

shown in Fig.2, but actually it is limited by the short- circuit current to be handled. Another 

advantage of sectionalization is that the circuit breaks of low breaking capacity can be used 

on the sections as compared to the previous case. In case of duplicate feeders, they are 

connected to different sections of the bus bars so that in the event of a fault on one of the bus 

bar sections, the feeders connected to it are immediately transferred to the healthy-bus bar 

section and the faulty section is isolated. 

An important point to note is that the sections should be synchronized before the bus coupled 

is closed for sharing the load. 

 

 

Fig.2  Layout diagram of single-bus bar system with sectionalization 
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Advantages: 

 The operation of this system is simple as in case of the single bus bar.  

 The maintenance cost of this system is comparable with the single bus bar. 

 For maintenance or repair of the bus bar, only one half of the bus bar is required to be 

de-energized. So complete shut down of the bus bar is avoided. 

 It is possible to utilize the bus bar potential for line relays. 

Disadvantages: 

 In case of a fault on the bus bar, one half of the section will be switched off. 

 For regular maintenance also, one of the bus bars is required to be de-energized.  

 For maintaining or repairing a circuit breaker, it is required to be isolated 

from the bus bar. 

 3. DOUBLE BUS BAR WITH SINGLE BREAKER 

This system is shown in Fig.3. It consists of two identical bus bars, one is the main bus bar 

and another one is spare bus bar. Each bus bar has the capacity to take up the entire substation 

load. Each load may be fed from either bus bar. The infeed and load circuits can be further 

divided into two separate groups based on operational considerations (maintenance or repair). 

Any bus bar may be taken out for maintenance and cleaning of insulators. 

 

Fig.3  Layout diagram of double bus bar with single breaker 
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With the help of bus coupler, the incoming and/or outgoing lines are connected to any bus 

bar through isolator and circuit breaker. This system is adopted when the voltage is greater 

than 33 kV. This arrangement does not permit breaker maintenance without causing 

interruption in supply. 

Advantages: 

 Permits some flexibility with two operating buses. 

 Any main bus may be isolated for maintenance. 

 The circuit can be transferred readily from one bus to another by using bus-coupler 

and bus-selector disconnect switches. 

Disadvantages: 

 One extra breaker is required for the bus coupler. 

 Three switches are required per circuit. 

 High exposure to bus faults. 

 If bus coupler fails, the entire substation runs out of service. 

 

4. DOUBLE BUS BAR WITH TWO CIRCUIT BREAKERS 

 

Figure.4  shows the schematic diagram of double bus bar arrangement with two breakers per 

circuit. This is a simple and flexible arrangement. It is expensive, and hence, is rarely used. 

When it is used, it is used in large generating stations which require a high-security 

connection. It provides the best maintenance facilities for maintenance to be carried out on 

the circuit breakers. Thus, when one circuit breaker is opened for maintenance or repair 

works, the load can be transferred on to the other circuit breaker very easily. 

Advantages: 

 Two circuit breakers in each circuit. 

 Has flexibility to connect the feeder circuits to any bus. 

 For service maintenance any breaker can be taken out. 

 High reliability. 
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Disadvantages: 

 More expensive. 

 If circuits are not connected to both buses, the bus bar loses half the circuit for breaker 

failure and interprets supplies. 

 

Fig.4  Layout diagram of double bus bar with two circuit breakers 

 

5. BREAKERS AND A HALF WITH TWO MAIN BUSES 

The schematic diagram of this arrangement is shown in Fig.5. This method is an improved 

version of double bus bar with two circuit breakers and uses lesser number of circuit breakers. 

In this method, one spare breaker is provided for every two circuits. When the breaker (own) 

is taken out for maintenance, the protection is complicated since it must associate the central 

breaker with the feeder. 

Advantages: 

 This system is more economical as compared to a double-bus double- breaker 

arrangement. 

 A fault in a breaker or in a bus will not interrupt the supply. Addition of circuits to the 

system is possible. 

 High reliability. 

 Any main bus can be taken out of service at any time for maintenance. 
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Disadvantages: 

 1/2 breaker per circuit. 

 The relaying becomes more complicated as compared to that in a single-

bus arrangement. 

 The maintenance cost is higher. 

 

 

Fig.5  Layout diagram of breakers and a half with two main buses 

 

6. MAIN AND TRANSFER BUS BAR 

The schematic diagram of this commonly used arrangement is shown in Fig.6. This 

arrangement is an alternative to the double bus bar scheme. In this arrangement any line 

circuit breaker can be taken out for maintenance and repair without affecting the supply. This 

is done by closed transfer circuit breaker and changing the load to transfer bus bar and then 

removing the line breaker from service. Only one breaker at a time can be removed from 

service and the transfer breaker takes its place when it is out of service. 
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In a substation, to work on a bus bar, it is often necessary to remove it from service. This is 

possible only by transferring the load to the other bus bar. This is not possible in this scheme. 

Hence, the absence of this facility to remove any bus bar from service is the only drawback. 

 

 

Fig.6  Layout diagram of main and transfer bus bar 

Advantages: 

 It ensures supply in case of bus fault. In case of any fault in a bus, thecircuit can be 

transferred to the transformer bus. 

 It is easy to connect the circuit from any bus. 

 The maintenance cost of substation decreases. 

 The bus potential can be used for relays. 

Disadvantages: 

 Requires one extra breaker for the bus tie. 

 Switching is somewhat complicated while maintaining a breaker. 

 Failure of bus or any circuit breaker results in shutdown of entire substation. 

 

 

 



13 
 

7. DOUBLE BUS BAR WITH BYPASS ISOLATOR 

This is a commonly used arrangement also known as sectionalized double bus bar 

arrangement and is shown in Fig.7. This is a combination of a double-bus and main 

transfer-bus scheme. Any of the bus bars can act as a main bus and another bus is used as 

the transfer bus. The advantage of this method is that any circuit breaker or any bus bar can 

be taken out for service without affecting the supply. In substations, it is frequently 

necessary to take bus bar or the circuit breaker out of service for maintenance or repair. So 

this scheme is the recommended one both because it is simple and economical. 

 

Fig.7  Layout diagram of double bus bar with bypass isolator 

8. RING BUS 

This is an extension of the sectionalized bus bar arrangement. By using two bus couplers, as 

shown in Fig.8, the ends of the bus bars are returned upon themselves to form a ring. The 

sectionalizing and bus coupler are in series. There is a greater flexibility of operation. This 

is not a commonly used arrangement at present. 

Different types of ring or mesh buses utilized are: 

1. Simple ring. 

2. Rectangular ring. 

3. Circulating ring 

4. Zigzag ring. 
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Fig.8  Layout diagram of ring bus 

Advantages: 

 Low initial and ultimate cost. 

 Flexible operation for breaker maintenance. 

 Any breaker can be removed for maintenance without interrupting load. 

 Required only one breaker per circuit. 

 Does not use main bus. 

Disadvantages: 

 It is necessary to trip two circular breakers to isolate a faulted line, which makes the 

relaying quite complex. 

 It is necessary to supply potential to relays separately to each of the circuits. 

 It is difficult to add any new circuit to the ring. 

 

 

 

 

 



15 
 

FACTORS EFFECTING THE SUBSTATION LOCATION (OR) SITE 

Figure 1.6 shows the factors that affect substation site selection. The distance from the 

load centers and from the existing subtransmission lines as well as other limitations, such 

as availability of land. its cost, and land use regulations, are important. 

The substation siting process can be described as a screening procedure through which all 

pos- sible locations for a site are passed, as indicated in Figure 1.7. The service region is 

the area under evaluation. It may be defined as the service territory of the utility. An initial 

screening is applied by using a set of considerations, for example, safety, engineering, 

system planning, institutional, economics, and aesthetics. This stage of the site selection 

mainly indicates the areas that are unsuit- able for site development. Thus, the service 

region is screened down to a set of candidate sites for substation construction. Further, 

the candidate sites are categorized into three basic groups:  

 

 

 

 

(i) sites that are unsuitable for development in the foreseeable future;  

(ii) (ii) sites that have some promise but are not selected for detailed evaluation during 

the planning cycle; and  

(iii) (iii) candidate sites that are to be studied in more detail. 
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The emphasis put on each consideration changes from level to level and from utility to utility. 

