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Site Selection Of Sub-station:

The site should be near the load center keeping in
view the future load growth.

Access road to the site for smooth movement of
construction machines, equipments and
transformers.

Good Roadways to construction site and shorter
distance to rail head are desired.

 The site should be chosen to avoid soil filling,
earth removal etc. The requirement of soil filling
and earth removal takes time and increases total
cost of substation.



 Historical data of worst flood is taken into
account to avoid water logging of the substation in
case of possibility of flood. Flood plains and
wetlands are avoided.

Atmospheric conditions like salt and suspended
chemical contaminants influence selection of
equipments and maintenance requirements.

Interference with communication signals. The
construction company have to take permission
from the appropriate authority.



Electric and magnetic field strength are of particular
concern especially for Ultra High Voltage (UHV) systems at
765 kV,1200 kV or above. Research organisations has
shown the impact of strong Electric/magnetic fields due to
UHV substations and lines on human health. Such new
concerns are also required to be addressed properly.

Forest land, sanctuaries and national parks are avoided.
Almost all governments has laid stringent rules to comply
for approval of forest land and wild life sanctuary. The
usual process takes time to get approval from the
concerned authorities. This process delays the construction
activities.



Approval is also required from aviation authority.
Substation should be away from airport and
defence establishments.

 Water supply and sewage system are the two most
important facilities to be given due consideration.



Factors affecting the selection of primary feeder rating:

 The nature of the load connected

 The load density of the area served

 The growth rate of the load

 The need for providing spare capacity for emergency

operations

 The type and cost of circuit construction employed

 The Design and capacity of the substation involved

 The type of regulating equipment used

 The quality of service required

 The continuity of service required



primary feeder :

The part of the electric utility system which is

between the distribution sub station and

distribution transformers is called the primary

system. It is also known as primary feeders or

primary distribution feeders.

There are two types of primary feeders

1.Radial-type primary feeder
2.loop-type primary feeder



1. Radial-type primary feeder:



 The simplest and the lowest cost and

therefore the most common form of primary

feeder is the radial feeder. As shown in

above.

 The main primary feeder branches into

various primary laterals or branches, which

in turn separates into several sub laterals to

serve all the distribution transformers.

 In general, the main feeder and sub feeders are

three phase three wire or four wire circuits and

the laterals are three or single phase.



 In this system, the current magnitude is the

greatest in the circuit conductors that leave

the substation, the current magnitude

continuously lesser out towards the end of the

feeder as lateral and sub laterals are tapped

off the feeder.

 The reliability of service continuity of the radial

primary feeder 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, sectionalizer, disconnecting switch or

reclosure.



Modified radial-type primary feeder with tie and

sectionalizing switches:



 In this system provides 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 disconnecting devices

on each side of the faulted section.



Radial 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 known

as express feeder.no sub feeders or

laterals are allowed to be tapped off the

express feeder.

 However, a sub feeder is allowed to

provide a backfeed towards the

substation from the load center.



Radial type phase area feeder arrangement:

In this system each phase of the three-phase feeder serves its own

service area. Each dot represents a balanced three phase load

lumped at that location.



Loop type primary feeder:



 In this loop type primary feeder which

loops through the feeder load area and

returns back to the bus.

 Usually the size of 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 parallel

paths from the substation to the load,

when the loop is operated with

normally open tie breakers or

disconnect switches.



 The loop type primary feeder

arrangement is especially beneficial to

provide service for loads where high

service reliability is required.

 The main drawback of this system is

separate feeder breaker on each end of

the loop is preferred, so it leads to high

cost.



Primary Feeder Voltage levels:

1.Primary feeder length.

2.Primary feeder loading

3.Number of distribution substations.

4.Rating of distribution substations.

5.Numuber of sub-transmission voltage.

6.Number of customers affected by a specific

outage.

7.Voltage drops

8.Power loss.

9.Load Projections.

10.Equipment availability costs.

11.Company policies.



Primary Feeder Loading:

Primary feeder loading is defined as the loading of

a feeder during peak load conditions as

measured as the substation.

The following are the factors affecting the

design of primary feeder loading,

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.



Some other additional factors are,

8.Feeder routing.

9.Number of feeders.

10.Selection of conductor size.

5.Location and Capacity of the distribution

substation.

6.Type and cost of construction and

operating cost factors.

7.Alternate supply provision made.
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Overview

 Introduction

Per unit conversion

Data preparation

Backward/ forward sweep load flow

Simulation studies

2



Introduction

 Load flow studies are performed to know the steady state
operating condition of a power system.

 In power systems, powers are known quantities rather than
currents. Thus, the equations used in load flow studies are in
terms of power.

 These power flow equations are nonlinear and solved by
iterative techniques.

 Load flow studies are used for planning, operation,
economic scheduling and exchange of power between
utilities.

