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ABSTRACT

In this thesis it has been tried to explore the possibilities of enhancement of critical
loading of radial electrical power distribution networks. It has been found that the critical
loading can be enhanced by optimal conductor size selection, optimal capacitor
placement, and network reconfiguration. To apply these corrective steps on the
distribution networks an efficient load-flow solution method is required so that the actual
condition related to node voltage and its angle, branch current, real power loss, reactive
power loss, branch losses etc. of the network can be studied and analyzed. A new efficient
method is proposed for load-flow solution of radial distribution networks. Simple
transcendental equations are used to relate the sending-end voltage, receiving-end voltage
and voltage drops in each branch of the distribution system. The effect of charging
capacitance of the line has been incorporated in load-flow solution. A computer algorithm
is developed in such a way that there is no need to adopt any sequential node numbering
scheme for the solution of the networks. The angle of the receiving-end voltage is also
computed along with the magnitude of the voltage. It is an iterative method. The flat
voltage (1p.u.) start from substation to every end-node is considered. The voltage
magnitude and angle are updated after each successive iteration and the voltage drops are
then computed by using the new obtained values of voltage magnitude and angle. The
comparison of speed and memory requirement by the proposed method with the other
methods has been verified to show its efficiency.

To investigate the present state of loading and loadability limit, a line loadability index

is derived. The change in resistance with the change in operating temperature of the



branch conductors is incorporated in the computation of voltage stability index and line
loadability index. The voltage stability index computes the voltage stability limit of the
radial distribution network in the fault conditions or at the time of load contingency, it
identifies the most sensitive node of the distribution network and gives information about
time within which the voltage collapse will occur for above said conditions. The line
loadability index is based on the maximum permissible steady state operating temperature
of the line conductors. The loadability limit of the distribution network is supposed to be
within the maximum permissible operating temperature of the conductor. Line loadability
index gives the loadability limit of the network in normal steady state conditions and
identifies the most sensitive branch of the network. The values of voltage stability limit
and line loadability limit are not unique for a distribution networks, the values might be
different for the same network in different ambient conditions. So a very practical aspect
is incorporated in the proposed work. The importance of the proposed voltage stability
index is discussed in context of over current protection. The proposed voltage stability
index and line loadability index can be used for voltage stability study and the loadability
margin, optimal conductor size selection, capacitor placement studies, reconfiguration of
distribution networks, over current protection system design etc. at planning stage as well
as in operation of the electrical power distribution system.

The current carrying capacity, critical loading and voltage stability of distribution
networks depend upon the conductor sizes applied to each branch of distribution network.
Hence the optimal conductor size selection is utmost necessary. A method for optimal
conductor size selection is proposed in this work. The conductor sizes are first selected

according to the current carrying capacity of the available conductor sizes, then upgraded



through economical optimization. After selecting the economical conductor sizes, the
constraints regarding the maximum limit of branch operating temperature and the
minimum voltage level at the end nodes are applied and the up gradation of the candidate
branches is carried out. While selection of the optimal conductor size for each branch of
the distribution network, the effect of change of resistance with the change of temperature
is incorporated. This incorporation leads to exact computation of real power losses of the
network, actual thermal behavior of branch conductor in practical situations and optimal
conductor size selection according to weather conditions of the region. The results are
compared with the existing methods to establish the goodness of the proposed approach.
The critical loading and voltage stability are related to the system’s voltage profile. The
voltage profile of distribution network can be improved by reducing the reactive
component of power by optimal capacitor placement. Capacitor placement problem is
dealt with different way in this work. Capacitors are placed at the nodes where the reactive
power demand is occurred. The capacitor sizes are selected on the basis of economical
analysis. The shunt capacitor is more economical when it is placed as near as possible to
the load causing low power factor. In the proposed, method it has been computed at first
the summation of real power losses from substation to each node. The node having highest
value of losses is taken as the candidate node and the smallest capacitor size is placed at
that node and the objective function is again computed. The level of reactive power
compensation is increased till it generates the economical benefits. All the nodes are tried
in this manner. The results are compared with the existing method and the proposed

method is found better in each aspect.



The enhancement of critical loading and voltage stability can be achieved from the
existing network through network reconfiguration. The reconfiguration of distribution
network is dealt with different point of view in this work. The possibilities of network
reconfiguration are identified from the chronological load curves of the laterals of
distribution network. The load can be shifted from one lateral of distribution network to
the other lateral due to the seasonal change in load demand. The enhancement in critical
loading and enhancement in voltage stability after network reconfiguration are shown with

the help of a test system.
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CHAPTER 1
INT¢ RO(D(UC TION
1.1 Introduction:

Electricity provides a very convenient form of energy for lighting, heating, cooling, motive
power for driving various types of loads and power for a number of utilization applications.
Electricity is transmitted and distributed to the consumers through transmission and
distribution systems. The losses in power transmission system are small as compared to
distribution system due to higher voltage level. So chances of further improvement in
efficiency are bleak. Therefore, nowadays extra attention is paid to the distribution systems.

The configuration of distribution networks is quite different from transmission networks.
Distribution systems are typically radial in nature. This network configuration produces low
voltages at the load buses, especially those, located far away from the substation.
Additionally, in a distribution system low voltages at load ends will cause large power losses
and the power factor, therefore, becomes poorer than expected.

A distribution system connects consumers to high voltage transmission system. Because
of lower voltage and hence higher current, the I? R loss in distribution system is significantly
high compared to transmission system.

The modern power distribution network is constantly being faced with an ever-growing
load demand. Distribution networks experience distinct change of load from a lower to higher
level every day. It has been seen that above certain critical loading conditions, the distribution
system experiences violation of critical loading conditions, which leads to permanent
deformation of conductors. In case of several sever fault, the system voltage may collapse

before the protection system clears the fault.



Line loadability and voltage collapse problems have become a point of concern for many
researchers. Line loadability is a term related to steady state loading of the distribution
network. Analysis of line loadability of each branch of the network shows the extent of
loading of each branch under given load and most sensitive branch of the network and margin
between present loading and critical loading. Voltage stability analysis is important at the
time of faults or fault like situations. The protection system usually isolates the faulty portion
of the network. But in some conditions the voltage collapse may occur when fault level is so
high. Voltage collapse is a local phenomenon that may have consequent serious fallouts.
Future increase in the demand for electric power has been projected to far exceed the planned
generation of existing power system in the coming decades. This has led to increasingly
complex interconnected systems that are forced to operate ever closer to the limits of
loadability and stability. This operation has necessitated close examination of line loadability
and voltage stability assessment capabilities of distribution systems. Many new types of
instabilities are beginning to afflict the operating status of critically balanced system. The
instability may be manifested in different ways, depending upon the character and
configuration of the system and upon its operating mode. Of these, line loadability and
voltage instability has been responsible for collapse of several major networks. Line
loadability and voltage stability studies of a power distribution system are consequently

essential.

Improving the performance of distribution systems to meet the required target is a
matter of selecting the most cost—effective technologies and operating practices. The
distribution systems tend to be very extensive with a long life span for conductors and plant.
It is not sufficient to analyze how a particular portion of the network may be modified to
improve its performance on date. It is a matter of determining the expected optimum solution

when allowance is made for the uncertainties in the prediction of the future scenario of
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customer demand. It is valuable to investigate long—term solutions especially when the
implementation of the solutions may require large—scale investments. Arising from these
issues, the realization by the utilities and the increasing reliance on having accurate up—to—
date information for decisions on increasing revenues, improving customer service must be
set up. No doubt, the vast field and organizational experience of the power utilities will

continue to provide the required inputs into the total process.

To operate the distribution network near to critical loading conditions to exploit
maximum benefits from installed capacity, an accurate and efficient load-flow method is
necessary, to compute voltage at each node, current through each branch, branch losses,
branch voltage drop and total real power losses and total reactive power losses with less
computer memory utilization and less CPU time. Form the above said parameters of
distribution network the line loadability of each branch and voltage stability of each node of
the network can be computed. The corrective measures for enhancement of critical loading
like optimal conductor size selection for each branch, optimal capacitor placement and

distribution network reconfiguration can be applied.

1.2 Critical Loading:

Every part of distribution network is designed to take certain load. The load equal to the
maximum limit of network is called the critical load. The word ‘critical load’ is used for
maximum limit of load that can be carried by the system because beyond this load one or more
than one part of the network starts to get damaged. So the loading of the network should be
within this limit. In case of distribution networks, the loadability limit is decided by the
temperature of the branch conductors. The temperature of the branch conductors is a function
of load current and the ambient conditions. So the critical loading limit is decided by the load

current, resistance of branch conductors and ambient conditions. To increase the critical



loading limit of a distribution network, the load current for the given load and resistance of the
network has to be reduced. The reduction of load current can be achieved by optimal capacitor
placement and reconfiguration of network. The reduction of resistance is achieved by optimal

conductor size selection for each branch of the network.

1.3 Objectives of research:

The research endeavors to derive a new load-flow solution method, a new line loadability
index and voltage stability index, optimal conductor size selection method, optimal capacitor
placement method and network reconfiguration method for radial distribution networks. The
objectives of the research are divided into following:

e A new accurate and efficient load-flow solution method for radial networks is to be
proposed. By using this load-flow solution the node voltage, branch current, branch
voltage drop, branch real power losses and reactive power losses are computed.

e A new expression of line loadability index (LLI) is to be derived that gives the
information of level of loading of each branch and the most sensitive branch of the
network. The critical loading of the distribution network(s) is computed for different load
models.

e A new expression for voltage stability index is to be derived that gives the information of
voltage stability index of each node and the most sensitive node of the network. The
voltage stability of the network(s) under fault conditions is checked for different load
models.

e A new method is to be proposed to select the optimal conductor for radial distribution
networks incorporating LLI. The critical loading and voltage stability under fault

conditions of the distribution network(s) is checked for different load models.



A new method is to be proposed for optimal capacitor placement of radial distribution
networks. The critical loading and voltage stability of the distribution network(s) is
checked for different load models.

A new method is to be proposed for network reconfiguration of radial distribution
networks. The critical loading and voltage stability of the distribution network(s) is

checked for different load models.

1.4 Scope of research:

After the rigorous literature survey the following areas of research are marked as the scope of

further research.

The load-flow solutions reported so far were not developed to carry out the
reconfiguration of radial distribution networks without renumbering the branches and
nodes. For renumbering the branches and nodes after reconfiguration needed large
manual and computation effort. To save the computation effort in renumbering the
branches and nodes, a new load-flow solution method that can solve the network without

renumbering after reconfiguration is required.

The term line loadability index (LLI) is used with same meaning as the voltage stability
index by Juan et al. [41]. The new definition and formulation of line loadability index is
required so that the line loadability index can be used for analysis of steady state loading

condition of distribution networks.

The voltage stability indices reported in literature had not incorporated the effect of
change in resistance with the change in temperature due to flow of current through
branch conductors. A new procedure and formulation for computation is required so that

the effect of change in resistance with the change in temperature due to flow of current



through branch conductors can be incorporated to get the more realistic results can be

obtained.

e The previous researchers had only considered the current carrying capacity of conductors
as the constraint, but they did not incorporate the change in resistance or the change in
current carrying capacity due to change in operating temperature of the conductors and
the effect of ambient conditions on current carrying capacity of conductors. The optimal

conductor size selection method can be proposed by incorporating the LLI as a constraint.

e Almost all previous researchers solved the capacitor placement problem according to the
line reactive power demand and proposed the optimal location and size after economic
analysis. Procedure for optimal capacitor placement is required to be proposed according
to reactive power demand of each node. The improvement in LLI and VSI is to be

investigated after capacitor placement.

The previous researchers had suggested the procedures for network reconfiguration with very
much flexibility. They almost tried every possible combination for network reconfiguration
but it is not possible in real distribution networks. Because it not possible to stretch tie line
from any node to any other node in a distribution network. So this led to theoretical exercise
but had no practical significance. A procedure for network reconfiguration is required that
considers the practical constraints like seasonal change in load, maintenance of radial nature
of network, same direction of flow of current as in base network and possible practically tie-

lines of network reconfiguration.

1.5 Organization of research:

Chapter 1 has presented the introduction of basic nature and problems of distribution

network, critical loading, objectives of research, scope of research and organization of

research.



Chapter 2 presents the literature survey on load-flow, line loadability index and voltage

stability index, optimal conductor selection, optimal capacitor placement and network
reconfiguration for radial distribution networks.

Chapter 3 presents a new load-flow solution method for radial distribution networks. The

results obtained by proposed load-flow method are compared with other existing methods to
show the reliability of proposed method. The comparison of computer memory and CPU time
for existing and proposed method is also shown in this chapter to show the goodness of
proposed method.

Chapter 4 presents the formulation and computation of new line loadability index and voltage

stability index by incorporating the change in resistance of branch conductors with the
operating temperature. The results of voltage stability index are compared with the existing
voltage stability indices to show the goodness of proposed method. The proposed method has
been investigated for different types of load models.

Chapter 5 presents a new method for optimal conductor size selection for radial distribution

networks incorporating the line loadability index as one of the constraints. The results are
compared with the existing method of optimal conductor size selection to show the goodness
of proposed method. The enhancement of critical loading and voltage stability by optimal
conductor placement are also shown.

Chapter 6 presents a new method for optimal capacitor placement for radial distribution

network. It is based on the node wise reactive power demand compensation. The results are
compared with the exiting methods to show the goodness of the proposed method.
Enhancement of critical loading and improvement in voltage stability of network is

investigated after optimal capacitor placement.



Chapter 7 presents a new method for network reconfiguration based on chronological load

curve. Enhancement of critical loading and improvement in voltage stability of network is
investigated after network reconfiguration.

Chapter 8

Conclusion and future scope of research.

References show the list of previous papers, books, reports etc. published by researchers those

are discussed in literature survey and other chapters of this thesis on various topics related to

this research.

Appendix-A

Proof of convergence of load-flow solution.

Appendix-B

Line data and load data for 33-node network.

Appendix-C

Line data and load data for 69-node network.

Appendix-D

Line data, load data and conductor data for 41-node network.
Appendix-E

Line data, load data and conductor data for 30-node network.
Appendix-F

Line diagram, line data, load data and conductor data for 32-node network.
Appendix-G

Line data, load data and conductor data for 123-node network.

List of Publication



Biography
Biography of author.

Biography of supervisor.