Three basic alternative uses of the considerations are:  

(i) quantitative versus qualitative evaluation. 

(ii) adverse versus beneficial effects evaluation, and  

(iii) absolute versus relative scaling of effects. 

A complete site assessment should use a mix of all alternatives and attempt to treat the 

evaluation from a variety of perspectives. 

 

 

OTHER FACTORS 

Once the load assignments to the substations are determined, then the remaining factors 

affecting primary voltage selection, feeder route selection, number of feeders, conductor size 

selection, and total cost, as shown in Figure 1.8, need to be considered. 
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In general, the subtransmission and distribution system voltage levels are determined by 

company policies, and they are unlikely to be subject to change at the whim of the planning 

engineer unless the planner's argument can be supported by running test cases to show 

substantial benefits that can be achieved by selecting different voltage levels. 
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Further, because of the standardization and economy that are involved, the designer may not 

have much freedom in choosing the necessary sizes and types of capacity equipment. For 

example, the designer may have to choose a distribution transformer from a fixed list of 

transformers that are presently stocked by the company for the voltage levels that are already 

established by the company. Any decision regarding addition of a feeder or adding on to an 

existing feeder will, within limits, depend on the adequacy of the existing system and the size, 

location, and timing of the additional loads that need to be served. 

FACTORS EFFECTING THE PRIMARY FEEDER RATING 

There are various and yet interrelated factors affecting the selection of a primary-feeder 

rating. Examples are: 

1) The nature of the load connected. 

2) The load density of the area served.  

3) The growth rate of the load. 

4) The need for providing spare capacity for emergency operations. 

5) The type and cost of circuit construction employed. 

6)The design and capacity of the substation involved. 

7) The type of regulating equipment used. 

8) The quality of service required. 

9) The continuity of service required. 

FACTORS EFFECTING THE PRIMARY FEEDER VOLTAGE LEVEL 

The following factors affecting the design and operation of primary-feeder should be 

considered while selecting the voltage level: 

1) Length and loading of primary feeder. 

2) Number location and ratings of distribution substations. 

3) Number of subtransmission lines and distribution lines that feed the given area.  

4) Route plan, number of poles, sections and way clearance (such as tree-trimming) etc. 

5) Number of customers and their importance.  
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There are additional factors affecting the decisions for primary-feeder voltage level, as 

shown in Fig.1 

 

Fig.1 Additional factors affecting primary-feeder voltage-level selection decision  

 

The voltage levels for primary distribution feeders in India are 33, 22, 11 and 6.6 kV.All the 

primary feeders are three-phase, three-wire. Usually, the primary feeders located in low-load 

density areas are restricted in length and loading by permissible voltage drop rather than by 

thermal restrictions, whereas primary feeders located in high-load density areas (for example 

industrial and commercial areas, may be restricted by the thermal limitations. 

FACTORS EFFECTING THE PRIMARY FEEDER LOADING 

The primary feeder loading is defined 'as the loading of a feeder during peak load conditions 

as measured at the substation". 

     The factors affecting the design of primary feeder loading are as follows: 

1) Nature and density of the feeder loads connected. 

2) Growth rate and reserve capacity requirements for emergency.  

3) Continuity, reliability and quality of service. 

4) Primary feeder voltage levels and regulation requirements. 

5) Location and capacity of the distribution substation.  
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6) Type and cost of construction and operating cost factors. 

7)Altemate supply provisions made. 

       Additional factors affecting the design of a feeder are illustrated in the following figure. 

a) Feeder routing (Fig.1) 

b) Number of feeders (Fig.2) 

c)Selection of conductor size (Fig.3) 

 

 

1 Factors Affecting Feeder Routing Decisions 

 

Fig.1  Factors Affecting Feeder Routing Decisions 
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2 Factors Affecting Number Of Feeders 

 

Fig.2  factors affecting number of feeders 

 3 Factors Affecting Conductor Size Selection 

 

Fig.3 Factors Affecting Conductor Size Selection 
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TYPES OF PRIMARY FEEDERS 

 

The part of the electric utility system which is between the distribution substation and the 

distribution transformers is called the primary system. It is made of circuits known as primary 

feeders or primary distribution feeders. 

There are various and yet interrelated factors affecting the selection of a primary-feeder 

rating. Examples are:  

1. The nature of the load connected  

2. The load density of the area served 

3. The growth rate of the load 

4. The need for providing spare capacity for emergency operations 

5. The type and cost of circuit construction employed 

6. The design and capacity of the substation involved 

7. The type of regulating equipment used  

8. The quality of service required 

9. The continuity of service required. 

 

The voltage conditions on distribution systems can be improved by using shunt capacitors 

which are connected as near the loads as possible to derive the greatest benefit. The use of 

shunt capacitors also improves the power factor involved which in turn lessens the voltage 

drops and currents, and therefore losses, in the portions of a distribution system between the 

capacitors and the bulk power buses. The capacitor ratings should be selected carefully to 

prevent the occurrence of excessive overvoltages at times of light loads because of the voltage 

rise produced by the capacitor currents. 

The voltage conditions on distribution systems can also be improved by using series 

capacitors. But the application of series capacitors does not reduce the currents and therefore 

losses, in the system.  
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Figure.1  One-line diagram of typical primary distribution feeders. 

 

1. RADIAL-TYPE PRIMARY FEEDER 

 

The simplest and the lowest cost and therefore the most common form of primary feeder is 

the radial-type primary feeder as shown in Figure1.1. The main primary feeder branches into 

various primary laterals which in turn separates into several sublaterals to serve all the 

distribution trans- formers. In general, the main feeder and subfeeders are three-phase three- 

or four-wire circuits and the laterals are three- or single-phase. The current magnitude is the 

greatest in the circuit conduc tors that leave the substation.  
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The current magnitude continually lessens out toward the end of the feeder as laterals and 

sublaterals are tapped off the feeder. Usually, as the current lessens, the size of the feeder 

conductors is also reduced. However the permissible voltage regulation may restrict any 

feeder size reduction which is based only on the thermal capability, that is, current-carrying 

capacity, of the feeder. 

The reliability of service continuity of the radial primary feeders is low. A fault occurrence 

at any location on the radial primary feeder causes a power outage for every consumer on the 

feeder unless the fault can be isolated from the source by a disconnecting device such as a 

fuse, sectional- izer, disconnect switch, or recloser. 

 

 

Figure 1.1. Radial type primary feeder  
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Figure 1.2. Radial type primary feeder with tie and sectionalizine switches. (Data abstracted 

from Rome Cable Company, URD Technical Manual, 4th ed.) 

 

 

Figure 1.2. shows a modified radial-type primary feeder with tie and sectionalizing switches 

to provide fast restoration of service to customers by switching unfaulted sections of the 

feeder to an adjacent primary feeder or feeders. The fault can be isolated by opening the 

associated disconnect- ing devices on each side of the faulted section. 
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Figure 1.3. Radial type primary feeder with express feeder and backfeed. 

 

 

Figure 1.3.shows another type of radial primary feeder with express feeder and backfeed. The 

section of the feeder between the substation low-voltage bus and the load center of 

the service area is called an express feeder. No subfeeders or laterals are allowed to be tapped 

off the express feeder. However, a subfeeder is allowed to provide a backfeed toward the 

substation from the load center. 
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Figure 1.4. Radial-type phase-area feeder 

 

Figure 1.4. shows a radial-type phase-area feeder arrangement in which each phase of the 

three- phase feeder serves its own service area. In Figures 1.3 and 1.4, each dot represents a 

balanced three-phase load lumped at that location. 

2. LOOP-TYPE PRIMARY FEEDER 

Figure 2.1 shows a loop-type primary feeder which loops through the feeder load area and 

returns back to the bus. Sometimes the loop tie disconnect switch is replaced by a loop tie 

breaker because of the load conditions. In either case, the loop can function with the tie 

disconnect switches or breakers normally open or normally closed. 
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Usually, the size of the feeder conductor is kept the same throughout the loop. It is selected 

to carry its normal load plus the load of the other half of the loop. This arrangement provides 

two par- allel paths from the substation to the load when the loop is operated with normally 

open tie breakers or disconnect switches. 