 Transient, contingency and stability studies are required load
flow analysis.
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flowWhy backward forward sweep load 
algorithm isused for distribution networks?

Due to the following special features Newton
Raphson and other transmission network
algorithms are failed with distribution network:

Radial and weakly meshed networks

High R/X ratio

Distributed generation

4



Typical radial distribution network  
topology: Single line diagram
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In load flow approach, all quantities are 
converted to per unit values.



Need of per unit conversion

An interconnected power system has different
voltage levels. So, transformation of all the
impedances to a single voltage level is required.

 It gives a clear idea of relative magnitudes of various
quantities such as voltage, current, power and
impedance.

 The per unit values vary within narrow range and this
makes the computational analysis easier for
complex power systems.

 The per unit values of voltage, current and  
impedance are same for both primary and
secondary side of transformer.
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Per unit calculations

 The per unit value of any quantity is the ratio of actual
value to its base value. It isa unit less quantity.

 In power systems computation, usually three phase
base MVA and line to line base voltage in kV are
selected to specify the base.

 The base current (𝐼𝐵) iscalculated as,

𝐵𝐼 =
𝑆𝐵

√3𝑉𝐵

 The base impedance (𝑍𝐵) is calculated as,

𝑍𝐵

2 2

= 𝑉𝐵 /√3 =𝑉𝐵 =(𝑘𝑉𝐵 )

𝐼𝐵 𝑆𝐵 𝑀𝑉𝐴𝐵

where, 𝑆𝐵 is base volt-ampere (VA) and 𝑉𝐵 is base voltage (V)
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Changing of base of per unit quantities
 In power system, the per unit impedance of generators and

transformers are based on their own ratings and the per unit
impedance of lines are based on their own ohmic values.

 For power system analysis, all the per unit impedance values
must be calculated at same base.

𝐵 𝐵 Let, 𝑆𝑜𝑙𝑑, 𝑉𝑜𝑙𝑑 and Z (Ω) are old base Volt-ampere, old base

voltage and actual impedance, respectively.

 The per unit value with old and new base values are:

𝑍𝑜𝑙𝑑 =
𝑍

𝐵
𝑝𝑢 𝑍𝑜𝑙𝑑

𝐵

𝑉𝐵
𝑜 𝑙 2= 𝑧 , 𝑍𝑛𝑒𝑤=

𝑍

𝐵
𝑝𝑢 𝑍𝑛𝑒𝑤

= 𝑧 𝐵𝑆𝑜𝑙𝑑 𝑆𝑛𝑒𝑤

𝐵𝑉
𝑛𝑒𝑤 2

𝑝 𝑝𝑍𝑛𝑒𝑤= 𝑍𝑜𝑙𝑑 𝐵

𝐵𝑆
𝑜𝑙𝑑

𝐵𝑆𝑛𝑒𝑤 𝑉𝑜𝑙𝑑

𝐵𝑉
𝑛𝑒𝑤

 The new per unit value in terms of old is:

2
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Data preparation

 To perform load flow analysis the following data 
must be known:

 Base MVA of the network

 Base kVA of the network

 Voltage mismatch accuracy

 Maximum number of iterations

 Resistance and reactance of each branch of  
network

 Real and reactive power demand at each and 
every nodes of the network
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Bus/Node data file preparation
 Starting from substation bus assign a number to each 

buses sequentially

 For a bus, all the data must be in single row

 Column 1:enter the buses number sequentially

 Column 2:enter the buses code (0:load bus, 1:slack

bus and 2:voltage controlled bus)

 Column 3 and 4:enter the initial voltage magnitude

and angle to each buses as ‘1’ per unit and ‘0’ (zero)  

degree respectively

 Column 5 and 6:enter the load demand of each buses

in MW and MVAR respectively

10



Line data file preparation

 Connectivity of buses must be known

 For a branch of network, all the data must be in
single row

 Column 1 and 2: enter the branch buses numbers 
in sequence

 Column 3 :enter the branch resistance

 Column 4:enter the branch reactance
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Equations involved in load flow analysis
 Load current (𝐼𝑖̅) at bus ‘i’ is calculated,

̅𝐼 =
𝑃 −𝑗𝑄𝑖 𝑖

̅𝑖
∗

𝑖 Branch current (𝐼𝑏 ) for branch ‘im’ is calculated by using,

𝑖
𝐼𝑏 = 𝐼𝑚̅ + ∑𝑖ЄГ 𝐼𝑖

 The voltage at receiving end (𝑉̅𝑚) is calculated as,

𝑉̅𝑚 = 𝑉̅𝑖− 𝐼𝑏 (𝑅𝑖𝑚+𝑗𝑋𝑖𝑚)𝑖𝑚

where, 𝑖 Є 1, . . 𝑁 , 𝑖𝑚 Є 1, . . 𝑁 − 1

𝑁 is total number of bus, 𝑉̅𝑖is sending end voltage

Г isa set of all the nodeswhich are located beyond node ‘m’