CHAPTER 2
LITERATURE SURVEY

2.1 Literature survey of electric power distribution networRs:
Exhaustive literature survey on the following areas

i. Load-flow solution of electric power distribution networks.

ii.Line loadability index and voltage stability index for radial electric power distribution
networks.

iii. Optimal conductor size selection for radial electric power distribution networks.

iv.Optimal capacitor placement procedure for radial electric power distribution networks.

v. Network reconfiguration for radial power distribution networks.

are shown in the following sub articles

2.2 Survey on load-flow of electric power distribution networks:

The load-flow analysis has an utmost important role for the design of distribution network.
An efficient and good converging load-flow of distribution system is not only useful to
obtain voltage and power loss of the network but also necessary for accurate selection of
branch conductor and other aspect of planning. Load-flow methods like Newton-Raphson,
and fast decoupled load-flow method proposed by Tinny and Hart [1] and Scott and Alsac [2]
could be efficiently used for transmission systems having high X/R ratio. Since the
distribution systems have high R/X ratio, the above methods could not converge. Some
researchers Iwamoto and Tamura [3] and Rajcic and Tamura [4] suggested the modified
conventional methods to solve the distribution networks. Ladder network theory was used by

Kersting [5]. A compensation based method was proposed by Shirmohammadi et al. [6] to
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solve the weakly meshed networks. The branch numbering scheme was developed to
enhance the numerical performance. Baran and Wu [7] proposed a Newton —Raphson based
method, which needs the computation of Jacobian matrix to solve the radial distribution
networks. Hence this method needed more computational efforts. Renato [8] used the bi-
quadratic equations to relate the sending-end and receiving-end voltages. But the angle of the
voltage was not considered in his method. Goswami and Basu [9] proposed a direct method
for solving the radial networks but they had put the limit that no node could be a junction of
more than three branches. Jasmon and Lee [10] reduced the network in a single line
equivalent model and used the power-flow equations in which the sending-end voltage was
involved. Das et al. [11] proposed a unique numbering scheme for nodes and branches. They
had used the simple algebraic equations to solve the radial distribution system. Haque [12]
had proposed a solution method for radial and mesh power distribution networks. Backward
and forward sweep technique was used for final solution. Initially the substation voltage was
taken as the voltage of each node, which was updated after each successive iteration. Ghosh
and Das [13] proposed a method for load-flow solution using forward backward technique.
But only the magnitude of voltage at each node was computed. They had used the concept of
nodes beyond branch and provided the proof of convergence. Aravindhababu et al. [14]
proposed a technique to compute the branch currents and loads from the node branch matrix,
voltage drops and node voltages were then computed. Mekhamer et al. [15] used the
equations of Baran and Wu [7] for load-flow solution of radial distribution system but the
solution methodology was different. The load of the lateral branches was supposed as the
single equivalent load. After computation of the voltages of the main feeder nodes, the
laterals were expanded and the voltage of the first node of the lateral was taken equal to the
node voltage to which the lateral was connected. Same solution technique was used for the
laterals. Eminoglu and Hocaoglu [16] presented a method for load-flow solution based on

11



Kirchhoff’s law equations and applied the proposed method on different load models.
Satyanarayana et al. [17] developed the load-flow equations from the ABCD parameter
model of short transmission line and applied the method on the different load models. Sherpa
and Ghosh [18] proposed a new algorithm for load-flow solution that needed no sequential
numbering of nodes and branches, even the sending end-node and receiving-end nodes were
not required if the nodes and branches are sequentially numbered. Nagaraju et al. [19]
proposed a method for load-flow of radial distribution networks using sparse technique. But
this method was only suitable for the sequentially numbered networks. If the network was
not sequential numbered, manual work had to be done to make it sequentially numbered.

They used the 33-node distribution network and 69-node network given in Baran and Wu [20]
to show the reliability of their approach. Hamouda and Zehar [21] proposed an algorithm for
load-flow solution of radial distribution networks in which branch-to-node matrix was
constructed and then inverse of this matrix was formed to obtain the node-to-branch network.
From node-to-branch matrix a branch matrix, was formed. Hence this method needed ample

amount of computational effort and computer memory to store the matrices.

2.3 Survey on line loadability index and voltage stability index of electric power

distribution networks:

In the present era the cost of erection and up-gradation of the distribution system to cope-up
the load demand, are increasing day by day. The cost of energy is also shooting up. The
utilities are forced by the circumstances to operate the distribution systems near to its
maximum capacity. In such operating conditions, a small disturbance can cause the voltage
collapse in the system. So it is very urgent to mark the maximum loadability of the system
and the margin between present operating point and the maximum loadability of the

distribution system. In this concern some researchers proposed the voltage stability indices,
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line loadability indices and loadability margin indices. Kwatny et al. [22] proposed the load-
flow solution using bifurcation on the point of voltage stability limit. Chiang et al. [23]
proposed that the voltage collapse was a dynamic phenomenon. Flatabo et al. [24] proposed
an iterative method to check the sensitivity of the system. Load was increased till the
operating limit of the system reached. Clark [25] and Gupta et al. [26] used the P-V or Q-V
curves to show the stability limit of the system. Jasmon and Lee [27] derived the voltage
stability index and shown that the voltage stability limit can be computed with the help of the
voltage stability index. Jacobian matrix was used to derive the voltage stability index and the
margin between the operating point and the voltage collapse limit had been shown with the
help of voltage stability index by Hill et al. [28]. Sterling et al. [29] used the Thevenin’s
equivalent of the circuit to compute the stability limit of the circuit. Gubina and Strimcnik
[30] reduced the radial distribution network into the two-bus equivalent model and derived
the voltage stability index from the Jacobian matrix of the reduced model. Hong and Gau [31]
proposed that the study of the S-V curve could depict the stability margins of the system.
They applied Newton’s optimal power flow method to study the S-V curve. Mohamed and
Jasmon [32] used the bus clustering technique for the voltage stability analysis, because the
buses of the same type behave in same manner so that a single bus could represent the group.
Cutsem et al. [33] showed that the voltage stability analysis was very crucial under heavily
loaded systems. They had studied the operating conditions for normal and contingency
conditions. Moghavvemi and Faruque [34, 35] derived the line stability index from the
receiving-end reactive power equation of the reduced two-bus equivalent of the distribution
network. Chakravorty and Das [36] proposed a voltage stability index, which was derived
from the bi-quadratic equation of the receiving-end voltage. It was shown that the
discriminant of the equation will be zero at the critical point of voltage stability. Haque [37]

used the Thevenin’s equivalent of the network to derive the voltage stability limit. Chaturvedi
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et al. [38] used the Kirchhoff’s law to obtain the voltage equation for the derivation of the
stability index. Kataoka et al. [39] proposed a voltage margin proximity index considering the
voltage limits of the power system. They had shown the limit of the active power to be
transmitted within the operating range of the voltage. Eminoglu et al. [40] proposed a bus
stability index using bi-quadratic equation of the receiving-end voltage of the distribution
system where the smallest value of the index showed the most sensitive bus in the system.
Juan et al. [41] used the discriminant of voltage equation as the indicator of voltage stability
of the bus was under consideration. Hamada et al. [42] proposed a voltage stability index that
had linear change in index values with the change in load. Chen et al. [43] derived a voltage
stability prediction index from the concept of P-V curve. They also proposed the stability
margin of the distribution system. The improvement of voltage stability limit was discussed
by Sakthivel and Mary [44]. Hosseini [45] proposed the contingency ranking and voltage

stability analysis of power system efficiently with the help of neural networks.

2.4 Survey on optimal conductor size selection for electric power distribution

networks:

Funk Houser [49] had proposed a method for economical conductor size selection for radial
distribution network. They had assumed that the load was uniformly distributed throughout
the network. A mathematical model had been developed by Ponnavaiko and Rao [50] for
objective function, which was to be minimized. They considered the increase in cost of
energy with time as well as the change in load factor etc. and used the dynamic programming
method for decision making. A dynamic model for distribution networks had been proposed
by Kirn and Adler [51]. In the optimal conductor size selection procedure, the annual revenue
requirements and capital requirement for energy losses were considered. That method could

not be employed on large sized system. Nagendra Rao [52] proposed a new algorithm
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considering the same objective function as developed by Ponnavaiko and Rao [50]. The
algorithm developed by Tram and Wall [53] based on realistic assumptions that was quite
complicated. Hence software coding was a tedious task. But that method showed its
limitations when used for large and complex distributions. Anders et al. [54] proposed a
method for economical selection of cables analyzing various parameters necessarily to be
considered, their effect on the economics was studied by sensitivity analysis. Leppert and
Allen [55] proposed conductor selection procedure by considering load growth and wholesale
power cost escalation along with the current capacity and voltage drop constraints.

Wang et al. [56] proposed a conductor size selection procedure with the combination of
economical current density based method and heuristic approach method that showed the
satisfactory results. Sivanagaraju et al. [57] proposed a method for selection of optimal
conductor size for each branch of radial distribution network. In their method current carrying
capacity as well as the minimum allowable voltage at the end nodes are taken as constraints
and it was very much similar to Tram and Wall [53]. Kaur and Sharma [58] proposed a
procedure for conductor size selection for radial distribution system using zero-one integer
formulation of the system and formulated the skip rules to reduce the computational effort.

In the approach proposed by Kaur and Sharma [58] the method adopted for computation of
voltage at each node was not clear because voltage at the nodes common for different routes
would be different. The value, which would be the correct one, was not discussed. In a
situation when the conductor placed in some branches were of the maximum size available in
inventory and the receiving-end nodes of these branches violate the maximum voltage drop,
the method suggested would upgrade the next branch where the upgradation was possible but
this very branch might or might not be the right candidate branch for conductor upgradation.
The term load factor has been misunderstood by the authors because it is the ratio of average
load to the maximum load for a pre specified period of time. So the maximum load would
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have to be served by the feeder for at least a minimum period of time. So the conductor sizes
selected must be able to bear the peak load of the network. In their example of 123-node
network, the proposed conductor sizes near the substation node would not be able to take that
much load current.

Sivanagaraju et al. [57] proposed that the voltage of each node was to be checked against
the minimum acceptable node voltage. Suppose an end node, or a node near the end node,
violates the condition according to that approach, the conductor size of this very branch had
to be upgraded. But practically it was seen that the branches at the end node were least
responsible in voltage drop. So such upgradation of conductor was neither economically nor
technically justified. The term load factor was also misunderstood by the authors of this
paper.

The current carrying capacity of the conductor is not a constant parameter for a particular
conductor, because the environment conditions and the heat generated in the conductor due to
the current through it made the considerable change in the current carrying capacity. This fact
has not been incorporated in any of the reported works.

In 11kV or of higher voltage feeders the connected loads were generally not the single load
rather they were the group of load in the consumer premises or loads connected to
11kV/440V transformer. Usually these were not switched on simultaneously. Hence a load
contribution factor was observed. Contribution factor was defined in Gonen [59]. In

conductor size selection the effect of load contribution factor should be incorporated.

2.5 Survey on optimal capacitor placement for electric power distribution

networks:

Reactive power compensation is an important aspect of the power distribution system,

because power and energy loss reduction, power supply reliability, power quality, voltage
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regulation, system capacity release can be achieved via it. The reactive power compensation
is achieved with the application of shunt capacitors. Series compensation is seldom used at
distribution level. As investment and benefits are associated with the reactive power
compensation, so from early days of electrification many researchers and practicing engineers
worked on the issue of reactive power compensation.

Initially the problem of capacitor placement was dealt for special cases with number of
assumptions as proposed by Cook [60]. Duran [61] used the dynamic programming technique
to deal with optimal capacitor placement problem and the capacitor sizes were taken as
discrete values. Cook [62] and Chang [63] solved the capacitor placement problem by
analytical approach via computer programming. Grainger and Lee [64] proposed an approach
in which capacitor sizes were taken as continuous variables. They applied the non-linear
programming, but the assumption to take the capacitor sizes as linear variable was unrealistic.
Lee and Grainger [65] had considered the switched and fixed capacitors for reactive power
compensation. Grainger and Lee [66] proposed a voltage dependent model for loss reduction
and capacity release in distribution networks. Grainger et al. [67] suggested a real time
switching scheme for reactive power control with switched capacitors. Ponnavaikko and Rao
[68] considered the fixed and switched capacitors for compensation, capacity release and
voltage improvement, while optimization of the load growth was also considered. Baran and
Wu [7, 20] proposed a method for optimal reactive power compensation. They decomposed
the problem as master and slave problem. Salama et al. [69] identified the sensitive node as
the candidate nodes for capacitor placement with heuristics strategy. In their approach, they
also considered the voltage regulator to be placed in the network. Chis et al. [70] used the
heuristic approach for capacitor placement problem. Haque [71] proposed a method for loss
reduction by capacitor placement that approach failed to recognize importance of cost and
benefit constraints. Chiang et al. [72] suggested the global optimal solution using simulated
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annealing for capacitor placement problem. Huang et al. [73] used tabu search algorithm and
sensitivity analysis to identify the most suitable locations for capacitor placement. Miu et al.
[74] used two-stage genetic algorithms (GA) and heuristic based algorithms for solving
capacitor placement problems. Levitin et al. [75] proposed a genetic algorithms-based
capacitor placement technique and also proposed a fast energy loss computation technique.
Masoum et al. [76] used a Fuzzy approach for capacitor placement and sizing. They also
considered the harmonics present due to non-linear loads. Das [77] proposed a Fuzzy-GA
based method for capacitor sizing and location. Sarkar and Chakravorty [78] proposed an
approach for capacitor placement in radial distribution networks to improve the voltage
profile and loss minimization. They used the Genetic Algorithms to find the optimal location
of capacitors. Goswami and Singh [79] used FACTS devices for reactive power control to

minimize the voltage dip at the time of faults.

2.6 Survey on networR_ reconfiguration for electric power distribution networks:

In earlier stage of network reconfiguration the problem was dealt to optimization of feeder
cost at planning stage was proposed by Sun et al. [80]. Merlin and Back [81] proposed the
network reconfiguration for loss reduction for distribution networks. The radial network was
first converted to mesh by closing all the tie-lines and by applying branch-and-bound-type
optimization technique for loss minimization so that the radial configuration was again
restored. Shirmohammadi and Hong [82] proposed a technique for network reconfiguration
by closing all the tie-lines first and followed the heuristic approach for optimization.
However, they overcame some of the approximation made by Merlin and Back [81]. Borozan
et al. [83] proposed a technique, which was not principally different from Shirmohammadi
and Hong [82]. They incorporated in their methodology the real-time load estimation,

effective determination of power loss configuration, and cost/benefit evaluation. Civanlar
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et al. [84] used the heuristic approach for network reconfiguration but they proposed a
branch-exchange technique to keep the network radial in nature throughout the procedure.
They proposed that when a tie switch was closed a sectionalizing switch should be opened to
keep the network radial. Baran and Wu [85] used the load-balance index and proposed the
approximate load-flow method, which was used in network reconfiguration. Their method
was an improvement of Civanlar et al. [84]. Lu et al. [86] proposed network reconfiguration
for loss minimization in distribution networks. Taylor and Lubekaman [87] proposed a
heuristic method for distribution network reconfiguration for loss reduction and capacity
release of transformer and feeders. Chiang and Jean-Jumean [88, 89] and Jeon et al. [90] used
simulated annealing algorithm for the reconfiguration. Wagner et al. [91] established that the
heuristic approach could be used for real-time implementation for distribution network
reconfiguration. Chen and Cho [92] suggested a branch-and-bound method for network
reconfiguration by using binary integer programming for optimal switching scheme to loss
minimization. Zhou et al. [93] used fuzzy technique and heuristic approach for optimization.
They proposed network reconfiguration for service restoration and load balancing. They also
proposed a method to minimize the operating cost of distribution network by reconfiguration.
Taleski and Rajicic [94] suggested energy loss minimization by reconfiguration. Borozan and
Rajakovic [95] proposed the application assessment for network reconfiguration. Lin and
Chin [96] used voltage index, ohmic index, and decision index to determine the switching
operation for network reconfiguration. Liu et al. [97] used the artificial-intelligence
application for network reconfiguration. Nara et al. [98, 99] proposed network
reconfiguration techniques for minimum loss using genetic algorithm (GA). Das [100] used
the fuzzy multi objective approach using heuristic techniques for feeder reconfiguration.