A primary fault causes the feeder breaker to be open. The breaker will remain open until the 

fault is isolated from both directions. The loop-type primary feeder arrangement is especially 

bene- ficial to provide service for loads where high service reliability is important. In general, 

a separate feeder breaker on each end of the loop is preferred, despite the cost involved. The 

parallel feeder paths can also be connected to separate bus sections in the substation and 

supplied from separate transformers. In addition to main feeder loops, normally open lateral 

loops are also used, particu- larly in underground systems. 

 

Figure 2.1 Loop-type primary fedder 
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3. PRIMARY NETWORK 

 

As shown in Figure 3. a primary network is a system of interconnected feeders supplied by a 

number of substations. The radial primary feeders can be tapped off the interconnecting tie 

feed- ers. They can also be served directly from the substations. Each tie feeder has two 

associated circuit breakers at each end in order to have less load interrupted because of a tie-

feeder fault. 

The primary network system supplies a load from several directions. Proper location of trans- 

formers to heavy-load centers and regulation of the feeders at the substation buses provide 

for ade- quate voltage at utilization points. In general, the losses in a primary network are 

lower than those in a comparable radial system because of load division. 

The reliability and the quality of service of the primary network arrangement is much higher 

than the radial and loop arrangements. However, it is more difficult to design and operate 

than the radial or loop systems. 

 

Figure 3. Primary network 



Unit – 2 

DISTRIBUTION SYSTEM SUBSTATIONS AND LOADS 
1.1 Rating of a distribution substation for square  

The additional capacity requirements of a system with increasing load density can be met by: 

1. Either holding the service area of a given substation constant and increasing its capacity. 

2. Or developing new substations and thereby holding the rating of the given substation 

constant. 

Square-shaped service area representing a part of, or the entire service area of, a distribution 

substation. It is assumed that the square area is served by four primary feeders from a central 

feed point, as shown in Figure 4.16. Each feeder and its laterals are of three-phase. Dots 

represent balanced three-phase loads lumped at that location and fed by 

distribution transformers.

 

Figure 2.1. Square-Shaped Distribution Substation Service Area 

Here, the percent voltage drop from the feed point a to the end of the last lateral at c is 

% VDac = % VDab + % VDbc 

Reps [5] simplified this voltage drop calculation by introducing a constant K which can be 

defined as percent voltage drop per kilo voltampere-mile. Figure 2.1 gives the K constant for 



various voltages and copper conductor sizes. Figure 2.1. is developed for three-phase overhead 

lines with an equivalent spacing of 37 inches between phase conductors. The following analysis 

is based on the work done by Denton and Reps [4] and Reps [5]. 

In Figure 2.1. each feeder serves a total load of 

     S4 = A4 × D KVA    (1) 

where S, is the kilo voltampere load served by one of four feeders emanating from a feed 

point, A is the area served by one of the four feeders emanating from a feed point (mi²), and 

D is the load density (kVA/mi²). 

 

FIGURE 2.2. The K constant for copper conductors, assuming a lagging load 

power factor of 0.9. 

Equation 1 can be written as 3 

     S4 =  I4
2 × D KVA      (2) 

Since 



     A4 =l4
2  (3) 

 

where l4 is the linear dimension of the primary feeder service area in miles. Assuming 

uniformly distributed load, that is, equally loaded and spaced distribution transformers, the 

voltage drop in the primary-feeder main is 

     %VD4Min=
2

3
 X l4 X K X S (4) 

Sub equation 2 into 4, 

     %VD4Min=0.0667 X K X D X I4
3 (5) 

In Equations 2.4 and 2.5, it is assumed that the total or lumped sum load is located at a point 

on the main feeder at a distance of 2/3 xf, from the feed point a 

Reps [5] extends the discussion to a hexagonally shaped service area supplied by six feeders 

from the feed point which is located at the center, as shown in Figure 2.2. Assume that each 

feeder service area is equal to one-sixth of the hexagonally shaped total area, or 

 

FIGURE 2.3 Hexagonally shaped distribution substation area 

     (1) 



where A, is the area served by one of the six feeders emanating from a feed point (mi?) and 4, 

is the linear dimension of a primary-feeder service area (mi). Here, each feeder serves a total 

load of 

    S6 = A6 X D KVA (2) 

substituting Equation 6 into Equation 2 

    S6 = 0.578 × D × 16
2 (3) 

As before, it is assumed that the total or lump sum is located at a point on the main feeder at a 

distance of I, from the feed point. Hence, the percent voltage drop in the main feeder is 

 

    %VD6MIN = 
2

3
 X l6 X K X S6 (4) 

substituting Equation 8 into Equation 4. 

    %VD6MIN =0.385 X K X l6 (5) 

2.3.GENERAL CASE: SUBSTATION SERVICE AREA WITH N PRIMARY 

FEEDERS 

 The general case in Which the d istribution substat ion service area is served by 

n pri mary feeders emanating from the point, as shown in Figure 2.3. Assume that 

the load in the serv ice area is u nifor mly d istributed and each feeder serves an area 

of triangular shape. The differential load served by the feeder in a d ifferential area of 

dA is 

 

FIGU RE 2.3. Dist ribution substation serv ice area served by n primary feeders. 

        (1) 

where dS is the differential load served by the feeder in the differential area of dA(KVA), 

D is the load density (KVA/mil), and, dA is the differential service arca of the feeder (mi2). 

In Figure 2.3. the following relationship exists: 



   (2) 

    (3) 

    (4) 

  (5) 

 

      (6) 

Or, substituting Equation 5 into 6 

   (7) 

Or since 

        (8) 

Equation 7 can also be expressed as  

    (9) 

Equation 8 and 9 are only applicable when n ≥ 3. Table 2.1 gives the result of the 

application of equation 7 to square and hexagonal are. 



 

For n = 1, the percent voltage drop on the feeder main is  

      (10) 

And for n = 2 it is  

      (11) 

To compute the percent voltage drop in uniformly loaded lateral, lump and locate its 

total load at a point halfway along its length, and multiply the kilovolt ampere-mile 

product for that line length and loading by the appropriate K constant [5].  

2.4 COMPARISON OF THE FOUR- AND SIX-FEEDER PATTERNS 

 

For a square-shaped distribution substation area served by four primary feeders, that is, 

n=4, the area served by one of the four feeders is 

   A4 = l4
2mi2     (1) 

The total area served by all four feeders is 

                                                (2) 

  

                        (3) 

 

                        (4) 

 

                        (5) 

 

                        (6) 

  



                                (7) 

 

 

 (8) 

 

 

 (9) 
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 (12) 

 

 

 (13) 

 

 (14) 

 

 



 

          (15) 

Substituting eq 7 and 14 into eq 15. 

 

        (16) 

 

 



 

 



  



 



 



 



 



 



 



 



 



 



 



 

Definitions of various terms related to system loading. 

 

 



 

 

 

 



• LOSS FACTORS  

 This is the ratio of average power loss in the system to power loss during peak load 

period and referred to the variable power losses, i.e., copper losses or power loss in conductors 

or windings but not to no load losses in transformers, etc. 

 

LOADS: VARIOUS TYPES OF LOADS. 

Types of Loads 

 

 A device which taps electrical energy from the electric power system is called a load 

on the system. 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 : 

 

(i) Domestic load. 

 Domestic 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 domestic appliance load occurs 

for only a few hours. For this reason, the load factor is low (10% to 12%). 

 

(ii) Commercial load. 

 Commercial load consists of lighting for shops, fans and electric appliances used in 

restaurants etc. This class of load occurs for more hours during the day as compared to the 

domestic load. The commercial load has seasonal variations due to the extensive use of air 

conditioners and space heaters. 

 

(iii) Industrial load. 

 Industrial load consists of load demand by industries. The magnitude of 

industrial load depends upon the type of industry. 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. Industrial loads are generally not weather dependent. 

 

(iv) Municipal load. 

  Municipal load consists of street lighting, power required for water supply and 

drainage purposes. Street lighting load is practically constant throughout the hours of the night. 



For water supply, water is pumped to overhead tanks by pumps driven by electric motors. 

Pumping is carried out during the off-peak period, usually occurring during the night. This 

helps to improve the load factor of the power system. 

 

(v) Irrigation load.  