𝑅𝑖𝑚 and 𝑋𝑖𝑚 are the resistance and reactance of branch ‘ im’
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Flowchart of backward forward sweep
approach13
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69-node radial distribution network
14



Node data of 69-node radial  
distribution network

basemva =10 ; accuracy = 0.0001; 
maxiter=100;  basekv=12.66;

%Distribution System data (69 bus system)

% Bus Bus Voltage Angle Load Load

% no. code mag.
(pu)

(degree) (kW) (kVAR)

busdata=[ 1 1 1 0 0 0

2 0 1 0 0 0

3 0 1 0 0 0

4 0 1 0 0 0

5 0 1 0 0 0

6 0 1 0 2.6 2.2

7 0 1 0 40.4 30

8 0 1 0 75 54

9 0 1 0 30 22

10 0 1 0 28 19

11 0 1 0 145 104

12 0 1 0 145 104

13 0 1 0 8 5.5

14 0 1 0 8 5.5

15 0 1 0 0 0

16 0 1 0 45.5 30

17 0 1 0 60 35

18 0 1 0 60 35

19 0 1 0 0 0

20 0 1 0 1 0.6

21 0 1 0 114 81

22 0 1 0 5.3 3.5

23 0 1 0 0 0

24 0 1 0 28 20

25 0 1 0 0 0

26 0 1 0 14 10

27 0 1 0 14 10

28 0 1 0 26 18.6

29 0 1 0 26 18.6

30 0 1 0 0 0
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31 0 1 0 0 0

32 0 1 0 0 0

33 0 1 0 14 10

34 0 1 0 19.5 14

35 0 1 0 6 4

36 0 1 0 26 18.55

37 0 1 0 26 18.55

38 0 1 0 0 0

39 0 1 0 24 17

40 0 1 0 24 17

41 0 1 0 1.2 1

42 0 1 0 0 0

43 0 1 0 6 4.3

44 0 1 0 0 0

45 0 1 0 39.22 26.3

46 0 1 0 39.22 26.3

47 0 1 0 0 0

48 0 1 0 79 56.4

49 0 1 0 384.7 274.5

50 0 1 0 384.7 274.5

51 0 1 0 40.5 28.3

52 0 1 0 3.6 2.7

53 0 1 0 4.35 3.5

54 0 1 0 26.4 19

55 0 1 0 24 17.2

56 0 1 0 0 0

57 0 1 0 0 0

58 0 1 0 0 0

59 0 1 0 100 72

60 0 1 0 0 0

61 0 1 0 1244 888

62 0 1 0 32 23

63 0 1 0 0 0

64 0 1 0 227 162

65 0 1 0 59 42

66 0 1 0 18 13

67 0 1 0 18 13

68 0 1 0 28 20

69 0 1 0 28 20 ];



Line data of 69-node radial distribution network

% ns nr R X

linedata
= [1 2 0.0005 0.0012

2 3 0.0005 0.0012

3 4 0.0015 0.0036

4 5 0.0251 0.0294

5 6 0.366 0.1864

6 7 0.3811 0.1941

7 8 0.0922 0.047

8 9 0.0493 0.0251

9 10 0.819 0.2707

10 11 0.1872 0.0691

11 12 0.7114 0.2351

12 13 1.03 0.34

13 14 1.044 0.345

14 15 1.058 0.3496

15 16 0.1966 0.065

16 17 0.3744 0.1238

17 18 0.0047 0.0016

18 19 0.3276 0.1083

19 20 0.2106 0.0696

20 21 0.3416 0.1129

21 22 0.014 0.0046

22 23 0.1591 0.0526

23 24 0.3463 0.1145

24 25 0.7488 0.2745

25 26 0.3089 0.1021

26 27 0.1732 0.0572

3 28 0.0044 0.0108

28 29 0.064 0.1565

29 30 0.3978 0.1315

30 31 0.0702 0.0232
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31 32 0.351 0.116

32 33 0.839 0.2816

33 34 1.708 0.5646

34 35 1.474 0.4873

3 36 0.0044 0.0108

36 37 0.064 0.1565

37 38 0.1053 0.123

38 39 0.0304 0.0355

39 40 0.0018 0.0021

40 41 0.7283 0.8509

41 42 0.31 0.3623

42 43 0.041 0.0478

43 44 0.0092 0.0116

44 45 0.1089 0.1373

45 46 0.0009 0.0012

4 47 0.0034 0.0084

47 48 0.0851 0.2083

48 49 0.2898 0.7091

49 50 0.0822 0.2011

8 51 0.0928 0.0473

51 52 0.3319 0.1114

9 53 0.174 0.0886

53 54 0.203 0.1034

54 55 0.2842 0.1447

55 56 0.2813 0.1433

56 57 1.59 0.5337

57 58 0.7837 0.263

58 59 0.3042 0.1006

59 60 0.3861 0.1172

60 61 0.5075 0.2585

61 62 0.0974 0.0496

62 63 0.145 0.0738

63 64 0.7105 0.3619

64 65 1.041 0.5302

11 66 0.2012 0.0611

66 67 0.0047 0.0014

12 68 0.7394 0.2444

68 69 0.0047 0.0016];