Huang [101] presented an evolutionary genetic algorithm (EGA)-based fuzzy multi-objective
approach to solve the network reconfiguration problem by maximizing the fuzzy satisfaction
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in a radial distribution system. Savier and Das [102] proposed a quadratic-loss allocation
scheme for allocating losses to consumers connected to a radial distribution system before and
after reconfiguration. The algorithm used was based on heuristic rule and fuzzy multi-
objective approach. Bouhouras and Labridis [103] investigated the effect of load alterations in
distribution systems on optimal configurations for loss minimization. The network
reconfigurations were implemented utilizing heuristics techniques while load variations were
simulated by stochastic procedures. Miu et al. [104] used the network reconfiguration for
service restoration of radial distribution network in the environment of majority of manually
operated switches. Kashem et al. [105] proposed an approach to use network reconfiguration
for enhancement of voltage stability. Venkatesh et al. [106] proposed a fuzzy adaptation of
the evolutionary programming algorithm for optimal reconfiguration due to the discrete
nature of the problem for radial distribution networks to maximize loadability. Gonzélez et al.
[107] presented a heuristic reconfiguration algorithm to minimize the Non-Delivered Power
of distribution networks. The thermal limits and radial nature of the network were taken as
constraints.

Amanulla et al. [108] used the binary particle swarm optimization-based search algorithm for
maximizing the reliability and minimizing the power losses. Load point reliability was
evaluated by probabilistic reliability models. Zin et al. [109] proposed a heuristic approach
for reconfiguration of radial distribution networks for minimizing the branch current. Gomes
et al. [110] proposed a technique for network reconfiguration to achieve optimum power
flow. All the switches were considered closed and a heuristic procedure was adopted to open
the appropriate switches to maintain the radial nature of the network. Sarma et al. [111] used
the reconfiguration for immediate service restoration. The candidate loads were identified by
specially designed algorithm. Hong and Ho [112] proposed a method for network
reconfiguration using genetic algorithms for minimizing the power loss in normal operating
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conditions and minimizing the voltage drop in fault conditions. The problem was formulated
as multi-objective fuzzy problem.

Fan et al. [113] formulated the problem as a nonlinear integer optimization problem and made
it linear. They applied intuitive heuristic approach for solution. Sua et al. [114] suggested an
ant colony search algorithm to solve the optimal network reconfiguration problem for power
loss reduction using positive feedback as well as greedy search to reach the final solution.
Chakravorty and Ghosh [115] investigated the effect of different configuration of distribution
feeder on the reliability and contingency behavior. Remesh et al. [116] investigated the effect
of different techniques on the loss minimization. They used network reconfiguration as a tool
for loss minimization.

Rao and Narasimham [117] used the heuristic approach to suggest the best combination of
switching arrangement for loss minimization. They reduced the computational effort by
choosing first the tie switches having large voltage difference. Khodr et al. [118] used a
specific approach of the Generalized Benders decomposition algorithm for reconfiguration to
achieve loss minimization and load balancing in distribution networks within the applied
constraints of current limit and voltage limit. Oliveira et al. [119] proposed a solution
technique by using a mixed integer non-linear programming approach, in which a continuous
function was used to handle the discrete variables. The primal-dual interior point technique
was applied to solve the optimization problem at each step. The Lagrange multipliers were
used to evaluate a new proposed sensitivity index for distribution system reconfiguration.
Kumar and Jayabarathi [120] proposed a method based on bacterial foraging optimization
algorithm for distribution network reconfiguration for loss minimization. They formulated the
problem as non-linear optimization problem. The radial nature of the network was finally

restored.
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In all the above discussed reported work on network reconfiguration, the problem was dealt
with lot of flexibility. But in practical distribution networks the chances of network
reconfiguration are very limited because the distribution networks are erected in the
residential, commercial, industrial areas etc. The feeders may or may not be touching each
other and even some times the tie-lines cannot be stretched from any one point to another
point due to various constraints. So the application of optimization techniques is not justified
in this case as it leads to only theoretical exercise. However, in spite of all these constraints,
still network reconfiguration is considered to optimize the available capacity of the

distribution network.
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CHAPTER 3

LOAD-FLOW SOLUTION FOR RADIAL ELECIRIC
POMER DISTRIBUTION NETWORK.S

3.1. Introduction:

Load-flow is an important aspect of study, analysis, planning and design of electric power
distribution network. To study the above said aspects of distribution network the node voltage
and its angle, branch current, real power loss and reactive power loss etc. are needed. The
accuracy and reliability of study, analysis and planning of distribution network depends upon
the accuracy and efficiency of load-flow method. So load-flow solution method should be
efficient, reliable and should require less memory space of computer. The main aim of the
chapter is to propose a new method for load-flow solution of radial distribution networks. The
following features are incorporated in the proposed load-flow method.

No sequential numbering of nodes is required. So one or more load points can be added or
eliminated from the network without the requirement of renumbering of nodes. Considerable
effort for data preparation is reduced.

No need to store the nodes beyond the branch, the branch to node incident matrix. So the
computer memory requirement is considerably reduced.

. This method gives node voltages as well as their angle and can handle the effect of charging
capacitances of the network. So this method can be used for reactive power compensation
studies.

The proposed method has been tested with different types of load modeling and convergence

has been obtained satisfactorily.
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3.2. Assumptions:

It is assumed that the three-phase radial distribution networks are balanced and can be
represented by their equivalent single-line diagrams. Line shunt capacitances are considered

even at the distribution voltage levels.

3.3. Formulation of load-flow method:

Figure 3.1 shows the electrical equivalent of the radial distribution system. It is assumed
that the charging capacitance of each branch is lumped at the receiving-end node of that

branch.

V&S Vit 1£8k41

| l |
H Zi= Ry + X [N —>| ¢

P+ JQmat T

Fig.3.1 Two-bus equivalent of distribution network

3.3.1. Derivation of expression of magnitude of voltage and angle of the voltage at each

node:

The sending-end voltage can be related to the receiving-end voltage as:
Vi LS =V (1 L6y + 1 ;2 (3.1)

The current through a particular branch is the sum of all load currents due to the loads
connected to the nodes minus the charging current due to line shunt capacitances beyond that

branch and the receiving-end node of that very branch.

. Pm_ij H C
=2 KV ~ s j+ J Voldy Y } (3.2)

m=k+1
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/R Ii (3.3)
o i P coss, + Q, —VZ2yS sing_
i — A4
g m=k+1 Vm (3 )
~ & | Psing — Q, -V y; cosd,
I = Z { v } (3.5)
m=k+1 m

Real and imaginary parts of the node current can be expressed as

. P,cosd + Q,-Vyy, sing,
m = vV (36)

m

. P sind, - Q. -VZ’yS cos§,
" V.

m

(3.7)

Let Q, =Q, —VaVn (38)
Here P and Qn, are the real and reactive loads connected to the m th node. V, and &, are the

voltage and its angle respectively at m th node. 1% and 1 are active and reactive components
of the branch current (1;). If the lengths of branches of the distribution system are

considerably small compared to transmission system, the value of y: will be very low. In Eqg.

(3.2), the charging current will also be zero. Hence the proposed method can be applied to
both the cases either the charging currents are considered or neglected.

The voltage drop in each branch can be expressed by

lZy = i+ il Ry+ X (3.9)
So Eqg. (3.1) can be expressed as

Vi1l Oy =V L6, — I?j + JIL R; + jxjj (3.10)

For the simplicity, the following are considered
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Cy=15R; — 15X (3.11)
Dy = 15X + 1Ry (3.12)
Vi €086, +jsing,,; =V, cosd +jsind, — C;+ D (3.13)

Separating real and imaginary parts of Eq. (3.13), we have

V,1€08 &, = V,c0s 5, — C; (3.14)
ViSin 6, = Visin 6, — D;; (3.15)
Squaring on both sides of Eqg. (3.14) and Eq. (3.15), we have after addition

Ve +V,.,(C; c0s8,, +Dysing,)+(Cy*+D; V) =0 (3.16)

It is a quadratic equation of V.1 and V.1 can be computed as

. 2
_=2(Cjcos6,,, +Dysing, ) N V/ 2(C;cosd,,, +Dysing, ) —4((:”_2 + D,-jz -V o1

Vo =
k+1 2 2

i.e. Vi =—(C; €089, +Dysing, ) +/(C;0sd,., + Dysing.,) -(C;” +D;° -V,) (3.18)

Since the receiving-end voltage has positive value, the following root is considered.

V. =~(C, c0s4, , + D, sind,.,) +\j(cjj 084, +D;sing, ) ~(C,2 +D,* -V2) (3.19)
Divide Eqg. (3.15) by Eq. (3.14) we have,

Vsing, -D;
V,coso, —-C i (3.20)

-1

0., = tan

3.3.2. Formulation of power losses:

From Eqg. (3.2) and Eq. (3.8) we have,

* a T a ar $ Pn?""Qlﬁ]
=115 =05+ 05—ty = > (—j (3.21)

2
m=k+1 Vm

From Eg. (3.6) and Eq. (3.7), we have
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P£+Q'fn]

|n21=|m|$=(|$+j|rrn)(|ri—j|rrn)=( Ve (3.22)

Real power loss of branch-jj

i P2 +Q 12 j
= _m x*m|R.
[mkﬂ Vrr? ii (3.23)
Reactive power loss of branch-jj

- Pr+Q'
:( > V—zjxjj (3.24)

m=k+1

Total real power loss of the network

P2 12
—Z( Z \j;zQ jRn‘ (3.25)

jj=1\_m=k+1

Total reactive power loss of the network

N-1 N sz+Q'§1
- [_Zk:l—vz X (3.26)

3.4. Load modelling:

In constant power type of load model, the power demand of the load remains same
irrespective to the change in terminal voltage. This is not true for most of the loads. Power
demand changes with the change of terminal voltage of the loads. Due to the change in power
demand of the loads with the change in terminal voltage, there is a worth noting effect on the
convergence of the load-flow solution. The characteristics of exponential load models can be

expressed as:

P=ly)
0 (3.27)
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v "
Q_QO[V—O]

Here Py and Qo in Eq. (3.27) and Eq. (3.28) for active and reactive power respectively at

(3.28)

nominal voltage, V and V, stand for node voltage and nominal load voltage respectively and
np and nq are the respective load exponents for real and reactive power. The values of the load
exponents for various types of load used by Eminoglu and Hocaoglu [16] have been presented
in Table 3.1.

Table 3.1 The values of the load exponents for various types of loads [16].

Sr. No. Type of load Np Ng

1 Battery charge 2.59 4.06

2 Fluorescent lamps. 2.07 3.21

3 Constant impedance 2.00 2.00

4 Air conditioner 0.50 2.50

5 Constant current 1.00 1.00

6 Resistance space heater 2.00 0.00

7 Pumps, fans other motors 0.08 1.60

8 Incandescent lamps 1.54 0.00

9 Compact fluorescent lamps 1.00 0.35

10 Small industrial motors 0.10 0.60

11 Large industrial motors 0.05 0.50

12 Constant power 0.00 0.00

13 Composite load = 30% constant power + 30% constant current
+ 40% constant impedance load.

14 Practical load = Battery Charge 2% + Fluorescent lamps 11%
+ AC 8% + resistance space heating 5% + Pump, fans and
other motors 18% + CFL 5% + Incandescent lamp 6% + Small
motors 25% + Large motors 20%.

3.5 Solution methodology:

For the load-flow solution of radial distribution network either sequential numbering
scheme is adopted or non-sequential numbering scheme is followed. At first a two-
dimensional array is formed through computer program, which contains the node number of

link node between two interlinked laterals and the node number of first node of the linked
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lateral in its each row. Next the arrays storing lateral node numbers are formed. The number
of laterals’ arrays is equal to the number of laterals present in the network. Main feeder,
laterals and sub-laterals all are consider as laterals. Once the lateral arrays are formed, the
load-flow solution can be easily carried out.

3.5.1. Formation of lateral arrays:

For any type of numbering scheme, sequential or non-sequential the following steps are
used.
1. Read the sending-end nodes and receiving-end nodes.
2. Define an array JN[ ][ ] to store the junction nodes. It’s a two dimensional array.
3. For every sending end node check if it appear more than once. For each repeated entry
store the repeated node and its receiving end node in successive rows of the JN[ ][ ] array.
The number of rows of the JN [ ][ ] array shows the number of lateral of the network.
4. Start from the substation node. Define a lateral array and put the substation node number as
the first entry in the array. Check if the latest node stored in the array is the sending-end node
of the next branch if YES put receiving-end node of this branch as the next entry in the lateral
array. Repeat it till the condition is NO.
5. Define a lateral array to store the node numbers of the lateral. Put node numbers stored in
the row under consideration of IN[ ][ ].
6. Check if last node in lateral array is the sending end node of the next branch. If YES, put
receiving-end node of this branch in the lateral array and repeat step 6. If NO, go to step 5 and
repeat the above procedure till all the rows of JN[ ][ ] are considered.

The detailed procedure presented in the flow-chart of the above procedure shown in Fig. 3.2.
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Fig. 3.2 Flow Chart for formation of lateral array
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3.5.2. Load=flow solution:

Start from the first lateral and its first branch.
1. Consider a lateral. Compute the node current, for each of its nodes after the branch under
consideration.
2. During computation of the node current it is checked whether the node under consideration
is the source node of any other array. If YES, go to step 3.
3. Store first two nodes of the linked array in LN[ ][ ] array.
4. Consider the array that’s first two nodes are stored in LN[ ][ ] and repeat steps 1-3 till all
the entries of LN[ ][ ] are considered.
5. Compute voltage and its angle for the receiving-end node of the branch under
consideration.
6. Steps 1-4 are repeated for each branch of the network.
7. Repeat the above procedures till the convergence of the load-flow solution is occurred.
8. Print the results.

The detailed procedure of the above steps is shown in Fig 3.3.
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Fig. 3.3 Flow Chart for load-flow solution
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3.6 Convergence criteria:

The difference of the voltage computed for any node in two successive iterations should be
less than 0.00001 or 10”°. Proof of convergence of load-flow solution is shown in

Appendix-A for the proposed method.