 This type of load is the electric power needed for pumps driven by motors to supply 

water to fields. Generally, this type of load is supplied for 12 hours during night. 

 

(vi) Traction load. 

 This type of load includes tram cars, trolley buses, railways etc. This class of load has 

wide variation. During the morning hour, it reaches peak value because people have to go to 

their work place. After morning hours, the load starts decreasing and again rises during evening 

since the people start coming to their homes. 

 

 



 

 



DETAILED DESCRIPTION OF DISTRIBUTION TRANSFORMER 

LOADING, 

Loads on a distribution feeder can modelled as wye-connected or delta connected .The loads 

can be three-phase, two-phase, or single-phase with any degree of unbalance, and can be 

modelled as: 

• Constant real and reactive power (constant PQ) 

• Constant current 

• Constant impedance 

• Any combination of the above 

The load models developed are to be used in the iterative process of a power flow program 

where the load voltages are initially assumed. One of the results of the power-flow analysis is 

to replace the assumed voltages with the actual operating load voltages. All models are initially 

defined by a complex power per phase and an assumed line-to-neutral voltage (wye load) or an 

assumed line-to-line voltage (delta load). The units of the complex power can be in volt-

amperes and volts, or per-unit volt-amperes and per-unit voltages. For all loads the line currents 

entering the load are required in order to perform the power-flow analysis. 

 

1. Wye-Connected Loads 

 Figure 2.15 is the model of a wye-connected load. The notation for the specified 

complex powers and voltages are as follows: 

 

   1 

 

   2 

 

   3 

• Constant Real and Reactive Power Loads 

 The line currents for constant real and reactive power loads (PQ loads) are given by: 



 

 

   4 

 

FIGURE 2.16 Y-CONNECTED LOAD 

In this model the line-to-neutral voltages will change during each iteration until convergence 

is achieved. 

 

• Constant Impedance Loads 
 

 The constant load impedance is first determined from the specified complex power and 

assumed line-to-neutral voltages: 

 

 

 

 

 

     5 

The load currents as a function of the constant load impedances are given by: 



 

    6 

 

 

  

In this model the line-to-neutral voltages will change during each iteration, but the impedance 

computed in Equation 5 will remain constant. 

• Constant Current Loads 
In this model the magnitudes of the currents are computed according to Equations 4 

and are then held constant while the angle of the voltage (δ) changes, resulting in a 

changing angle on the current so that the power factor of the load remains constant: 

 

 

      7 

 

 

 

 

• Combination Loads 

 Combination loads can be modelled by assigning a percentage of the total load 

to each of the three above load models. The total line current entering the load is the sum of 

the three components. 

2. Delta-Connected Loads 

 The model for a delta-connected load is shown in Figure 2.16. The notation for the 

specified complex powers and voltages in Figure 2.16 are as follows: 



 

• CONSTANT REAL AND REACTIVE POWER LOADS 

The currents in the delta connected loads are 

 

 

 

    11 

 

 

 

In this model the line-to-line voltages will change during each iteration resulting in new current 

magnitudes and angles at the start of each iteration.  

 

FIGURE 2.17. DELTA-CONNECTED LOAD 
 

• CONSTANT IMPEDANCE LOADS 

 The constant load impedance is first determined from the specified complex 

power and line-to-line voltages: 



 

 

 

 

 

 

    12 

 

The delta load currents as functions of the constant load impedances are 

 

 

 

 

     13 

In this model the line-to-line voltages will change during each iteration until 

convergence is achieved. 

 

• Constant Current Loads 

 
 In this model the magnitudes of the currents are computed according to Equations 11 

and then held constant while the angle of the voltage (δ ) changes during each iteration. This 

keeps the power factor of the load constant: 

 

 

 

        

        14 

 

• Combination Loads 

 Combination loads can be modelled by assigning a percentage of the total load to each 

of the three above load models. The total delta current for each load is the sum of the three 

components. 

 



• Line Currents Serving a Delta-Connected Load 

The line currents entering the delta-connected load are determined by applying Kirchhoff’s 

current law at each of the nodes of the delta. In matrix form the equations are 

 

3. Two-Phase and Single-Phase Loads 

In both the wye- and delta-connected loads, single-phase and two-phase loads are modelled by 

setting the currents of the missing phases to zero. The currents in the phases present are 

computed using the same appropriate equations for constant complex power, constant 

impedance, and constant current. 

 

• Shunt Capacitors 

 Shunt capacitor banks are commonly used in distribution systems to help in voltage 

regulation and to provide reactive power support. The capacitor banks are modelled as constant 

susceptance’s connected in either wye or delta. Similar to the load model, all capacitor banks 

are modelled as three-phase banks with the currents of the missing phases set to zero for single-

phase and two-phase banks. 

 

• Wye-Connected Capacitor Bank 

The model of a three-phase wye connected shunt capacitor bank is shown in Figure 2.18. The 

individual phase capacitor units are specified in kvar and kV. The constant susceptance for 

each unit can be computed in Siemens. The susceptance of a capacitor unit is computed by: 

 

         1 

 

With the susceptance computed, the line currents serving the capacitor bank are given by: 

       2 

 



 

FIGURE 2.18.  WYE-CONNECTED CAPACITOR BANK. 

 
FIGURE 2.19. DELTA-CONNECTED CAPACITOR BANK. 

 

• Delta-Connected Capacitor Bank 

 The model for a delta-connected shunt capacitor bank is shown in Figure 2.19. The 

individual phase capacitor units are specified in kvar and kV. For the delta-connected 

capacitors the kV must be the line-to-line voltage. The constant susceptance for each unit can 

be computed in Siemens. The susceptance of a capacitor unit is computed by: 

 

         3 

With the susceptance computed, the delta currents serving the capacitor bank are given by: 

         4 



The line currents flowing into the delta-connected capacitors are computed by applying 

Kirchhoff’s current law at each node. In matrix form the equations are 

 

       5 

 



EDSA 

UNIT 3 

DISTRIBUTION SYSTEM LOAD FLOW 

SYLLABUS: Exact line segment model, Modified line model, approximate line segment model, Step 

Voltage Regulators, Line drop compensator, Forward/Backward sweep distribution load flow 

algorithm – Numerical problems 

 

The modeling of distribution overhead and underground line segments is a critical step in the analysis 

of a distribution feeder. It is important in the line modeling to include the actual phasing of the line 

and the correct spacing between conductors. The method for the computation of the phase 

impedance and phase admittance matrices with no simplifying assumptions are developed. Those 

matrices will be used in the models for overhead and underground line segments. 

Exact Line Segment Model: 

The model of a three-phase, two-phase, or single-phase overhead or underground line is shown in 

Figure 1. When a line segment is two phase (V phase) or single phase, some of the impedance and 

values will be zero. In all cases the phase impedance and phase admittance matrices were 3 × 3. Rows 

and columns of zeros for the missing phases represent two-phase and single-phase lines. Therefore, 

one set of equations can be developed to model all overhead and underground line segments. The 

values of the impedances and admittances in Figure 1 represent the total impedances and 

admittances for the line.  

For the line segment of Figure 1, the equations relating the input (node n) voltages and currents to 

the output (node m) voltages and currents are developed as follows.  

Kirchhoff’s current law applied at node m is represented by 

…….. 6.1 

 

 



 

                            

Fig 1: Three-phase line segment model 



 



 



 



 

 



 



 

 



 

 

 

 



Modified Line Model : 

 Figure 6.2 shows the modified line segment model with the shunt admittance neglected. When the 

shunt admittance is neglected, the generalized matrices become 

 



a) Three-Wire Delta Line : 

 



b) Computation of Neutral and Ground Currents : 
the Kron reduction method was used to reduce the primitive impedance matrix to the 3 × 3 

phase impedance matrix. Figure 6.3 shows a three-phase line with grounded neutral that is 

used in the Kron reduction. Note that the direction of the current flowing in the ground is 

shown in Figure 6.3 

 

 

 

 

 

 



 

 



 

 

 

 



Approximate Line Segment Model : 
 

 Many times the only data available for a line segment will be the positive and zero sequence 

impedances. The approximate line model can be developed by applying the “reverse 

impedance transformation” from symmetrical component theory 

 

 
 

 



 
 

 

Figure 6.4 shows a simple equivalent circuit for the line segment since no mutual coupling has 

to be modeled. It must be understood, however, that the equivalent circuit can only be used 

when transposition of the line segment has been assumed. 