Voltage magnitude plot of 69-node 
radial distribution network17



Bus voltages of 69-node radial 
distribution network
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v=[ 1.0000 + 0.0000i

1.0000 -
0.0000i

0.9999 -
0.0000i

0.9998 -
0.0001i

0.9990 -
0.0003i

0.9901 +
0.0009i

0.9808 +
0.0021i

0.9786 +
0.0024i

0.9774 +
0.0025i

0.9724 +
0.0039i

0.9713 +
0.0042i

0.9681 +
0.0051i

0.9652 +
0.0059i

0.9623 +
0.0066i

0.9594 +
0.0074i

0.9589 +
0.0075i

0.9580 +
0.0077i

0.9580 +
0.0077i

0.9575 +
0.0079i

0.9572 +
0.0080i

0.9568 +
0.0081i

0.9989 + 0.0002i

0.9999 - 0.0001i

0.9997 - 0.0002i

0.9996 - 0.0002i

0.9995 - 0.0002i

0.9995 - 0.0002i

0.9988 - 0.0004i

0.9986 - 0.0005i

0.9985 - 0.0005i

0.9985 - 0.0005i

0.9984 - 0.0005i

0.9984 - 0.0005i

0.9998 - 0.0001i

0.9985 - 0.0009i

0.9947 - 0.0033i

0.9941 - 0.0037i

0.9785 + 0.0024i

0.9785 + 0.0024i

0.9747 + 0.0029i

0.9714 + 0.0033i

0.9669 + 0.0039i

0.9626 + 0.0045i

0.9400 + 0.0109i

0.9289 + 0.0140i

0.9246 + 0.0153i

0.9196 + 0.0169i

0.9122 + 0.0178i

0.9119 + 0.0179i

0.9115 + 0.0179i

0.9096 + 0.0181i

0.9090 + 0.0182i

0.9713 + 0.0042i

0.9713 + 0.0042i

0.9678 + 0.0052i

0.9678 + 0.0052i];



52-node radial distribution network19



Node data of 52-node radial distribution network

nbus=5
2;

basemva =1 ; accuracy = 0.0001; 
maxiter=100;  basekv=11;

%
% Distribution System data (52 bus
system)

% Bus Bus VoltageAngle Load Load

% No. code
mag.  
(pu)

(Degr
e  e) (kW) (kVAR)

busdat
a=[ 1 1 1 0 0 0

2 0 1 0 81 39

3 0 1 0 135 65

4 0 1 0 108 52

5 0 1 0 108 52

6 0 1 0 27 13

7 0 1 0 54 26

8 0 1 0 135 65

9 0 1 0 81 39

10 0 1 0 67 32

11 0 1 0 27 13

12 0 1 0 27 13

13 0 1 0 108 52

14 0 1 0 54 26

15 0 1 0 94 45

16 0 1 0 67 33

17 0 1 0 67 33

18 0 1 0 108 52

19 0 1 0 81 39

20 0 1 0 108 52

21 0 1 0 94 46

22 0 1 0 81 39

23 0 1 0 108 52

24 0 1 0 108 52

25 0 1 0 102 50

20

26 0 1 0 41 20

27 0 1 0 108 52

28 0 1 0 162 79

29 0 1 0 68 33

30 0 1 0 68 33

31 0 1 0 95 46

32 0 1 0 41 20

33 0 1 0 121 59

34 0 1 0 41 20

35 0 1 0 41 20

36 0 1 0 135 66

37 0 1 0 81 40

38 0 1 0 68 33

39 0 1 0 95 46

40 0 1 0 108 52

41 0 1 0 41 20

42 0 1 0 95 46

43 0 1 0 27 13

44 0 1 0 122 59

45 0 1 0 108 52

46 0 1 0 81 39

47 0 1 0 68 33

48 0 1 0 41 20

49 0 1 0 68 33

50 0 1 0 81 39

51 0 1 0 108 52

52 0 1 0 41 20];