3.7 Application of the proposed method:

To show the effectiveness of the proposed method three examples, 33-node, 69-node and
41-node radial distribution system have been considered. In first example (33-node) and
second example (69-node) constant power load is considered and the effect of line shunt
capacitance has been neglected. The results are compared with the existing methods. Third
example (41-node) is taken to show the effect of load characteristics on convergence of load-
flow solution for various types of loads and to show the effect of charging capacitances. The
line data and load data of 33- node radial distribution network (Example 1) is available in
Baran and Wu [7], which are shown in Appendix-B. Single line diagram of 33-node
distribution network is shown in Fig. 3.4. The base kV and base MVA values are 12.66 kV
and 100 MVA respectively. The load-flow results of 33-node radial distribution network
obtained by proposed method are compared with the existing method proposed by Hamouda
and Zehar [21], which is shown in Table 3.2.

The line data and load data of 69- node radial distribution network (Example 2) are available
in Baran and Wu [20]. The line data and load data have been shown in Appendix-C. Single
line diagram of 69-node distribution network is shown in Fig. 3.5. The base kV and base
MVA values are 12.66 kV and 100 MVA respectively. The load-flow results are compared
with the existing method proposed by Satyanarayana et al. [17] and have been presented in

Table 3.3. Real and reactive power losses are also presented in Table 3.3. Third example is
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41-node radial distribution network shown in Fig. 3.6. Line data and load data of 41-node
distribution system are shown in Appendix-D. The technical data regarding conductors of

41-node distribution system is shown in Table D2 in Appendix-D. The base kV and base
MVA values are 11 kV and 100 MVA respectively. Load-flow solutions have been carried out
for various types of loads without considering the capacitance of the branches. The load-flow
results of 41-node distribution network for different load modellings have been shown in
Table 3.4, Table 3.5, Table 3.6, Table 3.7, Table 3.8 and Table 3.9. Only the magnitude of
voltage and its angle, which are minimum values, are shown in Table 3.10. The corresponding
node number is 13. The number of iterations required for the convergence of load-flow
solution, real and reactive power losses for various types of loads are also presented in Table
3.10. Composite load consist of 30% of constant power load, 30% of constant current load
and 40% of constant impedance load. Practical load consists of Battery Charge (2%) +
Fluorescent lamps (11%) + AC (8%) + Resistance space heating (5%) + Pump, fans and other

motors (18%) + CFL (5%) + Incandescent lamp (6%) + Small motors (25%) + Large motors

(20%).
25
24
1 23
2 4 5 6 7 8 9 10 @ 12 14 16 18
I 3 11 13 15 17
19 ® 26
00 * 27
21 L ] '!S
22 y 29
P 30
P 31
p 32
» 33

Fig. 3.4 Single line diagram of 33-node distribution network.
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Table 3.2 The load-flow results of 33-node distribution network.

Node Proposed method Existing Method [21].

No. Voltage magnitude Voltage angle Voltage Voltage

(p.u.) in radian magnitude (p.u.) angle in

radian
1 1.000000 0.000000 1.000000 0.000000
2 0.997015 0.000238 0.997170 0.000218
3 0.982882 0.001673 0.983040 0.001652
4 0.975373 0.002827 0.975566 0.002799
5 0.967946 0.003999 0.968170 0.003964
6 0.949468 0.002356 0.949754 0.002323
7 0.945943 -0.001688 0.946236 -0.001713
8 0.932287 -0.004367 0.932605 -0.004390
9 0.925955 -0.005667 0.926279 -0.005690
10 0.920097 -0.006789 0.920426 -0.006811
11 0.919229 -0.006660 0.919558 -0.006682
12 0.917714 -0.006455 0.918044 -0.006478
13 0.911538 -0.008081 0.911872 -0.008102
14 0.909248 -0.009482 0.909583 -0.009503
15 0.907821 -0.010153 0.908157 -0.010173
16 0.906439 -0.010568 0.906775 -0.010587
17 0.904391 -0.011944 0.904728 -0.011963
18 0.903778 -0.012115 0.904115 -0.012133
19 0.996486 0.000049 0.996584 0.000016
20 0.992909 -0.001120 0.993007 -0.001151
21 0.992204 -0.001458 0.992303 -0.001489
22 0.991567 -0.001813 0.991665 -0.001844
23 0.979297 0.001132 0.979486 0.001129
24 0.972625 -0.000417 0.972816 -0.000418
25 0.969300 -0.001179 0.969492 -0.001181
26 0.947539 0.003045 0.947870 0.003004
27 0.944974 0.004025 0.945310 0.003983
28 0.933532 0.005474 0.933883 0.005430
29 0.925312 0.006834 0.925669 0.006790
30 0.921754 0.008672 0.922113 0.008626
31 0.917592 0.007198 0.917952 0.007154
32 0.916676 0.006796 0.917037 0.006752
33 0.916392 0.006661 0.916754 0.006617

Power losses using the proposed method
Active power losses  Reactive power losses
205.25kW 139.31kVAr
Power losses using the existing method [21]
Active power losses  Reactive power losses
205.19kW 139.23kVAr

The ratio of CPU time of proposed the method with the existing method [21] is 1: 1.25.
The ratio of memory requirement of proposed the method with the existing method [21] is 1:
1.98.
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65
Fig. 3.5 Single line diagram of 69-node distribution network.
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Table 3.3 The load-flow results of 69-node distribution system.

Node Proposed Method Existing Method [17]
No Voltage magnitude Voltage angle Voltage magnitude
(p.u.) in radian (p.u.)
1 1.000000 0.000000 1.00000
2 0.999967 -0.000021 0.99997
3 0.999933 -0.000043 0.99993
4 0.999840 -0.000103 0.99984
5 0.999022 -0.000325 0.99902
6 0.990097 0.000840 0.99010
7 0.980813 0.002074 0.98082
8 0.978634 0.002364 0.97861
9 0.978291 0.002409 0.97748
10 0.973295 0.003873 0.97250
11 0.972249 0.004182 0.97140
12 0.969410 0.004999 0.96824
13 0.966491 0.005805 0.96533
14 0.963597 0.006611 0.96243
15 0.960732 0.007411 0.95957
16 0.960200 0.007560 0.95904
17 0.959321 0.007807 0.95816
18 0.959312 0.007809 0.95815
19 0.958848 0.007958 0.95769
20 0.958551 0.008054 0.95739
21 0.958070 0.008209 0.95691
22 0.958063 0.008211 0.95690
23 0.957991 0.008235 0.95683
24 0.957835 0.008285 0.95667
25 0.957666 0.008340 0.95650
26 0.957596 0.008362 0.95643
27 0.957577 0.008369 0.95641
28 0.999927 0.008365 0.99993
29 0.999859 0.008329 0.99986
30 0.999763 0.008375 0.99976
31 0.999746 0.008383 0.99975
32 0.999661 0.008423 0.99966
33 0.999457 0.008517 0.99946
34 0.999228 0.008655 0.99923
35 0.999161 0.008673 0.99916
36 0.999920 0.008664 0.99992
37 0.999748 0.008553 0.99975
38 0.999589 0.008510 0.99959
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39 0.999543 0.008498 0.99954
40 0.999541 0.008498 0.99954
41 0.998843 0.008306 0.99884
42 0.998551 0.008225 0.99855
43 0.998512 0.008214 0.99851
44 0.998504 0.008211 0.99850
45 0.998406 0.008180 0.99841
46 0.998405 0.008180 0.99841
47 0.999790 0.008148 0.99979
48 0.998544 0.007365 0.99854
49 0.994693 0.004938 0.99470
50 0.994148 0.004592 0.99415
51 0.980777 0.004597 0.97857
52 0.980768 0.004600 0.97856
53 0.975851 0.004981 0.97469
54 0.972612 0.005427 0.97145
55 0.968144 0.006047 0.96697
56 0.963781 0.006656 0.96261
57 0.941293 0.013560 0.94013
58 0.930236 0.017086 0.92908
59 0.925963 0.018496 0.92480
60 0.920942 0.020315 0.91978
61 0.913553 0.021517 0.91238
62 0.913264 0.021564 0.91209
63 0.912877 0.021627 0.91170
64 0.910979 0.021938 0.90980
65 0.910405 0.022032 0.90923
66 0.973238 0.022053 0.97134
67 0.973238 0.022054 0.97134
68 0.971919 0.022158 0.96791
69 0.971918 0.022159 0.96791
Power losses using the proposed method | Power losses using the existing method
Active power losses Reactive power | [17]
losses Active power losses Reactive power
224.5695kW 101.0474kVAr | losses
224.63kW 101.99kVAr

The ratio of CPU time of proposed the method with the existing method [17] is 1:

1.89.

The ratio of memory requirement of proposed the method with the existing method

[17] s 1: 1.98.
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Table 3.4 Load-flow results of various types of load (Sr. No. 1, 2, 4 of Table 3.1) for 41-
node distribution system

Load | Battery charge Fluorescent lamp Air conditioner
Type
Node | Voltage Voltage Voltage Voltage | Voltage Voltage
magnitude | angle magnitude | angle magnitude | angle
(p.u.) (p.u.) (p.u.)
1 1.00000 0.00000 | 1.00000 0.00000 | 1.00000 0.00000
27 0.99071 -0.00482 0.99046 | -0.00489 | 0.99000 -0.00533
35 0.97705 -0.00804 | 0.97642 | -0.00812 | 0.97517 -0.00904
8 0.96609 -0.00991 0.96509 | -0.00996 | 0.96305 -0.01132
33 0.95859 -0.01122 0.95733 | -0.01127 | 0.95472 -0.01294
20 0.95277 -0.01228 0.95130 | -0.01232 | 0.94818 -0.01428
39 0.94658 -0.01343 0.94486 | -0.01345 | 0.94121 -0.01574
4 0.94162 -0.01437 0.93971 | -0.01439 | 0.93560 -0.01695
34 0.93860 -0.01496 0.93656 | -0.01496 | 0.93217 -0.01770
32 0.93373 -0.01591 0.93148 | -0.01591 | 0.92664 -0.01893
16 0.92926 -0.01592 0.92682 | -0.01588 | 0.92149 -0.01909
21 0.92734 -0.01546 0.92482 | -0.01537 | 0.91926 -0.01861
17 0.92595 -0.01497 0.92338 | -0.01485 | 0.91765 -0.01809
18 0.97936 -0.01698 0.97877 | -0.01683 | 0.97759 -0.02052
22 0.97086 -0.01839 0.97004 | -0.01823 | 0.96835 -0.02221
11 0.96215 -0.01989 0.96107 | -0.01971 | 0.95880 -0.02402
13 0.95779 -0.02066 0.95657 | -0.02047 | 0.95401 -0.02497
14 0.95278 -0.02156 0.95139 | -0.02137 | 0.94847 -0.02608
40 0.94929 -0.02152 0.94780 | -0.02129 | 0.94462 -0.02610
6 0.94677 -0.02149 0.94519 | -0.02124 | 0.94182 -0.02612
12 0.94389 -0.02044 | 0.94222 | -0.02014 | 0.93860 -0.02502
15 0.98551 -0.02129 0.98516 | -0.02098 | 0.98451 -0.02598
30 0.98337 -0.02162 0.98299 | -0.02131 | 0.98227 -0.02634
29 0.97811 -0.02145 0.97766 | -0.02111 | 0.97678 -0.02620
41 0.97442 -0.02046 0.97391 | -0.02010 | 0.97289 -0.02520
28 0.97218 -0.01987 0.97164 | -0.01948 | 0.97052 -0.02459
2 0.96974 -0.01896 0.96916 | -0.01855 | 0.96794 -0.02365
26 0.97292 -0.01884 | 0.97221 | -0.01841 | 0.97080 -0.02357
24 0.96800 -0.01754 | 0.96722 | -0.01706 | 0.96558 -0.02224
23 0.96475 -0.01633 0.96390 | -0.01581 | 0.96211 -0.02099
37 0.96458 -0.01578 0.96356 | -0.01524 | 0.96143 -0.02041
10 0.95529 -0.01458 0.95396 | -0.01398 | 0.95112 -0.01916
5 0.95316 -0.01380 0.95177 | -0.01317 | 0.94878 -0.01835
9 0.95190 -0.01335 0.95048 | -0.01269 | 0.94739 -0.01787
3 0.94541 -0.01292 0.94367 | -0.01225 | 0.93993 -0.01743
36 0.93219 -0.01237 0.92989 | -0.01166 | 0.92490 -0.01684
31 0.92685 -0.01152 0.92432 | -0.01075 | 0.91872 -0.01593
38 0.92621 -0.01112 0.92364 | -0.01032 | 0.91795 -0.01551
7 0.94987 -0.01011 0.94837 | -0.00922 | 0.94509 -0.01442
19 0.98160 -0.00947 0.98117 | -0.00855 | 0.98031 -0.01375
25 0.97175 -0.00903 0.97104 | -0.00810 | 0.96959 -0.01330
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Table 3.5 Load-flow results of various types of load (Sr. No. 6, 7 of Table 3.1) for 41-node
distribution system

Load Resistance space heater Pump, funs other motors
type
Node Voltage Voltage angle Voltage Voltage angle
No. magnitude magnitude (p.u.)
(p.u.)

1 1.00000 0.00000 1.00000 0.00000
27 0.98967 -0.00455 0.98968 -0.00540
35 0.97463 -0.00697 0.97438 -0.00908

8 0.96239 -0.00792 0.96180 -0.01130
33 0.95397 -0.00857 0.95314 -0.01289
20 0.94736 -0.00904 0.94632 -0.01419
39 0.94030 -0.00953 0.93904 -0.01562

4 0.93461 -0.00991 0.93316 -0.01680
34 0.93114 -0.01014 0.92957 -0.01753
32 0.92552 -0.01052 0.92376 -0.01874
16 0.92044 -0.00985 0.91837 -0.01881
21 0.91831 -0.00900 0.91603 -0.01827
17 0.91681 -0.00821 0.91435 -0.01769
18 0.97716 -0.00928 0.97686 -0.02007
22 0.96784 -0.01007 0.96732 -0.02172
11 0.95820 -0.01087 0.95746 -0.02348
13 0.95335 -0.01126 0.95249 -0.02440
14 0.94775 -0.01170 0.94674 -0.02549
40 0.94393 -0.01128 0.94276 -0.02546

6 0.94116 -0.01096 0.93987 -0.02544
12 0.93809 -0.00948 0.93654 -0.02426
15 0.98415 -0.01008 0.98408 -0.02520
30 0.98191 -0.01033 0.98181 -0.02556
29 0.97643 -0.00992 0.97624 -0.02539
41 0.97260 -0.00871 0.97228 -0.02435
28 0.97028 -0.00797 0.96989 -0.02371

2 0.96776 -0.00688 0.96726 -0.02274
26 0.97028 -0.00653 0.96993 -0.02263
24 0.96517 -0.00487 0.96462 -0.02123
23 0.96179 -0.00338 0.96108 -0.01993
37 0.96081 -0.00268 0.96015 -0.01932
10 0.95049 -0.00109 0.94945 -0.01800

5 0.94824 -0.00005 0.94705 -0.01713

9 0.94692 0.00057 0.94562 -0.01662

3 0.93906 0.00115 0.93771 -0.01615
36 0.92386 0.00195 0.92196 -0.01551
31 0.91782 0.00330 0.91547 -0.01451
38 0.91708 0.00395 0.91466 -0.01404

7 0.94458 0.00561 0.94321 -0.01284
19 0.98003 0.00650 0.97980 -0.01212
25 0.96909 0.00699 0.96870 -0.01166
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Table 3.6 Load-flow results of various types of load (Sr. No. 8, 9, 10 of Table 3.1) for 41-node

distribution system

Load Incandescent lamps Compact fluorescent | Small industrial motors
type lamps
Node Voltage Voltage Voltage Voltage Voltage Voltage
No. magnitude angle magnitude angle magnitude angle
(p.u.) (p.u.) (p.u.)