 
 

 



 
 



 
 

 

 

 

 

 

 

 



Voltage Regulation : 
The regulation of voltages is an important function on a distribution feeder. As the loads on 

the feeders vary, there must be some means of regulating the voltage so that every customer’s 

voltage remains within an acceptable level. Common methods of regulating the voltage are 

the application of step type voltage regulators, load tap changing (LTC) transformers, and 

shunt capacitors. 

 

Standard Voltage Ratings : 

 

 
 

 

 

 

 



 

 

 



Step-Voltage Regulators : 
 

 A step-voltage regulator consists of an autotransformer and a LTC mechanism. The voltage 

change is obtained by changing the taps of the series winding of the autotransformer. The 

position of the tap is determined by  

 

 



 

 

a) Single-Phase Step-Voltage Regulators : 
Because the series impedance and shunt admittance values of step-voltage regulators are 

so small, they will be neglected in the following equivalent circuits. It should be pointed 

out, however, that if it is desired to include the impedance and admittance, they can be 

incorporated into the following equivalent circuits in the same way they were originally 

modeled in the autotransformer equivalent circuit. 

 

1) Type A Step-Voltage Regulator : 

 

 

 

 



 

 



 
ii ) Type B Step-Voltage Regulator : 
The more common connection for step-voltage regulators is the Type B. Since this 

is the more common connection, the defining voltage and current equations for 

the voltage regulator will be developed only for the Type B connection. The 

detailed and abbreviated equivalent circuits of a Type B step-voltage regulator in 

the “raise” position are shown in Figure 7.9 

 



 

 
 



iii) Generalized Constants : 
generalized a, b, c, and d constants have been developed for various devices. It 

can now be shown that the generalized a, b, c, and d constants can also be 

applied to the step-voltage regulator. For both Type A and Type B regulators, the 

relationship between the source voltage and current to the load voltage and 

current is of the form: 

 
 

 

 

 

 

 

 

 

 



iv) Line Drop Compensator : 

 
 

 

 

 

 

 

 

 

 

 

 



 



b) Three-Phase Step-Voltage Regulators : 
 

 
 

 

 

 

 

 

 

i) Wye-Connected Regulator : 
Three Type B single-phase regulators connected in wye are shown in 

Figure 7.12. In Figure 7.12 the polarities of the windings are shown in 

the “raise” position. When the regulator is in the “lower” position, a 

reversing switch will have reconnected the series winding so that the 

polarity on the series 

 



 

 



 
to have a three-phase regulator connected in wye where the voltage and 

cur rent are sampled on only one phase and then all three phases are changed 

by the same number of taps. 

 

 

 

 



ii ) Closed Delta–Connected Regulators : 

 
 





As with the wye-connected regulators, the matrices [b] and [c] are zero as long 

as the series impedance and shunt admittance of each regulator are neglected. 

The closed delta connection can be difficult to apply. Note that in both the 

voltage and current equations, a change of the tap position in one regulator will 

affect voltages and currents in two phases. As a result, increasing the tap in one 

regulator will affect the tap position of the second regulator. In most cases, the 

bandwidth setting for the closed delta connection will have to be wider than 

that for wye-connected regulators. 



 
iii)Open Delta–Connected Regulators: 

 
 



 









 
 

 

 



FORWARD/BACKWARD SWEEP 

DISTRIBUTION LOAD FLOW ALGORITHM 

 
Modified “Ladder” Iterative Technique: 

The ladder technique is composed of two parts:  

1. Forward sweep  

2. Backward sweep  

 

 
 

 









 
 

2 MARKS QUESTION & ANSWERS: 

1. Write the Equations of  Exact Line Segment Model ? 

       Ans:  

 
The Line Current at node  n :  

 
 

Voltage Unbalance: 

 



2. Draw the Exact Line Segment Model ? 

      Ans:  

 
 

3. Write the Generalized Matrices for Modified Line Segment Model? 

      Ans: When the shunt admittance is neglected, the generalized matrices become 

 

 
 

4. Draw the Modified Line Segment Model diagram: 

     Ans:  

 
5. Draw the Approximate Line Segment Model diagram: 

Ans:  

 



6. The ladder technique is composed of how many parts? 

ANS:  1. Forward sweep 2. Backward sweep 

7. Draw the Flowchart for Forward/ Backward sweep Distribution Load Flow Algorithm 

( Ladder Technique) ? 

Ans:  

 

8. Write the Receiving End Voltage Equations for Forward/ Backward sweep 

Distribution Load Flow Algorithm (Ladder Technique)? 

Ans:  

 

9. Short notes on Standard Voltage Ratings? 

      Ans:  

 



10. Define System Voltage? 

Ans: The root mean square (rms) phasor voltage of a portion of an alternating current electric 

system. Each system voltage pertains to a portion of the system that is bounded by transformers 

or utilization equipment 

11. Define Nominal system voltage? 

Ans: The voltage by which a portion of the system is designated and to which certain operating 

characteristics of the system are related. Each nominal system voltage pertains to a portion of 

the system bounded by transformers or utilization equipment 

12. Define Maximum system voltage? 

Ans: The highest system voltage that occurs under normal operating conditions, and the highest 

system voltage for which equipment and other components are designed for satis factory 

continuous operation without derating of any kind. 

13. Define Service voltage? 

Ans: : The voltage at the point where the electrical system of the supplier and the electrical 

system of the user are connected. 

14. Define Utilization voltage? 

Ans: The voltage at the line terminals of utilization equipment. 

15. Define Nominal utilization voltage? 

Ans: The voltage rating of certain utilization equipment used on the system. 

 

10 Marks Questions: 

1. Explain Exact Line Segment Model with Neat Diagram and Analysis? 

2. Explain Modified Line Segment Model with Neat Diagram and Analysis? 

3. Explain Approximate Line Segment Model with Neat Diagram and Analysis? 

4. Explain Step Voltage Regulator with Neat Diagram? 

5. Explain Different Types of Step Voltage Regulators with Neat Diagrams? 

6. Explain Line drop compensator with Neat Diagrams? 

7. Explain Forward / Backward sweep distribution Load flow Algorithm ( Ladder 

Technique ) with  flowchart? 

 

 

 



EDSA 

UNIT IV 

Voltage-Drop and Power-Loss Calculation 

Analysis of non-three phase primary lines, concepts of four-wire multi-grounded common neutral 

distribution system, Percent power loss calculation, Distribution feeder cost calculation methods, 

Capacitor installation types, types of three-phase capacitor-bank connections, Economic justification 

for capacitors – Numerical problems 

 

As discussed in THREE-PHASE BALANCED PRIMARY LINES , a utility company strives to achieve a well-

balanced distribution system in order to improve system voltage regulation by means of equally 

loading each phase. Figure 7.1 shows a primary system with either a three-phase three-wire or a 

three-phase four-wire main. The laterals can be either (1) three-phase three-wire, (2) three-phase 

four-wire, (3) single phase with line-to-line voltage, ungrounded, (4) single phase with line-to-neutral 

voltage, grounded, or (5) two-phase plus neutral, open wye. 

 

 

 

NON-THREE-PHASE PRIMARY LINES: 

Usually there are many laterals on a primary feeder that are not necessarily in three phase, for 

example, single phase, which causes the voltage drop and power loss due to load current not only in 

the phase conductor but also in the return path. 

I) SINGLE-PHASE TWO-WIRE LATERALS WITH UNGROUNDED NEUTRAL:  

 

Assume that an overloaded single-phase lateral is to be changed to an equivalent three-

phase three wire and balanced lateral, holding the load constant. Since the power input 

to the lateral is the same as before,  

 

S1φ = S3φ      ---------------------(7.1) 



where the subscripts 1ϕ and 3ϕ refer to the single-phase and three-phase circuits, respectively. 