Line data of 52-node radial distribution  
network
% ns nr R (pu) X (pu)

linedata= [ 1 2 0.0258 0.0111

2 3 0.043 0.0185

2 4 0.0129 0.0056

4 5 0.0129 0.0056

4 6 0.0086 0.0037

6 7 0.0172 0.0074

6 8 0.0215 0.0093

8 9 0.0258 0.0111

9 10 0.043 0.0185

10 11 0.0129 0.0056

11 12 0.0086 0.0037

11 15 0.043 0.0185

12 13 0.0301 0.013

12 14 0.0344 0.0148

10 16 0.0129 0.0056

16 17 0.0516 0.0222

16 18 0.043 0.0185

18 19 0.0344 0.0148

1 20 0.0086 0.0037

20 21 0.0129 0.0056

21 22 0.0258 0.0111

22 23 0.043 0.0185

23 24 0.0215 0.0093

22 25 0.0258 0.0111

25 26 0.0344 0.0148

21

20 27 0.0086 0.0037

27 28 0.0129 0.0056

28 29 0.0215 0.0093

27 30 0.0344 0.0148

30 31 0.043 0.0185

1 32 0.0344 0.0148

32 33 0.043 0.0185

33 34 0.0344 0.0148

33 35 0.0301 0.013

35 36 0.0344 0.0148

36 37 0.0215 0.0093

35 38 0.0172 0.0074

33 39 0.0215 0.0093

39 40 0.0172 0.0074

39 41 0.0215 0.0093

41 42 0.0258 0.0111

41 43 0.0387 0.0167

43 44 0.043 0.0185

41 45 0.0129 0.0056

45 46 0.0301 0.013

45 47 0.0215 0.0093

47 48 0.0129 0.0056

47 49 0.0129 0.0056

49 50 0.0344 0.0148

49 51 0.0129 0.0056

51 52 0.0086 0.0037];



Voltage magnitude plot of 52-
node radial distribution network22



Node voltages of 52-node  
radial distribution network

23

v=[ 1.0000 + 0.0000i

0.9476 + 0.0019i

0.9402 + 0.0022i

0.9250 + 0.0027i

0.9231 + 0.0027i

0.9123 + 0.0031i

0.9111 + 0.0032i

0.8830 + 0.0041i

0.8525 + 0.0051i

0.8068 + 0.0067i

0.8007 + 0.0069i

0.7982 + 0.0070i

0.7957 + 0.0071i

0.7933 + 0.0071i

0.7936 + 0.0071i

0.8004 + 0.0069i

0.7951 + 0.0072i

0.7879 + 0.0074i

0.7836 + 0.0075i

0.9878 + 0.0005i

0.9791 + 0.0009i

0.9647 + 0.0015i

0.9529 + 0.0020i

0.9500 + 0.0021i

0.9601 + 0.0017i

0.9583 + 0.0018i

0.9824 + 0.0008i

0.9788 + 0.0009i

0.9769 + 0.0010i

0.9755 + 0.0011i

0.9704 + 0.0013i

0.9087 + 0.0031i

0.7970 + 0.0068i

0.7949 + 0.0069i

0.7817 + 0.0073i

0.7700 + 0.0078i

0.7672 + 0.0079i

0.7799 + 0.0074i

0.7574 + 0.0079i

0.7544 + 0.0080i

0.7247 + 0.0089i

0.7206 + 0.0090i

0.7148 + 0.0091i

0.7058 + 0.0094i

0.7113 + 0.0092i

0.7071 + 0.0093i

0.6959 + 0.0096i

0.6950 + 0.0097i

0.6891 + 0.0098i

0.6842 + 0.0100i

0.6857 + 0.0099i

0.6851 + 0.0099i];
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Node data and line data of 33-
node radial distribution network

basemva =100 ; accuracy = 0.0001; 
maxiter=100;  basekv=12.66;

%Distribution System data (33 bus
system)

% Bus Bus Voltage Angle Load Load

% no. code

mag.  
(pu)

(degree

) (kW) (kVAR)

busdata

=[ 1 1 1 0 0 0

2 0 1 0 100 60

3 0 1 0 90 40

4 0 1 0 120 80

5 0 1 0 60 30

6 0 1 0 60 20

7 0 1 0 200 100

8 0 1 0 200 100

9 0 1 0 60 20

10 0 1 0 60 20

11 0 1 0 45 30

12 0 1 0 60 35

13 0 1 0 60 35

14 0 1 0 120 80

15 0 1 0 60 10

16 0 1 0 60 20

17 0 1 0 60 20

18 0 1 0 90 40

19 0 1 0 90 40

20 0 1 0 90 40

21 0 1 0 90 40

22 0 1 0 90 40

23 0 1 0 90 50

24 0 1 0 420 200

25 0 1 0 420 200

26 0 1 0 60 25

27 0 1 0 60 25

28 0 1 0 60 20

29 0 1 0 120 70

30 0 1 0 200 600

31 0 1 0 150 70

32 0 1 0 210 100

33 0 1 0 60 40];