1 1.00000 0.00000 1.00000 0.00000 1.00000 0.00000
27 0.98957 | -0.00470 | 0.98955 | -0.00492 | 0.98941 | -0.00528
35 0.97435 | -0.00730 | 0.97423 | -0.00785 | 0.97376 | -0.00869

8 0.96192 | -0.00842 0.96168 | -0.00930 | 0.96086 | -0.01060
33 0.95336 | -0.00919 | 0.95304 | -0.01031 | 0.95197 | -0.01196
20 0.94663 | -0.00976 | 0.94623 | -0.01110 | 0.94495 | -0.01306
39 0.93944 | -0.01038 | 0.93896 | -0.01196 | 0.93744 | -0.01426

4 0.93364 | -0.01087 0.93310 | -0.01265 | 0.93138 | -0.01525
34 0.93010 | -0.01117 0.92952 | -0.01308 | 0.92767 | -0.01587
32 0.92437 | -0.01165 | 0.92372 | -0.01378 | 0.92166 | -0.01688
16 0.91917 | -0.01106 | 0.91842 | -0.01337 | 0.91612 | -0.01673
21 0.91698 | -0.01023 | 0.91617 | -0.01262 | 0.91374 | -0.01606
17 0.91542 | -0.00945 | 0.91457 | -0.01189 | 0.91203 | -0.01539
18 0.97689 | -0.01069 | 0.97676 | -0.01347 | 0.97630 | -0.01745
22 0.96744 | -0.01160 | 0.96724 | -0.01460 | 0.96656 | -0.01889
11 0.95767 | -0.01252 0.95738 | -0.01577 | 0.95647 | -0.02042
13 0.95275 | -0.01299 | 0.95242 | -0.01637 | 0.95138 | -0.02121
14 0.94706 | -0.01352 0.94668 | -0.01707 | 0.94548 | -0.02214
40 0.94318 | -0.01314 | 0.94275 | -0.01679 | 0.94142 | -0.02199

6 0.94036 | -0.01285 | 0.93989 | -0.01658 | 0.93847 | -0.02189
12 0.93722 | -0.01139 | 0.93667 | -0.01519 | 0.93511 | -0.02057
15 0.98401 | -0.01204 | 0.98396 | -0.01592 | 0.98374 | -0.02143
30 0.98175 | -0.01230 | 0.98169 | -0.01621 | 0.98144 | -0.02176
29 0.97623 | -0.01192 0.97614 | -0.01590 | 0.97582 | -0.02152
41 0.97237 | -0.01072 0.97224 | -0.01474 | 0.97184 | -0.02041
28 0.97002 | -0.00999 | 0.96987 | -0.01403 | 0.96943 | -0.01973

2 0.96747 | -0.00891 | 0.96729 | -0.01297 | 0.96679 | -0.01871
26 0.96996 | -0.00858 | 0.96981 | -0.01271 | 0.96926 | -0.01852
24 0.96478 | -0.00695 | 0.96458 | -0.01114 | 0.96392 | -0.01703
23 0.96136 | -0.00547 0.96110 | -0.00971 | 0.96035 | -0.01564
37 0.96032 | -0.00477 0.96006 | -0.00903 | 0.95920 | -0.01499
10 0.94982 | -0.00321 | 0.94944 | -0.00753 | 0.94825 | -0.01355

5 0.94753 | -0.00217 0.94710 | -0.00653 | 0.94582 | -0.01261

9 0.94618 | -0.00155 | 0.94572 | -0.00594 | 0.94438 | -0.01205

3 0.93818 | -0.00098 | 0.93768 | -0.00540 | 0.93611 | -0.01152
36 0.92267 | -0.00018 | 0.92198 | -0.00464 | 0.91985 | -0.01081
31 0.91647 0.00113 0.91565 | -0.00340 | 0.91319 | -0.00966
38 0.91571 0.00177 0.91486 | -0.00280 | 0.91235 | -0.00911

7 0.94379 0.00341 0.94331 | -0.00128 | 0.94189 | -0.00770
19 0.97983 0.00429 0.97974 | -0.00044 | 0.97941 | -0.00691
25 0.96875 0.00478 0.96859 0.00003 0.96803 | -0.00644
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Table 3.7 Load-flow results of various types of load (Sr. No. 11, 14 of Table 3.1) for 41-node distribution

system
Load Large industrial motors Practical load
type
Node Voltage Voltage angle Voltage Voltage angle
No. | magnitude (p.u.) magnitude (p.u.)

1 1.00000 0.00000 1.00000 0.00000
27 0.98937 -0.00529 0.98969 -0.00516
35 0.97366 -0.00869 0.97447 -0.00849

8 0.96069 -0.01060 0.96199 -0.01036
33 0.95176 -0.01195 0.95340 -0.01168
20 0.94470 -0.01305 0.94665 -0.01275
39 0.93715 -0.01424 0.93943 -0.01391

4 0.93105 -0.01522 0.93361 -0.01487
34 0.92732 -0.01584 0.93005 -0.01546
32 0.92128 -0.01684 0.92430 -0.01643
16 0.91570 -0.01668 0.91900 -0.01630
21 0.91330 -0.01600 0.91672 -0.01567
17 0.91159 -0.01532 0.91509 -0.01503
18 0.97620 -0.01738 0.97696 -0.01705
22 0.96643 -0.01881 0.96749 -0.01845
11 0.95629 -0.02033 0.95769 -0.01995
13 0.95118 -0.02112 0.95276 -0.02072
14 0.94525 -0.02205 0.94705 -0.02163
40 0.94117 -0.02189 0.94312 -0.02149

6 0.93821 -0.02178 0.94026 -0.02139
12 0.93483 -0.02045 0.93701 -0.02012
15 0.98368 -0.02131 0.98411 -0.02097
30 0.98138 -0.02164 0.98185 -0.02130
29 0.97575 -0.02139 0.97630 -0.02107
41 0.97177 -0.02028 0.97239 -0.01998
28 0.96935 -0.01960 0.97001 -0.01931

2 0.96671 -0.01857 0.96741 -0.01831
26 0.96915 -0.01838 0.97004 -0.01813
24 0.96379 -0.01687 0.96479 -0.01666
23 0.96022 -0.01548 0.96130 -0.01531
37 0.95903 -0.01483 0.96036 -0.01468
10 0.94802 -0.01338 0.94977 -0.01328

5 0.94559 -0.01243 0.94741 -0.01237

9 0.94415 -0.01186 0.94602 -0.01183

3 0.93581 -0.01134 0.93813 -0.01132
36 0.91945 -0.01062 0.92255 -0.01064
31 0.91275 -0.00945 0.91619 -0.00954
38 0.91190 -0.00889 0.91539 -0.00902

7 0.94164 -0.00747 0.94362 -0.00769
19 0.97934 -0.00667 0.97987 -0.00692
25 0.96792 -0.00620 0.96883 -0.00645
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Table 3.8 Load-flow results of various types of load (Sr. No. 3, 5 of Table 3.1) for 41-node
distribution system

Load type Constant impedance Constant current
Node No. Voltage Voltage angle Voltage Voltage angle
magnitude (p.u.) magnitude (p.u.)

1 1.00000 0.00000 1.00000 0.00000
27 0.99018 -0.00479 0.98973 -0.00500
35 0.97579 -0.00776 0.97464 -0.00811

8 0.96414 -0.00932 0.96230 -0.00976
33 0.95615 -0.01041 0.95381 -0.01093
20 0.94991 -0.01127 0.94714 -0.01185
39 0.94326 -0.01221 0.94002 -0.01286

4 0.93792 -0.01297 0.93429 -0.01368
34 0.93465 -0.01344 0.93078 -0.01418
32 0.92939 -0.01421 0.92511 -0.01502
16 0.92458 -0.01397 0.91991 -0.01476
21 0.92253 -0.01336 0.91769 -0.01409
17 0.92107 -0.01275 0.91610 -0.01343
18 0.97820 -0.01444 0.97713 -0.01522
22 0.96926 -0.01564 0.96775 -0.01648
11 0.96005 -0.01690 0.95804 -0.01781
13 0.95543 -0.01754 0.95316 -0.01849
14 0.95010 -0.01830 0.94751 -0.01929
40 0.94642 -0.01811 0.94363 -0.01909

6 0.94376 -0.01797 0.94081 -0.01894
12 0.94075 -0.01674 0.93762 -0.01764
15 0.98481 -0.01750 0.98419 -0.01843
30 0.98261 -0.01780 0.98194 -0.01874
29 0.97722 -0.01754 0.97642 -0.01847
41 0.97344 -0.01645 0.97253 -0.01735
28 0.97115 -0.01579 0.97018 -0.01667

2 0.96865 -0.01480 0.96760 -0.01565
26 0.97153 -0.01459 0.97025 -0.01544
24 0.96649 -0.01314 0.96504 -0.01393
23 0.96315 -0.01181 0.96159 -0.01255
37 0.96259 -0.01119 0.96069 -0.01191
10 0.95273 -0.00982 0.95024 -0.01048

5 0.95052 -0.00893 0.94791 -0.00954

9 0.94922 -0.00840 0.94654 -0.00898

3 0.94205 -0.00791 0.93875 -0.00846
36 0.92777 -0.00725 0.92339 -0.00776
31 0.92203 -0.00620 0.91716 -0.00662
38 0.92134 -0.00570 0.91639 -0.00607

7 0.94702 -0.00442 0.94418 -0.00468
19 0.98077 -0.00368 0.98000 -0.00389
25 0.97035 -0.00321 0.96904 -0.00342
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Table 3.9 Load-flow results of various types of load (Sr. No. 12, 13 of Table 3.1) for 41-node
distribution system

Load Constant power Composite load
type
Node No. Voltage Voltage angle | Voltage magnitude Voltage angle
magnitude (p.u.) (p.u.)

1 1.00000 0.00000 1.00000 0.00000
27 0.98920 -0.00525 0.98977 -0.00498
35 0.97327 -0.00853 0.97474 -0.00808

8 0.96009 -0.01029 0.96246 -0.00972
33 0.95100 -0.01154 0.95401 -0.01088
20 0.94381 -0.01254 0.94738 -0.01180
39 0.93611 -0.01363 0.94029 -0.01280
4 0.92989 -0.01453 0.93459 -0.01362
34 0.92607 -0.01508 0.93110 -0.01412
32 0.91990 -0.01599 0.92546 -0.01495
16 0.91422 -0.01572 0.92029 -0.01470
21 0.91179 -0.01498 0.91809 -0.01403
17 0.91005 -0.01424 0.91651 -0.01337
18 0.97585 -0.01615 0.97722 -0.01515
22 0.96594 -0.01749 0.96788 -0.01641
11 0.95565 -0.01891 0.95821 -0.01774
13 0.95046 -0.01963 0.95336 -0.01841
14 0.94444 -0.02049 0.94773 -0.01921
40 0.94031 -0.02027 0.94387 -0.01901

6 0.93730 -0.02012 0.94106 -0.01886
12 0.93390 -0.01872 0.93789 -0.01756
15 0.98347 -0.01954 0.98425 -0.01835
30 0.98115 -0.01986 0.98200 -0.01866
29 0.97549 -0.01958 0.97649 -0.01839
41 0.97149 -0.01843 0.97261 -0.01727
28 0.96906 -0.01773 0.97026 -0.01660

2 0.96640 -0.01668 0.96770 -0.01558
26 0.96872 -0.01645 0.97036 -0.01536
24 0.96334 -0.01489 0.96517 -0.01386
23 0.95975 -0.01346 0.96172 -0.01249
37 0.95841 -0.01279 0.96085 -0.01185
10 0.94724 -0.01128 0.95045 -0.01042

5 0.94478 -0.01028 0.94813 -0.00949

9 0.94333 -0.00969 0.94677 -0.00893

3 0.93476 -0.00914 0.93902 -0.00842
36 0.91806 -0.00838 0.92375 -0.00772
31 0.91123 -0.00713 0.91756 -0.00658
38 0.91037 -0.00653 0.91680 -0.00604

7 0.94078 -0.00499 0.94442 -0.00466
19 0.97909 -0.00416 0.98006 -0.00387
25 0.96749 -0.00367 0.96915 -0.00340
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Fig. 3.6 Single line diagram of 41-node power distribution system
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Table 3.10 Number of iterations for the convergence of the load-flow solution and the real and
reactive power losses for various load models for 41-node network.

Sr. Load model No. of | Real power | Reactive Min. Angle of
No. iterations |losses in kKW | power voltage voltage at
losses in | magnitude node

kVAr (p.u.) at | number 13

node in radians

number 13
1 | Battery charge 4 172.8015 |192.3338 | 0.92595 -0.01489
2 | Fluorescent lamps 4 173.3655 |192.9465| 0.92338 -0.01485
3 | Constant impedance 3 173.8920 |193.5195| 0.92107 -0.01275
4 | Air conditioner 3 174.6066 |194.2929 | 091765 -0.01909
5 | Constant current 3 1749854 |194.7066 | 0.91610 -0.01343
6 | Resistance space heater 3 174.8633 |194.5766 | 0.91681 -0.00821
7 | Pumps, fans other motors 3 175.3406 |195.0899 | 0.91435 -0.01769
8 | Incandescent lamps 3 175.1611 |194.8993 | 0.91542 -0.00945
9 | Compact fluorescent lamps 3 175.3353 |195.0871| 0.91457 -0.01189
10 | Small industrial motors 3 175.8709 |195.6667 | 0.91203 -0.01539
11 | Large industrial motors 4 175.9700 |195.7743| 0.91159 -0.01532
12 | Constant power 4 176.3188 |196.1534| 0.91005 -0.01414
13 | Composite load” 3 174.8930 |194.6062 | 0.91651 -0.01337
14 | Practical load™ 3 175.1937 |194.9317| 0.91509 | -0.01503
* Composite load = 30% constant power + 30% constant current + 40% constant impedance load.
** Practical load = Battery Charge 2% + Fluorescent lamps 11% + AC 8%
+ Resistance space heating 5% + Pump, fans and other motors 18% + CFL 5%
+ Incandescent lamp 6% + Small motors 25% + Large motors 20%

The proposed load-flow method is capable of handling the effect of charging capacitances of
the branches. The line shunt capacitance is computed from the line data is shown lumped at
the receiving end node of the respective branch in Table D1 in Appendix-D. Table 3.11
compares the load-flow results with charging capacitance and without charging capacitance
for constant power load only. Table 3.11 shows that not only the voltage magnitude of each
node, has been improved but also the angle of voltage of each node has been improved due to
the inclusion of shunt capacitance. The real and reactive power losses have been reduced

when the shunt capacitances are in action.
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Table 3.11 Load-flow results of 41-node system by considering the charging capacitance of
the branches and without considering the charging capacitance.