Equation 7.1 can be rewritten as    

       ……(7.2) 

where Vs is the line-to-neutral voltage. Therefore, from Equation 2, 

 



 



II) SINGLE-PHASE TWO-WIRE UNGROUNDED LATERALS : 

In general, this system is presently not used due to the following disadvantages. There is no earth 

current in this system. It can be compared to a three-phase four-wire balanced lateral in the following 

manner. Since the power input to the lateral is the same as before, 

S1φ = S3φ      ---------------------(7.16) 

 

 



 

III ) SINGLE-PHASE TWO-WIRE LATERALS WITH MULTIGROUNDED COMMON NEUTRALS : 

 
Figure 7.2 shows a single-phase two-wire lateral with multigrounded common neutral. As shown in 

the figure, the neutral wire is connected in parallel (i.e., multigrounded) with the ground wire at 

various places through ground electrodes in order to reduce the current in the neutral. “Ia” is the 

current in the phase conductor, “Iw” is the return current in the neutral wire, and Id is the return 

current in Carson’s equivalent ground conductor. According to Morrison [1], the return current in 

the neutral wire is  

 

and it is almost independent of the size of the neutral conductor. 

 

 



 

 

IV ) TWO-PHASE PLUS NEUTRAL (OPEN-WyE) LATERALS : 

 

 



 



 

PROBLEMS:  

 

 



 



 



 

 

 

 

 

 

 

 

 

 

 



3. FOUR-WIRE MULTIGROUNDED COMMON NEUTRAL DISTRIBUTION SYSTEM 

 
Figure 7.4 shows a typical four-wire multigrounded common neutral distribution system. Because of 

the economic and operating advantages, this system is used extensively. The assorted secondaries can 

be, for example, either (1) 120/240 V single-phase three wire, (2) 120/240 V three-phase four wire 

connected in delta, (3) 120/240 V three-phase four-wire connected in open delta, or (4) 120/208 V 

three-phase four wire connected in grounded wye. Where primary and secondary systems are both 

existent, the same conductor is used as the common neutral for both systems. The neutral is grounded 

at each distribution transformer, at various places where no transformers are connected and to water 

pipes or driven ground electrodes at each user’s service entrance. The secondary neutral is also 

grounded at the distribution transformer and the service drops (SDs). 

Typical values of the resistances of the ground electrodes are 5, 10, or 15 Ω. Under no circumstances 

should they be larger than 25 Ω. Usually, a typical metal water pipe system has a resistance value of 

less than 3 Ω. A part of the unbalanced, or zero sequence, load current flows in the neutral wire, and 

the remaining part flows in the ground and/or the water system. Usually the same conductor size is 

used for both phase and neutral conductors.  

 

 

 

 

 



PROBLEMS: 

 



 



 

 

 

 

 

 

 

 

 

 



4 ) PERCENT POWER (OR COPPER) LOSS : 

 

Distribution feeder cost calculation methods 

5) METHOD TO ANALYZE DISTRIBUTION COSTS : 

 

 

 

 



5.1 ANNUAL EQUIVALENT OF INVESTMENT COST: 

 

5.2 ANNUAL EQUIVALENT OF ENERGY COST: 

 

 

 

 

 



5.3 ANNUAL EQUIVALENT OF DEMAND COST : 

 

5.4 ) LEVELIZED ANNUAL COST : 

In general, the costs of energy and demand and even O&M expenses vary from year to year during a 

given time, as shown in Figure 7.16a; therefore, it becomes necessary to levelize these costs over the 

expected economic life of the feeder, as shown in Figure 7.16b 

 



 

 

5.6 ECONOMIC ANALYSIS OF EQUIPMENT LOSSES : 

Today, the substantially escalating plant, equipment, energy, and capital costs make it increasingly 

more important to evaluate losses of electric equipment (e.g., power or distribution transformers) 

before making any final decision for purchasing new equipment and/or replacing (or retiring) existing 

ones. For example, nowadays it is not uncommon to find out that a transformer with lower losses but 

higher initial price tag is less expensive than the one with higher losses but lower initial price when 

total cost over the life of the transformer is considered. However, in the replacement or retirement 

decisions, the associated cost savings in O&M costs in a given life cycle analysis* or life cycle cost study 

must be greater than the total purchase price of the more efficient replacement transformer. Based 

on the “sunk cost” concept of engineering economy, the carrying charges of the existing equipment 

do not affect the retirement decision, regardless of the age of the existing unit. In other words, the 

fixed, or carrying, charges of an existing equipment must be amortized (written off) whether the unit 

is retired or not 

The transformer cost study should include the following factors: 1. Annual cost of copper losses 2. 

Annual cost of core losses 3. Annual cost of exciting current 4. Annual cost of regulation 5. Annual cost 

of fixed charges on the first cost of the installed equipment These annual costs may be different from 

year to year during the economical lifetime of the equipment. Therefore, it may be required to levelize 

them, as explained in Section 7.5.4. Read Section 6.7 for further information on the cost study of the 



distribution transformers. For the economic replacement study of the power transformers, the 

following simplified technique may be sufficient. Dodds [10] summarizes the economic evaluation of 

the cost of losses in an old and a new transformer step by step as given in the following text: 1. 

Determine the power ratings for the transformers as well as the peak and average system loads. 2. 

Obtain the load and no-load losses for the transformers under rated conditions. 3. Determine the 

original cost of the old transformer and the purchase price of the new one. 4. Obtain the carrying 

charge rate, system capital cost rate, and energy cost rate for your particular utility. 5. Calculate the 

transformer carrying charge and the cost of losses for each transformer. The cost of losses is equal to 

the system carrying charge plus the energy charge. 6. Compare the total cost per year for each 

transformer. The total cost is equal to the sum of the transformer carrying charge and the cost of 

losses. 7. Compare the total cost per year of the old and new transformers. If the total cost per year 

of the new transformer is less, replacement of the old transformer can be economically justified. 

Application of Capacitors to Distribution Systems 

BASIC DEFINITIONS: 

Capacitor element: An indivisible part of a capacitor consisting of electrodes separated by a dielectric 

material  

Capacitor unit: An assembly of one or more capacitor elements in a single container with terminals 

brought out  

Capacitor segment: A single-phase group of capacitor units with protection and control system  

Capacitor module: A three-phase group of capacitor segments Capacitor bank: a total assembly of 

capacitor modules electrically connected to each other 

POWER CAPACITORS : 

At a casual look, a capacitor seems to be a very simple and unsophisticated apparatus, that is, two 

metal plates separated by a dielectric insulating material. It has no moving parts but instead functions 

by being acted upon by electric stress. In reality, however, a power capacitor is a highly technical and 

complex device in that very thin dielectric materials and high electric stresses are involved, coupled 

with highly sophisticated processing techniques. Figure 8.1 shows a cutaway view of a power factor 

correction capacitor. Figure 8.2 shows a typical capacitor utilization in a switched pole-top rack. In the 

past, most power capacitors were constructed with two sheets of pure aluminum foil separated by 

three or more layers of chemically impregnated kraft paper. Power capacitors have been improved 

tremendously over the last 30 years or so, partly due to improvements in the dielectric materials and 

their more efficient utilization and partly due to improvements in the processing techniques involved. 

Capacitor sizes have increased from the 15–25 kvar range to the 200–300 kvar range (capacitor banks 

are usually supplied in sizes ranging from 300 to 1800 kvar). Nowadays, power capacitors are much 

more efficient than those of 30 years ago and are available to the electric utilities at a much lower cost 

per kilovar. In general, capacitors are getting more attention today than ever before, partly due to a 

new dimension added in the analysis: changeout economics. Under certain circumstances, even 

replacement of older capacitors can be justified on the basis of lower-loss evaluations of the modern 

capacitor design. Capacitor technology has evolved to extremely low-loss designs employing the all-

film concept; as a result, the utilities can make economic loss evaluations in choosing between the 

presently existing capacitor technologies. 

 



 

 

 



 

 

 

 



 

 

 



 



 

PROBLEMS: 



 

 

 

 

 

 

 



POWER FACTOR CORRECTION : 

GENERAL: 

 A typical utility system would have a reactive load at 80% power factor during the summer months. 