25

% ns nr R X

linedata= [1 2 0.0922 0.047

2 3 0.493 0.2511

3 4 0.366 0.1864

4 5 0.3811 0.1941

5 6 0.819 0.707

6 7 0.1872 0.6188

7 8 0.7114 0.2351

8 9 1.03 0.74

9 10 1.044 0.74

10 11 0.1966 0.065

11 12 0.3744 0.1238

12 13 1.468 1.155

13 14 0.5416 0.7129

14 15 0.591 0.526

15 16 0.7463 0.545

16 17 1.289 1.721

17 18 0.732 0.574

2 19 0.164 0.1565

19 20 1.5042 1.3554

20 21 0.4095 0.4784

21 22 0.7089 0.9373

3 23 0.4512 0.3083

23 24 0.898 0.7091

24 25 0.896 0.7011

6 26 0.203 0.1034

26 27 0.2842 0.1447

27 28 1.059 0.9337

28 29 0.8042 0.7006

29 30 0.5075 0.2585

30 31 0.9744 0.963

31 32 0.3105 0.3619

32 33 0.341 0.5302];



Voltage magnitude plot of 33-
node radial distribution network26



Node voltages of 33-node radial 
distribution network27

v= [ 1.0000 + 0.0000i

0.9970 + 0.0003i

0.9829 + 0.0016i

0.9755 + 0.0028i

0.9681 + 0.0039i

0.9497 + 0.0022i

0.9462 - 0.0016i

0.9413 - 0.0010i

0.9351 - 0.0022i

0.9292 - 0.0032i

0.9284 - 0.0031i

0.9269 - 0.0029i

0.9208 - 0.0043i

0.9185 - 0.0056i

0.9171 - 0.0062i

0.9157 - 0.0065i

0.9137 - 0.0077i

0.9131 - 0.0079i

0.9965 + 0.0001i

0.9929 - 0.0011i

0.9922 - 0.0014i

0.9916 - 0.0018i

0.9794 + 0.0011i

0.9727 - 0.0004i

0.9694 - 0.0011i

0.9477 + 0.0029i

0.9452 + 0.0038i

0.9337 + 0.0051i

0.9255 + 0.0063i

0.9219 + 0.0080i

0.9178 + 0.0066i

0.9169 + 0.0062i

0.9166 + 0.0061i];



Summary of the results

Parameters 69-node system 52-node system 33-node system

Minimum 
voltage of  
system

0.9092 0.6843 0.9131

Minimum 
voltage node  
number

65 50 18

Maximum 
voltage node  
number

2 20 2

Power loss
of  the
network  
(kW)

225.0021 887.3782 202.6762
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What is reactive power compensation?

🠶 Reactive power compensation is an approach
to locally supply the reactive power demand to
the consumer. Thisresults in:

🠶 Reduction of power loss

🠶 Improvement of bus voltage profile

🠶 power factor correction

This isalso called volt/var control…

2



Different reactive power compensation  
techniques for distribution networks

🠶 Capacitor

🠶 Synchronouscondenser

🠶 Custom power devices

🠶 Distributed generation units

3



Shunt Capacitor placement

🠶 Shunt capacitors, that is, capacitors connected in parallel with 
lines, are used extensively in distribution systems.

🠶 Shunt capacitors modify the characteristic of an inductive load 
by drawing a leading current.

🠶 With shunt capacitor placement to a feeder, the magnitude of 
the source current can be reduced, the power factor can be 
improved, and consequently the voltage drop between the 
sending end and the load isalso reduced.

4



Phasor diagram for a feeder section  
with and without capacitor placement

5



Voltage drop computation with capacitor  
placement

6

🠶 Voltage drop in feeders, or in short transmission lines,  
with lagging power factor can be approximated as:

𝑉𝐷 = 𝐼𝑅𝑅 + 𝐼𝑋𝑋𝐿

where,
R is the total resistance of the feeder circuit, Ω
XL is the total inductive reactance of the feeder circuit, Ω
IRis the real power (or in-phase) component of the current, A
IXis the reactive power (or out-of-phase) component of the current lagging the 
voltage by 90°, A



Capacitor placement for the power  
factor correction: Power Triangle

🠶 by adding the capacitors, the reactive  
power component Q of the apparent 
power Sof the load can be reduced or  
totally suppressed.