Node | Results when capacitance is considered. | Results when capacitance is not considered.
No.
Voltage magnitude Voltage angle | Voltage magnitude Voltage angle
(p.u.) (p.u.)
1 1.00000 0.00000 1.00000 0.00000
27 0.98922 -0.00529 0.98920 -0.00530
35 0.97331 -0.00856 0.97327 -0.00859
8 0.96016 -0.01028 0.96009 -0.01034
33 0.95109 -0.01150 0.95100 -0.01157
20 0.94391 -0.01247 0.94381 -0.01255
39 0.93622 -0.01353 0.93611 -0.01362
4 0.93001 -0.01439 0.92989 -0.01449
34 0.92620 -0.01493 0.92607 -0.01504
32 0.92004 -0.01580 0.91990 -0.01592
16 0.91437 -0.01549 0.91422 -0.01562
21 0.91194 -0.01474 0.91179 -0.01487
17 0.91020 -0.01400 0.91005 -0.01414
18 0.97588 -0.00717 0.97585 -0.00719
22 0.96598 -0.00848 0.96594 -0.00851
11 0.95570 -0.00987 0.95565 -0.00991
13 0.95051 -0.01058 0.95046 -0.01062
14 0.94449 -0.01142 0.94444 -0.01146
40 0.94037 -0.01120 0.94031 -0.01125
6 0.93737 -0.01104 0.93730 -0.01109
12 0.93396 -0.00964 0.93390 -0.00969
15 0.98350 -0.00610 0.98347 -0.00611
30 0.98118 -0.00641 0.98115 -0.00643
29 0.97553 -0.00612 0.97549 -0.00615
41 0.97153 -0.00496 0.97149 -0.00500
28 0.96910 -0.00426 0.96906 -0.00430
2 0.96645 -0.00320 0.96640 -0.00324
26 0.96878 -0.00832 0.96872 -0.00836
24 0.96339 -0.00675 0.96334 -0.00680
23 0.95980 -0.00531 0.95975 -0.00537
37 0.95849 -0.00960 0.95841 -0.00966
10 0.94733 -0.00998 0.94724 -0.01006
5 0.94487 -0.00897 0.94478 -0.00906
9 0.94342 -0.00837 0.94333 -0.00847
3 0.93487 -0.01297 0.93476 -0.01307
36 0.91820 -0.01504 0.91806 -0.01516
31 0.91138 -0.01424 0.91123 -0.01437
38 0.91052 -0.01414 0.91037 -0.01427
7 0.94084 -0.00987 0.94078 -0.00993
19 0.97912 -0.00556 0.97909 -0.00559
25 0.96754 -0.00783 0.96749 -0.00788

When charging capacitance is considered.
Total real power loss = 176.28550 kW
Total reactive power loss =196.11720 kVAr

When charging capacitance is not considered.
Total real power loss =176.3188kW
Total reactive power loss =196.1534kVAr
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3.8 Conclusion:

An efficient load-flow method has been proposed in this chapter. The proposed method is
capable of handling the effect of charging capacitance of the branches. It is a forward
sweep method in which voltage drop in each branch is computed at a voltage. The voltage
of each node is computed with the recent values of voltage drop, so the convergence is
confirmed in this method. The solution algorithm does not need the numbering of the
nodes in sequential order. Convergence of the method is shown with different types of the
load. To show the efficiency of the method, the load-flow results are compared with the
existing methods for 33-node distribution network and 69-node distribution network. The
CPU time and the memory requirement is less for the proposed method.

As the proposed load-flow method is capable of handling the effect of capacitance, it is
suitable to be used in networks with capacitor placed at various nodes. The proposed
load-flow solution method is very much suitable for reconfiguration of radial distribution
networks, because it does not need renumbering of nodes for load-flow after

reconfiguration, which saves lot of time and computation effort.
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CHAPTER 4
LINE LOADABILITY INDEX AND VOLTAGE
STABILITY INDEX FOR RADIAL ELECTRIC
POVMWER DISTRIBUTION NETWORKS

4.1. INTRODUCTION: Most of the reported works in the field of line loadability index

and voltage stability index have been presented in Section 2.3 of Chapter 2. The term line
loadability index had been used in same context as voltage stability index by Juan et al.
[41], this term has been redefined in the present work in entirely different context. The
definition of line loadability is the maximum load that can be delivered by a distribution
network without violating the maximum operating temperature limits of any branch of the
network. The loadability index of each branch gives the margin for further loading. The
line loadability analysis is related to steady-state loading conditions. None of the previous
researchers has published this type of analysis.

Voltage stability indices reported till date, analyze the maximum loading or critical
loading on the basis of voltage stability. But this type of analysis is quite misleading. The
voltage instability never occur in steady operating conditions, instead it always occur at the
time of sever faults. But in all the reported papers the researchers studied the steady state
loading conditions of distribution network through voltage stability analysis.

The voltage stability indices and loadability margins reported so far have the following

major limitations:
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(i) The change in resistance of the line conductor with the change in operating temperature,
which is further a function of branch current, ambient temperature and weather conditions.
These had not been incorporated in computation of the voltage stability indices.

(i) Thermal limits and current carrying capacity of the branch conductors used in
distribution system had been neglected while computing the loadability limits of the
distribution networks. The thermal limits of the branch conductors are also dependent on
ambient temperature and weather conditions.

(iii) It was not reported that for how long the distribution system was capable to withstand
the heavy currents before the voltage collapse occurs or the time required by the over
current protection system of the distribution network to isolate the faulty portion of the
system.

Without considering these constraints, it is difficult to obtain the correct voltage stability
limit and line loadability limit of the power distribution system. The voltage stability
indices already available in literature compute the voltage stability limit very near or at the
point where the mathematical solution of the receiving-end voltage equation was no more
possible but they had not considered the change in branch conductor resistance with
temperature. The effect of weather and ambient conditions were also not considered in the
previous reported research work. So the value of the critical loading or the voltage stability
limit was a unique one for a particular distribution network. But practically, these were not
true. The weather and ambient conditions have considerable effect on the voltage stability
limit and line loadability limit. So these limits are dynamic in nature.

The significance of the voltage stability index is that sometimes the load may increase

instantaneously due to some load contingency or fault. The voltage collapse may occur
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before the protection system comes into play or in case when the protection system fails to
actuate and the line conductor attain the temperature at which material melts and lose its
mechanical strength. So voltage stability index gives the loading limit under the fault or
load contingency conditions. At or near the divergence point of the load-flow solution, the
system is very heavily loaded that leads to higher operating temperature of the line
conductors so the resistance of the conductors changes. At the higher values of resistance,
the voltage drops in the branch conductors increase, specially for the constant power loads
and leads to further decrease in node voltages at the critical load, this phenomenon
becomes cumulative and the voltage collapse occurs well before the limit marked by the
voltage stability indices, those neglect the change in resistance with higher operating
temperature.

The highest operating temperature of the line conductors for steady state conditions is
constrained by the annealing of the conductors and the elongation of the conductors, which
leads to larger sags, small ground clearances and permanent deformation of the conductors.

For ACSR conductors, the maximum operating limit for safe steady state operation is
about 75 C to 80 C. For very short durations, the temperature can rise to 250 C or

above. The proposed line loadability index is based on this constraint of the system.
Significance of the line loadability index is that it gives the steady state loadability limit of
the distribution network. The steady state loading of the distribution network is limited
upto that extent when the steady state temperature of at least one branch reaches the
maximum steady state temperature limit.

In this chapter a voltage stability index and a line loadability index have been proposed

for electrical power distribution networks. The effect of rise in temperature on resistance is
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incorporated while computation of the voltage stability index and the line loadability
index. Some situations have been discussed when the voltage collapse can occur although

the over current protection is present there.

4.2. Formulation of Voltage stability index and Line Loadability index;

The voltage stability index is derived from the basic equations of distribution system to
relate the sending-end voltage to the receiving-end voltage in which resistance and
reactance of the branch conductors, real and reactive power loads etc are involved. The line
loadability index is based on the maximum allowable temperature rise of the branch

conductors.

4.2.1. Voltage stability index (VSI):
The sending-end voltage can be related to the receiving-end voltage as:
Vi LS, =V 1 L6, 0+ (R + JXy) (4.2)

The current in a particular branch is the sum of all load currents due to the loads connected

to the nodes beyond that branch plus the load current of that branch.

m=k+1

- [Pu—iQ
l. = —n_-=n 4.2
1] Z (le_6mJ ( )
Here P, and Qn, are the real and reactive loads connected to the (k+1)th node. Vi, and 6,

are the voltage and its angle at (k+1)th node. The voltage drop in each branch can be

expressed by

NP -jQ j :
Vi L0, =V, 20, - E 0 R+ X 4.3)
k14 Okt = Vi O m_k+1[vm =3 ii I
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For the simplicity,

C- . |:(Pijj+mejj)COS6m_(mejj_Qiji)Siném
m=k+1 Vm

D= i |:(mejj _Qijj)COSSm +(Pijj +QmXJJ’)SinSm}
m=k+1 Vm

Vi, cos o, +]sind, =V, cosd+jsing - C+jD

Separating real and imaginary parts in Eq. (4.6), we have

V,.,,cos &,,, =V, cos ,-C

V,,,.sin 8,,, =V, sin 6,-D

Squaring on both sides of Eq. (4.7) and Eq. (4.8), we have after addition

Vea = \/(C2 +D*+V) -2V, (Ccosg, +Dsing,)

For the positive values of V, ,;
(C*+D*+V?)-2V,(Ccosé, +Dsiné,) >0
Let

VSI =(C*+D*+V.) -2V, (Ccosé, +Dsing,)
where

K V, coss, —C;;

Total real power loss of the network

N-1 N P2+ 2
ZZ[ 2 mVr%Qm]Rij

1\ m=kn

Total reactive power loss of the network
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(4.11)
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(4.13)



:Nf( 3 Pﬁméjxﬂ (4.14)

4.2.2. Line Loadability index (CLI):

The conductors used for the distribution of electrical power have particular current

carrying capacity, which is governed by the thermal limits of the material. The steady state

operating temperature is assumed to be less than or equal to 80" C.

Let the maximum operating temperature T, of the branch jj’s conductor is 80 C.

The actual operating temperature isT; .

T )
Line Loadability Index LLI = “T"‘—” (4.15)

jj max

For reliable operation of the system, value of the LLI should approach to 1. Lesser the

value of LLI, lesser will be the margin for further loading of the system. The value of T

at particular load conditions changes with change in ambient temperature and weather
conditions. The voltage stability limit and line loadability limit can be marked by

computing both the VSI and LLI.

4.3. Incorporation of change in resistance with the change in temperature:

The temperature of the conductor is considered equal to the ambient temperature when
the distribution network is not energized. But when system is serving the load, heat energy
is generated in the conductors, which tend to increase the temperature of the conductors.
Branch conductors are exposed in the sun so that heat energy form the sun also adds its

effect to increase the temperature of the conductors. As the conductors gain heat due to
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above said effects, their temperature is raised from the ambient temperature. Due to the
temperature difference among conductor surface and surrounding air, the heat starts
dissipating in the air. Heat dissipates due to convection and radiation. The balance between
heat gained and dissipated gives the final operating temperature.

It is clearly stated above that the heat is gained and dissipated by the branch conductors
simultaneously. The heat balance equation comes into play. The temperature at which this
equation is balanced will be the final temperature of the conductor. It takes approximately
an hour to attain a final steady state temperature. The heat balance equation is very well
discussed in IEEE Std. 738™-2006 [46] with the support of explanation of various
parameters and associated tables. The procedure for computation of the temperature rise of
the branch conductors is discussed by Le et al. [47]. However, the procedure to compute
the temperature rise is discussed below in brief.

Heat balance equation:

2
Qe + Ay = s + 15 Ry (4.16)

0.52
d.p.v
0y = {1.01+o.0372[&] ]k iKang (T = T2)

i (4.17)
d v 0.6
Q0 = {0.0119[”—‘)@ }k Koo (T, =T,
Hi (4.18)
Kang = 1.194-cos(¢)+ 0.194 cos(2¢ )+ 0.368sin(2¢ ) (4.19)

Equation (4.17) and Eq. (4.18) show the heat loss from the conductor due to forced

convection i.e., due to wind. Eq. (4.17) shows the correct value for slow wind speed and
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Eq. (4.18) shows the correct value for high wind speed. For any wind speed the higher

value among both is considered.

qjjcn — OOZOSPOSd :_)j.75 (T” _ Ta)1.25

T +273Y ‘
q. =0.0178d ¢ | 2 —(Ta i 273)
L I ™ 100 100

Qs = ijseocsin(e)A'ﬂ

0=cos™ cos(H,)cos(Z. -Z,)

 1.458x107°(T; 4, +273)"°
Hi = Ty +383.4

| 1293-1.525x10*H, +6.379 x10™ H?
Pii = 1+0.00367T.

ji film

~4.407x10°T 2

jjfilm

k;=2424 x107 +7.477x10°T

jj film

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

Equation (4.20) shows the heat loss from the surface of conductor due to natural

convection. Eq. (4.21) shows the heat loss from the surface of the conductor due to

radiation. Eq. (4.22) shows the heat gained by the conductor surface due to the sun

radiations. When the current through conductor is increased, its temperature starts rising. It

takes some time to reach the steady state value. Before reaching the steady state condition,
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the heat gained by the conductor is more than the heat dissipated from the conductor.

Therefore, heat balance equation for this duration becomes

2
Qjic + e = s + 15 Ry + A (4.28)

2
AQy = s + 15R ) — A — e (4.29)

Heat energy gained by the conductor can be computed by dividing the total time taken to
reach steady state temperature in short time intervals, i.e. At of 10 seconds for steady state
operation and 0.01 or less for fault conditions.

At x quj =M i % SSpCATJ.j

(4.30)
Atx AQ;;

ATy = M- xS (4.31)
1] spc

T = Ty + AT (4.32)

The formula available in IEEE Std. 738™-2006 [46] for computation of conductor

resistance at any temperature

R = { Ryjnign ~ Riion :|(T ~T )+R 433
i i iClow) ii(low)
Tji(high) -T ( . )

ii (low)

4.4. Computation of voltage stability index and line loadability index :

The procedural steps to compute the voltage stability index (VSI) and the line loadability

index (LLI) are shown below.

(1) Read the load and line data, ambient conditions, global position of the network, time of

the day, month of the year, etc.
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(2) Compute heat gained by each branch conductor due to IJ.ZJ.RJ.J.(TJ.J.), sun radiations and

compute heat dissipated due to natural convection, forced convection and radiations for At

(3) Compute the changed temperature and resistance for each branch of the conductor for
At. At=10 sec. for LLI and At can be very small as 0.01 sec in case of VSI.

(4) Run the load-flow using changed resistances of branches and compute VSI or LLI or
both. For load-flow solution, the Eq. (4.9), Eq. (4.12), Eq. (4.13) and Eq. (4.14) have been

used.