Therefore, in typical distribution loads, the current lags the voltage, as shown in Figure 8.7a. The cosine 

of the angle between current and sending voltage is known as the power factor of the circuit. If the 

in-phase and out-of-phase components of the current I are multiplied by the receiving-end voltage VR 

, the resultant relationship can be shown on a triangle known as the power triangle, as shown in Figure 

8.7b. Figure 8.7b shows the triangular relationship that exists between kilowatts, kilovoltamperes, and 

kilovars. Note that, by adding the capacitors, the reactive power component Q of the apparent power 

S of the load can be reduced or totally suppressed. Figures 8.8a and 8.9 illustrate how the reactive 

power component Q increases with each 10% change of power factor. Figure 8.8a also illustrates how 

a portion of lagging reactive power Qold is cancelled by the leading reactive power of capacitor Qc . 

Note that, as illustrated in Figure 8.8, even an 80% power factor of the reactive power (kilovar) size is 

quite large, causing a 25% increase in the total apparent power (kilovoltamperes) of the line. At this 

power factor, 75 kvar of capacitors is needed to cancel out the 75 kvar of the lagging component. As 

previously mentioned, the generation of reactive power at a power plant and its supply to a load 

located at a far distance is not economically feasible, but it can easily be provided by capacitors (or 

overexcited synchronous motors) located at the load centers. Figure 8.10 illustrates the power factor 

correction for a given system. As illustrated in the figure, capacitors draw leading reactive 

 



 

 

 

 

 

 

 

 

 



ECONOMIC POWER FACTOR : 

As can be observed from Figure 8.10b, the apparent power and the reactive power are decreased 

from S1 to S2 kVA and from Q1 to Q2 kvar (by providing a reactive power of Q), respectively. The 

reduction of reactive current results in a reduced total current, which in turn causes less power losses.

  

Thus, the power factor correction produces economic savings in capital expenditures and fuel 

expenses through a release of kilovoltamperage capacity and reduction of power losses in all the 

apparatus between the point of installation of the capacitors and the power plant source, including 

distribution lines, substation transformers, and transmission lines. The economic power factor is the 

point at which the economic benefits of adding shunt capacitors just equal the cost of the capacitors. 

In the past, this economic power factor was around 95%. Today’s high plant and fuel costs have pushed 

the economic power factor toward unity. However, as the corrected power factor moves nearer to 

unity, the effectiveness of capacitors in improving the power factor, decreasing the line 

kilovoltamperes transmitted, increasing the load capacity, or reducing line copper losses by decreasing 

the line current sharply decreases. Therefore, the correction of power factor to unity becomes more 

expensive with regard to the marginal cost of capacitors installed. 

 

USE OF A POWER FACTOR CORRECTION TABLE : 

 

 



 

 



 

 



 

PRACTICAL METHODS USED By THE POWER INDUSTRY FOR POWER FACTOR IMPROVEMENT 

CALCULATIONS 

 



 

REAL POWER-LIMITED EqUIPMENT : 

Certain equipments such as turbogenerator (i.e., turbine generators) and engine generator sets have 

a real power (P) limit of the prime mover as well as a kVA limit of the generator. Usually the real power 

limit corresponds to the generator S rating, and the set is rated at that P value at unity power factor 

operation. Other real power (P) values that correspond to the lesser power factor operations are 

determined by the power factor and real power (S) rating at the generator in order that the P and S 

ratings of the load do not exceed the S rating of the generator. Any improvement of the power factor 

can release both P and S capacities. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



COMPUTERIZED METHOD TO DETERMINE THE ECONOMIC POWER FACTOR : 

 

PROBLEMS: 



 

 

 



 



 



 

 



 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CAPACITOR INSTALLATION TyPES : 

In general, capacitors installed on feeders are pole-top banks with necessary group fusing. The fusing 

applications restrict the size of the bank that can be used. Therefore, the maximum sizes used are 

about 1800 kvar at 15 kV and 3600 kvar at higher voltage levels. Usually, utilities do not install more 

than four capacitor banks (of equal sizes) on each feeder 

 

 



 

 

 

 



 

 

 

 



 



 

 



 

 

 

 

 

 

 

 

 

 

 

 



 



 

 



 



 



 

 



 



 

 

 

 

 

 

 

 



 

 

 



 

 



 

 



 



 



 



 



 

 

 



 

 



 

 



 



 

 



 

 

 

 



 



 

 



 



 

 

 



 



 



 

 

 

 



 

 



 



 

 

 

 

 

 



 

 



 

 



 

 



 



 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 MARKS QUESTIONS AND ANSWERS 

1. What are the differences between fixed and switched capacitors? 
                                                                                                ( June 2017-SUPPLE(R13) 
Ans: A fixed capacitor is constructed in such manner that it possesses a fixed value of 

capacitance which cannot be adjusted. A fixed capacitor is classified according to the type 

of material used as its dielectric, such as paper, oil, mica, or electrolyte. 

A switched capacitor is an electronic circuit element used for discrete-time signal 

processing. It works by moving charges into and out of capacitors when switches are 

opened and closed. Usually, non-overlapping signals are used to control the switches, so 

that not all switches are closed simultaneously. 

 

  
2. Write short notes on power factor correction (November/December 2016-REG(R13)) 

.  

       Ans:       Methods of Power Factor Improvement 

     Capacitors: Improving power factor means reducing the phase difference between   

      voltage and current.     

     Synchronous Condenser: The  3 phase synchronous motor with no load  

      attached to its shaft. 

     Phase Advancer: This is an ac exciter mainly used to improve pf of induction motor. 

 
3. Draw the phasor diagram of shunt compensation 
                                                                    (November/December 2016-REG(R13)) 

.  

Ans: 

 
Figure: Single line diagram of a shunt compensated transmission line and its phasor 

diagram 

 
4. Write the two-third rule for locating the shunt capacitors in distribution systems.  

Ans: 

𝐶𝑇 =
2𝑛

2𝑛 + 1
 𝐹𝐿𝐷1 

 
It can be observed that if the total number of capacitor banks approaches infinity, 
then the optimum total  capacitor rating becomes equal to the reactive load factor. 
If only one capacitor bank is used ,the optimum capacitor rating to provide for the 
maximum energy loss reduction is  

𝐶
𝑇=

2
3

   𝐹𝐿𝐷1 

This equation gives the two-third rule for locating the fixed shunt capacitors in distribution 
systems. 
 



 
5. What are the causes of low power factor? 

        Ans:1. Most of the a.c. motors are of induction type (1φ and 3φ induction motors) which 

have   

                 low lagging power factor. These motors work at a power factor which is extremely  

                 small on Light  load (0·2 to 0·3) and rises to 0·8 or 0·9 at full load. 

             2. Arc lamps, electric discharge lamps and industrial heating furnaces operate at low 

                 lagging power factor. 

             3. The load on the power system is varying ; being high during morning and evening 

and  

                 low at other times. During low load period, supply voltage is increased which   

                 increases the magnetisation current. This results in the decreased power factor. 

 

6. What are the disadvantages of low power factor? 

Ans:1. Large copper losses. 2. Poor voltage regulation. 3. Greater conductor size.  

        4. Large kVA rating of equipment. 

 
7. What is a synchronous condenser? 
 Ans: An over-excited synchronous motor running on no load is known as synchronous 

condenser. 

 

8. What is most economical power factor? 

      Ans: The value to which the power factor should be improved so as to have maximum net  

        saving is known as the most economical power factor. 
 

9. How will you meet the Increased kW Demand on Power Stations 

      Ans:1. By increasing the kVA capacity of the power station at the same power factor  

             (say cos φ1). Obviously, extra cost will be incurred to increase the kVA capacity of the 
station. 

             2. By improving the power factor of the station from cos φ1  to cos φ2 without 

increasing the  kVA capacity of the station. This will also involve extra cost on account of 

powerfactor correction equipment. 

 

10. What are series capacitors and shunt capacitors? 

Ans: Series capacitors, that is, capacitors connected in series with lines, have been used to 

a very limited extent on distribution circuits due to being a more specialized type of 

apparatus with a limited range of application. 

 

       Shunt capacitors, that is, capacitors connected in parallel with lines, are used 

extensively in distribution systems. 

 

 

11. What is series compensation? 

Ans: Series compensation is the method of improving the system voltage by connecting a 

capacitor in series with the transmission line. In other words, in series compensation, 

reactive power is inserted in series with the transmission line for improving the 

impedance of the system. It improves the power transfer capability of the line. It is mostly 

used in extra and ultra high voltage line. 