🠶 Assume that a load issupplied with a  
real power P, lagging reactive power  
Q1, and apparent power S1 at a lagging  
power factor of

1𝑐𝑜𝑠𝜃 =
𝑆1

𝑃 𝑃

1

=
(𝑃2 + 𝑄2)1/2

7



Capacitor placement for the power  
factor correction: Power Triangle

🠶 When a shunt capacitor of Qc kVA is  
installed at the load, the power factor can  
be improved from cos θ1 to cos θ2, where,

2cos 𝜃 =
2 2

𝑃 𝑃 𝑃

1𝑆
=

(𝑃2 + 𝑄2)1/2 =
[𝑃2 + (𝑄 −𝑄𝑐)2]1/2

8



Power factor correction

🠶 It gives a multiplier to determine the kVAr requirement. It is  
based on the following formula:

𝑄 = 𝑃 𝑡𝑎𝑛𝜃𝑜𝑟𝑖𝑔 − 𝑡𝑎𝑛𝜃𝑛𝑒𝑤 = 𝑃
𝑜𝑟𝑖𝑃𝐹2

1 1

𝑛𝑒𝑃𝐹2
− 1 − − 1

where,

 Q is the required compensation in kVAr

 P is the real power kW

 PForig is the original power factor

 PFnew is the desired power factor

9



Illustrative example of the effect of  
reactive power on power factor

10
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Concepts of leading and lagging 
power factor

🠶 The concept of “lagging” and “leading” power factors 
depends on the directions of the flows of real and reactive 
powers.

🠶 For a given load, the power factor is lagging if the load  
consumes reactive power. It is leading if the load supplies 
reactive power.

🠶 An induction motor has a lagging power factor, since it 
consumes reactive power from the source to meet its 
magnetizing requirements. But a capacitor (or an overexcited 
synchronous motor) supplies reactive power and thus has a 
leading power factor,

12



Economy in power factor correction:  
Concept of economic power factor

🠶 Since the capacitor can compensate the reactive current  
drawn by the load, it 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 kilovolt-amp capacity.

🠶 The economic power factor is the point at which the  

economic benefits of adding shunt capacitors just equal the 
cost of the capacitors.

13



Example…14

🠶 Assume that a substation supplies three  
different kinds of loads, i.e., incandescent  
lights, induction motors, and synchronous  
motors, as shown in Figure. Based on the  
given data in Figure, determine the  
following:

🠶 a. The apparent, real, and kVArs of each 
load

🠶 b. The total apparent, real, and reactive 

powersof the power that should be  
supplied by the substation

🠶 c. The total power factor of the substation

Ref. T.Gonen. Electric Power Distribution System Engineering



Solution…15

 Since incandescent lights are basically a unity power factor 
load, hence, 𝑆1=𝑃1= 100 kW and reactive power Q1=0.

 For induction motor loads operating power factor of 0.85  
lagging, 𝑆2 =300kVA

Real power consumption P2=300x0.85=255kW

 For synchronous motor load, the apparent power S3=200kVA.  
Thus, the real power consumption, P3 =(200 kVA)cos𝜃

=200x0.8=160kW



Solution…

 Reactive power consumption (Q2) of the induction motor

load is,𝑄2 = (300)2−(255)2= 90,000 − 65,025 ≅ 158 kVAr

 Reactive power consumption (Q3) of the

synchronous motors is𝑄3 = − (200 𝑘𝑉𝐴)2−(160

𝑘𝑊)2

= − 40,000 − 25,600

= − 14,400

= −120 𝑘𝑉𝐴𝑟

16



Solution…

Total Reactive power consumption is:

17

At the substation, the total real power consumption is

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃1 + 𝑃2 + 𝑃3

= 100 + 255 + 160
= 515 kW

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄1 + 𝑄2 + 𝑄3

= 0 + 158 − 120
= 38 kVAr

Reactive power
• Induction motor load required =158 kVAr
• Synchronous motor supplied =120 kVAr
• Substation must supply =38 kVAr



Solution…

The kVA of the substation is𝑆𝑡𝑜𝑡𝑎𝑙
=

𝑃2
𝑡𝑜𝑡

𝑡𝑜

+𝑄2

18

= 5152 + 382

= 266,669
= 516.4 kVA

The power factor of the substation is,

=
515 𝑘𝑊

516.4 𝑘𝑉𝐴

=0.997 𝑙𝑎𝑔𝑔𝑖𝑛𝑔



Example…19

🠶 A synchronous generator is rated 1250kVA. It is operating at 
a rated load of 1250 kVA at 0.85 power factor lagging. An 
additional load of 150 kW at 0.85 power factor is to be 
added. Determine the value of capacitors needed in order  
not to overload the generator.