(5) For LLI the steps (2), (3), (4) are repeated for ZAt =3600 for VSI it can be for
ZAt =3600 or the voltage collapse may occur within fraction of seconds so in this case

the repetition of above procedure depends upon the time taken for voltage collapse but in
this case At is taken very small.

(6) Print the results.

4.5. Examples:

A 30-node distribution network has been considered and shown in Fig. 4.1. The tie-lines
and isolator switches shown in Fig. 4.1 are not considered at this stage. Only the base
network shown with solid lines is considered. The line data and load data of the system are
shown in Table E1 and Table E2 (respectively) in Appendix-E. Base MVA and base kV
are 100 MVA and 11 kV respectively. Various aspects of behavior of the distribution
networks during steady state and very heavily loaded (fault like) conditions are illustrated

through this network. For load-flow studies the method proposed in Chapter 3 is used.
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Fig. 4.1 Single line diagram of 30-node power distribution system

4.5.1 VSI at base load:

The index values of VSI for the condition when all the loads connected to the nodes
considered equal to their maximum demands, are shown in Fig 4.2. Table 4.1 shows the
line loadability index and voltage stability index for each node at base condition for 30-
node radial distribution network. It is clear from the results that the node number 21 is the

most sensitive node.
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Fig. 4.2 The VSI of each node at normal load, resistance of each branch, current in each
branch, LLI of each branch and real power losses in each branch at normal load for 30-

node distribution network.
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Table 4.1 The index values of LLI for each branch and index values of VSI for each node
at base load conditions for 30-node distribution network.

Branch no. Line loadability index Node no. Voltage Stability index
1 0.37533 1 1
2 0.38557 2 0.99755
3 0.38647 3 0.99532
4 0.397 4 0.9904
5 0.41859 5 0.98428
6 0.4118 6 0.98259
7 0.42707 7 0.98082
8 0.44842 8 0.97825
9 0.44984 9 0.978
10 0.22627 10 0.97752
11 0.21042 11 0.98626
12 0.21125 12 0.98045
13 0.14355 13 0.97453
14 0.14093 14 0.95686
15 0.25998 15 0.94084
16 0.29874 16 0.93469
17 0.39803 17 0.93229
18 0.4258 18 0.9309
19 0.44233 19 0.92814
20 0.43617 20 0.92692
21 0.39431 21 0.92681
22 0.4027 22 0.99797
23 0.40573 23 0.99525
24 0.41341 24 0.99434
25 0.42572 25 0.99007
26 0.42905 26 0.98943
27 0.4376 27 0.98698
28 0.44202 28 0.98539
29 0.44804 29 0.98463
30 0.98409
4.5.2 Voltage stability limit:

The voltage stability limit of the distribution network can be computed by increasing the

load on each node till the index value of VSI for one of the nodes becomes equal to or
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approximately zero. The maximum value of A is 3.5 for this particular network with CP
load and VSI of most sensitive node (21) for this loading condition as shown in Fig.4. 3 (e).
The value of the A can be slightly more or less but the time taken for voltage collapse will
vary inversely.

It is discussed in earlier sections of this thesis that the temperature of branch conductors
increases from ambient temperature when the network is serving the load. This
phenomenon is shown in Fig 4.3 (b). Width of curve shows the change, wider the curve
more is the change in parameter, same is for all other parts of Fig. 4.3. With the change in
temperature of branch conductor, the resistance of the branch conductors also change,

which has been shown in Fig 4.3 (d).
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Table 4.2 The voltage stability index of each node and temperature of each branch at
critical loading for 30-node distribution network.

Node No. Voltage Stability Index Branch No. Temperature ([c)
1 1 1 84.915
2 0.99192 2 77.795
3 0.98466 3 80.679
4 0.96852 4 73.037
5 0.94886 5 60.606
6 0.94357 6 74.442
7 0.93779 7 61.839
8 0.92967 8 45.303
9 0.92893 9 44.247
10 0.92747 10 326.3
11 0.80144 11 400.9
12 0.70706 12 472.8
13 0.59241 13 737.32
14 0.20589 14 900.59
15 0.0031439 15 555.14
16 0.012115 16 419.25
17 0.0057631 17 137.7
18 0.0043555 18 83.964
19 0.0029984 19 56.252
20 0.0028477 20 44.762
21 0.0028459 21 71.278
22 0.99352 22 65.746
23 0.98493 23 66.372
24 0.98205 24 64.008
25 0.96859 25 55.284
26 0.96661 26 52.973
27 0.95908 27 53.364
28 0.95419 28 50.025
29 0.95184 29 45.561
30 0.95022
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4.5.3. Comparison of results with existing methods:

The voltage stability index proposed by Moghavvemi and Faruque [35], Chakravorty and
Das [36], Juan et al. [41] and Hamada [42] are computed for 30-node radial distribution
network up-to voltage stability condition. The value of load multiplier A beyond which the
system voltage becomes instable, stability index of most sensitive node and voltage at most
sensitive node are shown in Table 4.3. If the voltage stability limits computed by various
voltage stability indices are compared, it is clear the existing stability indices give higher
value than the proposed voltage stability. It is due to the fact that the effect of change in
resistance due to change in temperature had not been incorporated in the existing voltage
stability indices. Even the previous voltage stability indices are silent about the time for
which the network can withstand the critical load.

Table 4.3 Comparison of index values, voltage stability limit and minimum node voltage
of 30-node distribution network.

E3

A Stability index Mini. Voltage
magnitude (p.u..)
Proposed VSI 35 VSI=0.002845 | 0.386520
Moghavvemi and Faruque[35] 4.6576 |L,=1.000010 | 0.47467
Chakravorty and Das[36] 4.6153 | SI(m;)=0.00003 | 0.43786
Juan et al.[41] 4.6245 | Ls=1.00198 0.41844
Hamada[42] 4.4567 | L,=1.000001 0.50324

“multiplier of load power.
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4.6. The conditions practically possible when voltage collapse can occur in radial

distribution networks:

The voltage stability limit of a practical distribution network can never occur as it is
discussed in Section 4.5.2 due to following reasons.

(i) The possibility of load increase in such a way that the maximum demands of all the
loads are 3.5 times the original maximum demand is impractical.

(ii) 1t is clear from the Fig. 4.3(e) that the voltage collapse occurred approx. 110 seconds
after the step increase in A from 1 to 3.5. The over-current protection of the network will
trip the circuit within few seconds.

(iii) The branch conductors cannot withstand such high temperatures for long time.

But the importance of Section 4.5.2 is not diminished due to the above discussion,
because the concept of the VSI and the behavior of the network are comprehensively
explained through graphical representation of various parameters in this section. Moreover,
Section 4.5.3 included in the thesis to show effectiveness of the proposed method in
comparison with previous methods and to show, how the previous methods are unable to

compute exact voltage stability limit.
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Fig. 4.3 Results for 30-node network. Fig.4.3 (a). The voltage (p.u.) of each branch. Fig

4.3 (b). The change in resistance of each branch after loading. The VSI of most sensitive

node. Fig 4.3(c). Change in resistance of branch conductors with change in temperature.
Fig 4.3(d) The change in temperature of each branch after loading. Fig 4.3(e) VSI of most
sensitive node (21).

Suppose the 30-node distribution network under- consideration is protected by disc type

induction inverse time over-current relays. These relays give the actuation signal to

vacuum circuit breakers. The choice of inverse time properties and the time delay settings

are done in such a way that the relay takes some time to actuate the tripping mechanism.

The time delay depends upon the inverse time characteristics of and time delay multiplier.

The formula and the constants used to compute the relay operating time are discussed in

details by Gers and Holmes [48]. The IEC standard inverse relay is considered and the

time dial setting is taken 1 in the following discussion. The other time delays added by the
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auto-recloser and circuit barker are not considered. The pick-up current of the relay is set at
450A because the maximum expected current of the network is approximately 200A due to
maximum demand of all nodes with constant power (CP) load modelling.

It is stated above that the growth of load at each node is in same proportion and up to the
extent of voltage instability at most sensitive node is not possible. But a situation may arise
if some fault is occurred at any point of the network and the severity of fault is such that it
causes the voltage collapse prior to the protection system isolates the faulty part of the
system.

In case of short circuit, the voltage collapse occurs within fraction of seconds or the
protection system of the distribution network isolates the faulty portion within a very short
time so that the heat generated in conductor does not dissipate in environment due to
radiation and convection. During computation of temperature of each branch conductor in

the above said conditions, the effect ofq;., q; and g, are neglected.

The significance of this study is that if the voltage collapse occurs in the distribution
system, it can spread in the power system also and voltage collapse in a part of distribution
system can disturb the power supply of the healthy portion of the distribution system. So
this study and analysis of behavior of distribution system is helpful in design of protection
system.

There are three main feeders of the 30-node distribution system Fi, F, and F3; having
nodes F1=[1,2,3,4,5,6,7,8,9,10], F,=[1,11,12,13,14,15,16,17,18,19,20,21] and
F3=[1,22,23,24,25,26,27,28,29,30]. Three situations are studied and analyzed i.e., for load
suddenly increased (fault like situation in case of VSI) at any of the end nodes i.e. at node

number 10, 21 or 30 of the network.
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Fig. 4.4 The graphical representation of results for 30-node distribution network at time of voltage
collapse when fault at node 10.
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Fig. 4.5 The graphical representation of results for 30-node distribution network at time of voltage
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Table 4.4 The voltage stability index for each node and branch current, branch temperature for
11000kVA fault at node 10 for 30-node distribution network.

Node No. Voltage Stability Branch Branch Temperature

Index No. Current
(Amp) ' C)
1 1 1 2191.1 41.135
2 0.91073 2 2181.8 41.125
3 0.86299 3 2172.2 41.585
4 0.70808 4 2162 41.569
5 0.5182 5 2128.2 42.351
6 0.44546 6 2116.4 49.604
7 0.35605 7 2103.8 49.48
8 0.21641 8 2067.9 49.138
9 0.17793 9 2060.3 49.068
10 0.063486 10 191.98 40.014
11 0.98697 11 178.25 40.017
12 0.9815 12 155.31 40.02
13 0.97594 13 146.11 40.029
14 0.95965 14 113.63 40.04
15 0.94497 15 90.248 40.027
16 0.93917 16 80.867 40.023
17 0.93689 17 47.995 40.012
18 0.93554 18 32.956 40.009
19 0.93284 19 18.838 40.007
20 0.93163 20 9.4191 40.003
21 0.93153 21 87.701 40.006
22 0.99801 22 78.601 40.005
23 0.99534 23 69.489 40.006
24 0.99445 24 55.815 40.006
25 0.99026 25 42111 40.005
26 0.98963 26 37.542 40.005
27 0.98722 27 23.818 40.007
28 0.98565 28 19.239 40.007
29 0.9849 29 10.079 40.006
30 0.98437
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Fig. 4.6 The graphical representation of results for 30-node distribution network at time of voltage

collapse when fault at node 30.
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Table 4.5 The voltage stability index for each node and branch current, branch temperature for 7000
KV A fault at node 21 for 30-node distribution network.

Node Voltage Stability Branch Current in Temp. in deg. C

No. Index No. Amp.
1 1 1 105.34 40.01
2 0.99761 2 96.242 40.009
3 0.99543 3 87.13 40.01
4 0.99062 4 77.996 40.009
5 0.98462 5 50.512 40.008
6 0.98296 6 41.342 40.015
7 0.98123 7 32.165 40.013
8 0.97871 8 9.1915 40.009
9 0.97846 9 4.5963 40.009
10 0.97798 10 1590.4 40.895
11 0.86046 11 1576 41.247
12 0.79996 12 1551.3 41.866
13 0.73145 13 1541.1 43.322
14 0.53291 14 1501.5 47.16
15 0.33834 15 1468.8 46.831
16 0.2588 16 1454.7 46.692
17 0.22743 17 1403.6 46.206
18 0.199 18 1379.4 45.984
19 0.12838 19 1354 45.76
20 0.085042 20 1335.5 40.62
21 0.079267 21 87.701 40.008
22 0.99801 22 78.601 40.008
23 0.99534 23 69.489 40.008
24 0.99445 24 55.815 40.009
25 0.99026 25 42,111 40.008
26 0.98963 26 37.542 40.007
27 0.98722 27 23.818 40.011
28 0.98565 28 19.239 40.01
29 0.9849 29 10.079 40.009
30 0.98437
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Table 4.6 The voltage stability index for each node and branch current, branch temperature for fault of
13500 kVA at node 30 for 30-node distribution network.

Node No. Voltage Branch No. | Current in Temp. in c

Stability Index Amp.
1 1 1 105.34 40.005
2 0.99761 2 96.242 40.004
3 0.99543 3 87.13 40.005
4 0.99062 4 77.996 40.004
5 0.98462 5 50.512 40.004
6 0.98296 6 41.342 40.007
7 0.98123 7 32.165 40.006
8 0.97871 8 9.1915 40.004
9 0.97847 9 4.5963 40.004
10 0.97798 10 191.98 40.01
11 0.98697 11 178.25 40.012
12 0.9815 12 155.31 40.014
13 0.97594 13 146.11 40.021
14 0.95966 14 113.63 40.028
15 0.94498 15 90.248 40.019
16 0.93917 16 80.867 40.016
17 0.93689 17 47.995 40.008
18 0.93554 18 32.956 40.006
19 0.93284 19 18.838 40.005
20 0.93163 20 9.4191 40.002
21 0.93153 21 2707.6 41.168
22 0.90819 22 2698.3 41.159
23 0.77914 23 2688.4 41.637
24 0.73217 24 2673.4 42.506
25 0.48294 25 2656.4 42.471
26 0.43949 26 2650.6 42.459
27 0.27632 27 2631 50.016
28 0.14226 28 2623.5 49.954
29 0.082893 29 2606.9 49.822
30 0.029054
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4.6.1 Voltage stability limit for constant power load:

The kVA load at each end node i.e. at node number 10, 21 and 30 is increased to check
the voltage stability limit and the loadability limit. In this study it is considered that initially
the distribution network is supplying load equal to the maximum demand of all the loads.
Figure 4.4, Fig. 4.5 and Fig. 4.6 respectively show the graphical representation of results at
time of voltage collapse when fault are at node 10, node 21 and node 30 with constant power
load. Table 4.4, Table 4.5 and Table 4.6 show the results of voltage stability index, branch
current and branch temperature for faults at node 10, node 21 and node 30 for constant load
modelling.

Figure 4.6 shows the graphical representation of results at time of voltage collapse when
fault is at node 30. Table 4.6 shows the voltage stability index for each node and branch
current, branch temperature for critical loading at node 30. Figure 4.5 shows the graphical
representation of results at time of voltage collapse when fault is at node 21. Table 4.6 shows
the voltage stability index for each node and branch current, branch temperature for critical
loading at node 21.