 
 



12. What are the advantages of series compensation 

Ans: Series compensation has several advantages like it increases transmission capacity, improve 

system stability, control voltage regulation and ensure proper load division among parallel feeders.  

 
13. What is shunt compensation? 

Ans: At buses where reactive power demand increases, bus voltage can be controlled 

by connecting capacitor banks in parallel to a lagging load.  

Capacitor banks supply part of or full reactive power of load, thus reducing 

magnitude of the source current necessary to supply load. Consequently the voltage 

drop between the sending end and the load gets reduced, power factor will be 

improved and increased active power output will be available from the source.  

 

14. What is the power loss due to load currents in the conductors of the single phase two-

wire uni-grounded lateral with full capacity neutral? 

Ans: The power loss due to load currents in the conductors of the single phase two-wire 

uni-grounded lateral with full capacity neutral is six times larger than the one in the 

equivalent three phase four-wire lateral. 

    𝑃𝐿𝑆,1 =   6 𝑃𝐿𝑆,3   

 

15. What is the voltage drop in the single phase two-wire uni-grounded lateral with full 

capacity neutral? 

Ans: The voltage drop in the single phase two-wire uni-grounded lateral with full capacity 

neutral is six times larger than the one in the equivalent three phase four-wire lateral 

 

16. What is the power loss due to load currents in the conductors of the single phase  lateral 

? 

Ans: The power loss due to load currents in the conductors of the single phase  lateral is 

two times larger than the one in the equivalent three phase lateral. 

 

17. What is the voltage drop in the single phase ungrounded lateral ? 

 Ans: The voltage drop in the single phase ungrounded lateral is approximately 3.46 times 

larger than the one in the equivalent three phase lateral. 

 

18. What is a capacitor bank? 

Ans: A total assembly of capacitor modules electrically connected to each other. 

 

19. What are the connections of a Three-Phase capacitor Bank connections? 

Ans: A three phase capacitor bank on a distribution feeder can be connected in(1)delta, 

(2)grounded-wye, or (3)ungrounded-wye. 

 

20. What are the economic benefits that can be derived from capacitor installation? 

Ans: 1.Released generation capacity. 

        2. Released transmission capacity. 

        3. Released distribution substation capacity. 

        4.Reduced energy(copper)losses 

        5.Reduced voltage drop and consequently improved voltage regulation. 

 

 



10 MARKS QUESTIONS 

 

1.(A) Explain the manual method of solution for radial distribution system( 

November/December 2016-REG(R-13) 

       (B) Derive the equation for load power factor for which the voltage drop is maximum 

 

2. A 3 Phase, 500 H.P, 50 Hz, 11 kV star connected induction motor has a full load efficiency 

of 85% at a lagging p.f. of 0.75 and connected to a feeder. If it is desired to correct it to a p.f. 

of 0.9 lagging load. Determine the following: (i) The size of the capacitor bank. (ii) The 

capacitance of each unit if the capacitors are connected in star as well as delta. 

                                                                                          ( November/December 2016-REG(R-13) 

 

3. (A) Explain the procedure employed to determine the best capacitor location. ( June 2017-

SUPPLE(R-13)) 

 

    (B)A 40 kW induction motor has power factor 0.95 and efficiency 0.85 at full1oad, power 

factor 0.7 and efficiency 0.65 at half-load. At no-load, the current is 20% of the full-load 

current and power factor 0.2. Capacitors are supplied to make the line power factor 0.9 at 

half-load. With these capacitors in circuit, find the line power factor at: (i) Full load. (ii) No-

load.  

 

4.(A) Explain the role of shunt and series capacitors in power factor correction. Compare their 

performance in power factor correction. ( June 2017-SUPPLE(R-13)) 

 

   (B)Discuss the need of power factor improvement in distribution system.  

 

5.(A) Explain the effect of shunt compensation on distribution system. ( June 2017-SUPPLE(R-

09)) 

 

   (B) A synchronous motor improves the power factor of a load of 300 kW from 0.8 lagging to 

0.9 lagging. Simultaneously the motor carries a load of 150 kW. Determine: (i) The leading 

kVAR taken by the motor. (ii) kVA rating of the motor. (iii) Power factor at which the motor 

operates. 

 



6.  Show that power loss due to load currents of the two phase, 3 wire lateral with full capacity 

neutral is exactly equal to 2.25 times larger than the one in which equivalent three phase 

lateral is used. Also prove that VD pu, 2 =2.1xVDpu, 3 for the above system. ( November 2012-

REG-(R09)) 

 

7. Consider a three phase, 3 wire, 440 V secondary system with balanced loads at A, B and C 

shown in figure. Determine:                                                (December/January 2013/14-REG(R09)) 

(i) Total voltage drop.  

(ii) Real power / phase for each load.  

(iii) Reactive power / phase for each load.  

(iv) The kVA output and load p.f. of the distribution transformer 

 

8.(A) Explain the disadvantages of low power factor. 

   (B) A single-phase motor connected to a 240V, 50 Hz supply takes 20 A at p.f. of 0.75 lag. A 

capacitor is shunted across the motor terminals to improve the p.f to 0.9 lag. Determine the 

capacitance of the capacitor to be used. 



EDSA 

UNIT 5 

DISTRIBUTION AUTOMATION 

Distribution automation, distribution management systems, distribution automation system 

functions, Basic SCADA system, outage management, decision support applications, substation 

automation, control feeder automation, database structures and interfaces. 

 

Distribution automation: 

WHY DISTRIBUTION AUTOMATION? :  

Distribution companies implementing distribution automation (DA) are receiving benefits from many 

areas such as providing a fast method of improving reliability, making the whole operating function 

more efficient, or simply extending asset life. Acceptance of distribution automation across the 

distribution industry is varied and not universal, due to the limited benefit-to-cost ratios of the past. 

The legacy of past management perceptions that more efficient control of distribution networks was 

neither required nor a worthwhile investment and is changing as a result of deregulation and the 

industry’s experience with new, cost-effective control systems. Automation is first implemented at 

the top of the control hierarchy where integration of multifunctions gains efficiencies across the 

entire business. Implementation of downstream automation systems requires more difficult 

justification and it is usually site specific, being targeted to areas where improved performance 

produces measurable benefits. The benefits demonstrated through automating substations are now 

being extended outside the substation to devices along the feeders and even down to the meter. 

The utilities implementing DA have produced business cases* supported by a number of real 

benefits selected to be appropriate to their operating environment. The key areas of benefits down 

the control hierarchy† are summarized in Table 1.1. 

 

 

 



Reduced Operation and Maintenance (O&M) Costs: 

Automation reduces operating costs across the entire utility, whether from improved management 

of information at the utility layer or from the automatic development of switching plans with a  

distribution management system (DMS) at the network layer. At the substation and distribution 

layers, fast fault location substantially reduces crew travel times, because crews can be dispatched 

directly to the faulted area of the network. Time-consuming traditional fault location practices using 

line patrols in combination with field operation of manual switches and the feeder circuit breaker in 

the primary substation are eliminated. Automation can be used to reduce losses, if the load 

characteristics justify the benefit, by regularly remotely changing the normally open points (NOPs) 

and dynamically controlling voltage. Condition monitoring of network elements through real-time 

data access in combination with an asset management system allows advanced condition and 

reliability-based maintenance practices to be implemented. Outages for maintenance can be 

optimally planned to reduce their impact on customers. 

 

 

 



 

 





 







 

 

 

 

 

 

 

 

 

 

 

 

 

 



Distribution Automation in Brief: 

 

 



























 



SCADA 



 















 

 

SCADA in BRIEF: 





























































































 

 

 

 

 

 

 

 

 

 

 

 

 



2 MARKS QUESTION AND ANSWERS 



5. 

 



6. 

 

 

10 MARKS QUESTIONS 

1. Explain Distribution Automation and  advantages & disadvantages with neat 

diagram 

2. Explain Distribution management systems with neat diagram 

3. Explain Distribution Automation system functions 

4. Explain SCADA system with neat diagrams & and  List the advantages & 

disadvantages ? 

5. Explain Outage Management with neat diagrams 

6. Explain decision support applications 

7. Explain Substation Automation with neat diagram 

8. Explain Controller Feeder Automation with neat diagram 

9. Explain database Structures and interfaces with neat diagrams 