Solution:

 The generator provides real power 𝑃 = 1250 × 0.85 = 1062.5 kW

 The generator provides reactive power 𝑄 = 12502 − 1062.52 =

658.48 kVAr



Solution…

With an additional load of 150kW, the generator needs to supply
𝑃𝑛𝑒𝑤= 1062.5 + 150 = 1212.5 kW

 Since the generator is rated 1250kVA, with the additional load it

can provide 𝑄𝑛𝑒𝑤 = 12502 − 1212.52 = 303.88 kVAr

 The additional load demands the reactive power of 𝑄𝑎𝑑𝑑 =

150

0.85

2

− 1502 = 92.96 kVAr

 The total reactive power demand is𝑄𝑑 = 𝑄 + 𝑄𝑎𝑑𝑑 = 658.48 +
92.96 = 751.44 kVAr

 However, the generator can only provide 303.88 kVAr

 Therefore, the capacitor rating should be 𝑄𝑐 = 751.44 − 303.88 =
447.56 kVAr

20



Exercise 1…

🠶 Assume that a load consumes 80 kW and 60 kVAr lagging. It is 
required that its power factor is to be improved to 0.9 using  
capacitor bank so that the real power consumption of the load 
remains same. Determine the size of the capacitor bank.

21



Computerized method to determine 
the economic power factor

🠶 Firstly, a load flow digital computer program can be 
employed to determine the kVA, kV, and kVArat annual  
peak level for the whole system.

🠶 Shunt capacitors are applied to a particular bus for
correcting to an initial power factor, for example, 0.8.

🠶 Then, a load flow run is performed to determine the 
total system losses.

🠶 Additional capacitors are applied to the bus to increase the
power factor by 0.01, and another load flow run ismade.

🠶 This process of iteration is repeated until the power factor 
becomes unity.

22



Computerized method to determine 
the economic power factor

23

🠶 After determining the economic power factor, 
the additional capacitor size required can be  
calculated as:

∆𝑄𝑐 = 𝑃𝑃𝐾(tan ∅ − tan𝜃)

Where
ΔQc is the required capacitor size, kVAr
PPK is the system demand at annual peak, kW
tanφ is the tangent of original power factor angle
tanθ is the tangent of economic power factor angle



Effect of Capacitor placement on the voltage  
profile of distribution feeder line at rated load

24



Effect of Capacitor placement on the voltage  
profile of distribution feeder line at light load

25



Effect of Capacitor placement on the  
voltage profile of distribution feeder line

🠶 If only fixed-type capacitors are installed, there will be

voltage rise problem during light load conditions.

🠶 Therefore, some of the capacitors are installed as 

switched capacitor banks so they can be switched off 

during light- load conditions.

🠶 Thus, the fixed capacitors are sized so that their 

presence would not cause voltage rise at light loading.

26



Switched capacitor bank

🠶 However, in  

practice, the number  
of stepsor blocks is  
selected to be much  
less than the ones  
shown in the figure  
due to the additional  
expenses involved in  
the installation of the  
required switchgear  
and control 
equipment.

27



Capacitor sizing

🠶 Many utilities apply the following rule of thumb to determine 
the size of the switched capacitors:

𝑘𝑉𝐴𝑟 𝑓𝑟𝑜𝑚 (𝑠𝑤𝑖𝑡𝑐ℎ𝑒𝑑 + 𝑓𝑖𝑥𝑒𝑑) 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟𝑠

𝑘𝑉𝐴𝑟 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑓𝑒𝑒𝑑𝑒𝑟 𝑙𝑜𝑎𝑑
≥ 0.70

28

Some utilities use the following rule of thumb: The total amount of 

fixed and switched capacitors for a feeder is the amount necessary to 

raise the receiving-end feeder voltage to maximum at 50% of the 

peak feeder load.

Ref. T.Gonen. Electric Power Distribution System Engineering



Economic benefits of capacitor placement  
for distribution networks

🠶 Released distribution substation capacity

🠶 Reduced energy losses

🠶 Reduced voltage drop and consequently improved 

voltage regulation

🠶 Released capacity of feeder and associated apparatus

🠶 Postponement or elimination of capital expenditure due 
to system improvementsand/orexpansions

🠶 Revenue increase due to voltage improvements

29



Total financial benefits of capacitor  
placement

30

🠶 Therefore, the total benefits due to the installation of 
capacitor banks can be summarized as:

∑ ∆$ = 𝐷𝑒𝑚𝑎𝑛𝑑 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + (𝑅𝑒𝑣𝑒𝑛𝑢𝑒 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒)

= ∆$𝐺 + ∆$𝑇 + ∆$𝑆 + ∆$𝐹 + ∆$𝐴𝐶𝐸 + ∆$𝐵𝐸𝐶

∆$𝐺 is the released generation capacity beyond maximum generation capacity at 
original power factor, kVA
∆$𝑇 is the released transmission capacity beyond maximum transmission capacity at 
original power factor, kVA
∆$𝑆 is the released distribution substation capacity beyond maximum substation capacity 
at original power factor, kVA
∆$𝐹 is the annual benefits due to released feeder capacity, $/year



Thank You…
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ECONOMIC JUSTIFICATION OF 
CAPACITORS

































VOLTAGE DROP & POWER LOSSE FOR 
RADIAL FEEDER WITH UNIFORMLY 

DISTRIBUTED LOADS








