Table 4.4 shows the voltage stability index for each node and branch current, branch
temperature for critical loading at node 10. Figure 4.4 shows the graphical representation of
results at the time of voltage collapse when fault is at node 10. Fig. 4.5 shows the graphical
representation of results at time of voltage collapse when fault is at node 30. Table 4.6 shows
the voltage stability index for each node and branch current, branch temperature for critical
loading at node 30. Table 4.7 shows the information about the most sensitive node, the most

sensitive branch, the highest branch current in each case of fault, time taken for voltage
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collapse, actuating time of relay VSI and LLI in each case of loading. The case of each end

node is taken separately.

4.6.2 Voltage stability limit for practical type load:

The practical distribution network supplies various types of loads. At each node the type
and its percentage are considered as follows. Battery Charge (2%) + Fluorescent lamps
(11%) + AC (8%) + Resistance space heating (5%) + Pump, fans and other motors (18%)
+ CFL (5%) + Incandescent lamp (6%) + Small motors (25%) + Large motors (20%). The
values of load exponents are given in Satyanarayana et al. [17]. The results are shown in
Table 4.7. The load added is considered as the short circuit so its load model is like the

resistive load.
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Fig. 4.7 The graphical representation of results for 30-node distribution network at time of
voltage collapse when fault at node 10 with practical load modelling.
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Fig. 4.8 The graphical representation of results for 30-node distribution network at time of
voltage collapse when fault at node 21 with practical load modelling.

The value of loads, added at the end nodes in case of constant power load as well as
practical load are the minimum values at which the voltage collapse can occur, at slightly

lower values of load the protection system will actuate before the voltage collapse.
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300

There is a worth noting difference between the voltage stability behavior of the network

having constant power load and the practical load. The practical load constitutes the

voltage dependent loads but in constant power load the power demand remains same

irrespective to the voltage level, so the voltage of most sensitive node in case of constant

power load sinks continuously and voltage collapse occurs as shown in Fig. 4.4 (a) but

when the loads and the short circuit at the end node are voltage dependent, near the point

of voltage collapse the voltage of most sensitive node starts oscillate and finally voltage

collapse occurs. This phenomenon is shown graphically in Fig. 4.7, Fig. 4.8 and Fig. 4.9

each of which show (a) voltage of most sensitive node, (b) change in branch resistance

(p.u.), (c) branch current in ampere, (d) branch temperature in c, (e) voltage stability
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index of most sensitive node and (f) highest branch current for faults at node 10, node 21
and node 30 respectively for practical load modelling. The oscillations are observed at the
end of curve of VSI, voltage of most sensitive node and branch current. The reason of
oscillations is that when the voltage of most sensitive node sinks the power demand of the
loads reduces, this causes the voltage to cover up. But the temperature of the connecting
branch is increasing. The load demand increases and consequently voltage sinks, after each
oscillation. The dip in the voltage is more because of the higher temperature and resistance

of the connecting branch.

4.7. Voltage stability limit and Line loadability limit for different ambient

conditions:

All the loading conditions discussed above are computed with the same set of constants
related to weather and ambient temperature conditions. These constants have a vital
importance in computation of VSI and LLI. But the most prominent parameters are ambient
temperature and wind velocity. To show their effect on the voltage stability limit and line
loadability limit, the VSI and LLI are computed for relatively low ambient temperature and

high wind velocity. The results are shown in Table 4.8.
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Table 4.7 The values of VSI and LLI for loading at different end nodes for 30-node
distribution network.

Node VSI (Constant Power load) LLI (Constant Power Load)
no. | Valueof | VSlIof | Time| Max. Relay Value LLI of most Time
load most (sec) | Branch | actuating | of load sensitive (minutes)
added | sensitive current time added branch
(kVA) node (A). (sec) (kVA)
10 11000 0.2332 | 0.11 2191 0.29 980 0.00737 60
node(10) Branch Branch (6)
)
21 7000 0.2215 | 0.17 1550 0.33 210 0.00557 60
node(21) Branch Branch (14)
(10)
30 13500 0.2384 | 0.08 | 2550 0.26 1170 0.005842 60
node(30) Branch Branch (27)
1)
Node | Value of VSI (Practical type load) LLI (Practical type load)
no. load
added in
kW
10 45000 | 0.07721 2 2146* 3 1020 | 0.002337 60
node(13) Branch Branch (6)
)
21 35000 | 0.06410 | 0.25 1583 0.33 250 | 0.0090907 60
node(21) Branch Branch (14)
(10)
30 53000 |0.078561 | 0.23 | 2200 0.28 1210 | 0.0041789 60
node(30) Branch Branch (27)
(21)

* For practical type load the value current in first branch shown in the table prevails during the
oscillations otherwise its value is comparatively low as shown in Fig. 6 so the over current
protection system will not respond and chances of voltage collapse are very high in this case.
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Table 4.8 The values of VSI and LL1I at different ambient temperature and wind velocities
for 30-node distribution network.

Value of T, | VSI LLI

and v A load | VSI of most| Time A load | LLI of most | Time
multiplier | sensitive (sec) multiplier | sensitive (minutes)

node(13) branch(14)

2001C and | 8.5 0.037621 150ms | 1.95 0.001401 60

3m/sec.

2001C and | 8.3 0.0091001 200ms | 1.51 0.0029268 | 60

1m/sec.

4000C and | 8.2 0.012375 181ms | 1.57 0.0096922 60

3m/sec

Accept the changes shown in this table for T, and v the other constants have values for all

the calculations in this paper i.e. Q;,,=1100, H,=1000, H =72.5, Z =139, Z,=90,0=0.5, ¢

=0.5,p =90, T,=40, v=1.

4.8. Line loadability limit:

It is previously discussed that the loadability of the distribution network is related to
steady state operation. So to check the loadability limit for the loading condition under

consideration, the network is loaded for the duration of one hour because within this time
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Fig. 4.10 The graphical representation of results for 30-node distribution network at time
of maximum loadability limit when load of all nodes is increased with practical load
modelling.
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Table 4.9 The line loadability index for each branch current with different type of loading for 30-node
distribution network.

Brno|LLI at A=1.2 with | LLI with 1020 kVVA load |LLI with 250 KVA| LLI with 1210 kVA
practical load added at node 10 with |load added at node|load added at node 30
modelling practical load modelling | 21 with practical | with practical load
load modelling modelling
1 0.34867 0.21038 0.37595 0.37595
2 0.36349 0.23146 0.38613 0.38613
3 0.3638 0.20413 0.38709 0.38709
4 0.37898 0.2283 0.39753 0.39753
5 0.40875 0.24512 0.41895 0.41895
6 0.39549 0.002337 0.41242 0.41242
7 0.41729 0.066052 0.42746 0.42746
8 0.44764 0.20051 0.44845 0.44845
9 0.44964 0.22332 0.44985 0.44985
10 0.13877 0.23502 0.17857 0.23443
11 0.11513 0.21965 0.15368 0.21965
12 0.11628 0.22154 0.14442 0.22154
13 0.017111 0.15776 0.047778 0.15776
14 0.01419 0.15767 0.0090907 0.15767
15 0.18604 0.2708 0.15694 0.2708
16 0.24074 0.3074 0.20603 0.3074
17 0.37873 0.40103 0.33896 0.40103
18 0.41685 0.42722 0.38151 0.42722
19 0.43944 0.4428 0.41188 0.4428
20 0.436 0.4362 0.43102 0.4362
21 0.37628 0.39485 0.39491 0.21179
22 0.38794 0.40295 0.40295 0.2322
23 0.39129 0.406 0.406 0.20505
24 0.40112 0.41367 0.41367 0.17466
25 0.4188 0.42589 0.42589 0.21887
26 0.42356 0.42919 0.42919 0.23254
27 0.43219 0.43775 0.43775 0.0041789
28 0.43851 0.44213 0.44213 0.036779
29 0.44708 0.44807 0.44807 0.097357
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the operating temperature of branch conductors is get to be stabilized. The study of
loadability limits can be significant in follow cases:

(1) In the planning stage it can be computed that how much load growth can be catered by
the network.

(if) Sometimes a situation may arise if the neighboring feeder has outage and a part of load
has to be supplied by the network under consideration, it can be computed that how much

load can be added to a node without violating the safe operating limits etc.
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Fig. 4.11 The graphical representation of results for 30-node distribution network at time
of maximum loadability limit when load is added at node 10 with practical load modelling.
Same types of loading conditions are studied for line loadability limits those are studied
for voltage stability limits. Figure 4.2 shows the VSI of each node, resistance of each
branch, current in each branch, LLI of each branch and real power losses in each branch at

normal load. The loadability limit of the network is checked by computing the LLI for each

81



é 0.98
s 0.97
S 0.96 g _ -
0.95 : : : : ‘ 2 0 5 10 15 20 25 30
5 10 15 20 25 30 Branch Number
Node no
(b)
—~ 1 . E E . .
>
£ 0.8 J
8 o6 i
c
§ 0.4r 1
$ 0.2r 1
I , o 5 10 15 20 25 30
0 5 10 15 20 25 30 Branch Number
Branch Number
(c)
400 T
< 300 b
€
© 200 ,
5
O 100~ 1
0 : r r ; :
0 5 10 15 20 25 30

Branch Number

Fig. 4.12 The graphical representation of results at time of maximum loadability limit
when load is added at node 21 with practical load modelling.

branch. Figure 4.9 shows node voltage, branch resistance, branch current, branch
temperature and Line loadability index for the loadability limit occurred at A=1.2. For
above discussed loading, the values of LLI for each branch are also shown in tabulated
form in Table 4.9. The results for end node loading with practical load modelling are also
shown in Table 4.9. Table 4.7 shows the maximum load that can be added at node 10, node
21 and node 30 and respective line loadability index of most sensitive branch for constant
power load and practical load modelling. Figure 4.11, Fig. 4.12 and Fig. 4.13 show the

graphical results of end node loading for practical load modelling.
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Fig. 4.13 The graphical representation of results for 30-node distribution network at time
of maximum loadability limit when load is added at node 30 with practical load modelling.

4.9. Conclusion:

The proposed method in this chapter is a step ahead the previous research in the field of
voltage stability studies and line loadability studies. With the incorporation of change in
resistance of the branch conductors due to change in temperature makes the results more
realistic and near to the practical conditions. The ability of proposed VSI and LLI to
consider the effect of weather and ambient conditions has not been incorporated in any
previous methods. Other novelties of the proposed VSI and LLI are that the voltage
stability and line loadability of the distribution network are discussed in context of time

and protection system.
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CHAPTER.S
OPTIMAL CONDUCTOR SIZE SELECTION FOR,
RADIAL ELECIRIC POMER DISTRIBUTION
NETWORK.S

5.1 Introduction:

In transmission and distribution networks line conductors is the most important part. The
conductors are major component of the capital investment. Variable cost of distribution
network depends upon the losses. The losses in distribution network are dependent on the
conductor size. Even the critical loading limit of distribution network also depends upon
the conductor size. For the enhancement of critical loading the optimal conductor sizes
selection for each branch is utmost necessary. The voltage stability limit of the distribution
networks can also be improved by optimal conductor placement. The fault bearing capacity
and reliability are governed by the conductor size. The rigorous literature survey is shown
in Section 2.4 of Chapter 2. From the literature survey following gaps of previous
research are identified.

Sivanagaraju et al. [57] proposed that the voltage of each node is to be checked against
the minimum acceptable node voltage. Suppose an end node or a node nearby end node
violate the condition, according to their approach conductor size of the branch feeding to
this node has to be upgraded. But practically it is observed that the branches at the end
node are least responsible in voltage drop. So such upgradation of conductor is neither
economically nor technically justified. The term load factor is also used in different way by

the authors of this paper.
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In the method proposed by Kaur and Sharma [58] the method adopted for computation
of voltage at each node was not clear because voltage at the nodes common for different
routes would be different. The value, which would be the correct one, was not discussed.
In a situation when the conductor placed in some branches were of the maximum size
available in inventory and the receiving-end nodes of these branches violate the maximum
voltage drop, the method suggested would upgrade the next branch where the upgradation
was possible but this very branch might or might not be the right candidate branch for
conductor upgradation. The term load factor has been misunderstood by the authors
because it is the ratio of average load to the maximum load for a pre specified period of
time. So the maximum load would have to be served by the feeder for at least a minimum
period of time. So the conductor sizes selected must be able to bear the peak load of the
network. In their example of 123-node network, the proposed conductor sizes near the
substation node would not be able to take that much load current.

The current carrying capacity of the conductor is not a constant parameter for a
particular conductor, because the environment conditions and the heat generated in the
conductor due to the current through it made the considerable change in the current
carrying capacity. This fact has not been incorporated in any of the reported works.

In 11kV or of higher voltage feeders, the connected loads were generally not the single
load rather they were the group of load in the consumer premises or loads connected to
11kV/440V transformer. Usually these were not switched on simultaneously. Hence a load
contribution factor was observed. Contribution factor was defined by Gonen [59]. In

conductor size selection, the effect of load contribution factor should be incorporated.
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A procedure for optimal conductor size selection has been proposed in this chapter. The

limitations of previous methods are removed in the proposed method.

5.2 ®roblem formulation:

The problem of conductor size selection for radial distribution system is solved by
incorporating the effect of change in conductor resistance with the change in temperature
due to heat losses in the conductor. By incorporating this effect, the value of real power
losses computed will be exact. The economical choice of conductor size also depends on
the cost of energy and power. Hence the choice will be more practical and correct. The
constraints of at least minimum allowable voltage at each node of the network and the
loadability limit of the branch conductors are considered. The loadability limit is related to
the steady state temperature and the maximum allowable temperature of the branch
conductor. The conductor selection by putting this as constraint will be more practical than
simply considering its current carrying capacity, which is specified in the manufacturer’s

data sheet.

5.3 Obyjective Function:

The objective function consists of cost of the conductor for each branch, cost of its scrap
value at the end of the plan period, cost of the energy losses and the cost of power. The
effect of improvement of load contribution factor, load factor and effect of escalation of

cost of energy and power with the time are incorporated.

Min.F jjk = CL,+ CC, (5.1)

CL ik Is the cost related to energy losses in branch-jj with k type of conductor.
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Branch Real power loss of branch jj
N P2 +Q2
_ (m.pp) T . pp)
LSS k. op) —[ 2 p{)/z = jRn‘ (5.4)
m=K+1 (m, pp)

Total real power loss of the network for pp th year

N-1 N per +Q2m,
=ZKZ : p\p,)z : pp)JRij:l (5.5)

jj=1 m=K+1 (m,pp)

I:)(m,pp) = I:c (1+AFc)pp I:)(m,ppzl) (5.6)
Q.o = Fe (1+AF )™ Qqm.pp-1) (5.7)
5.4 Constraints:

The objective function represented in Eq. 5.1 is minimized within the constraints of at least minimum
allowable voltage at end nodes and line loadability index of each branch should be at least more than

zero. But normally the minimum value of the line loadability index should be quite more than one for

safe and reliable operation.

(i) Minimum allowable voltage at end nodes: It is considered that the minimum voltage

level has to be maintained at the end nodes while optimal conductors for each branch are
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selected. The procedure adopted is such that at first the economical conductor sizes are
selected for each branch of the network. After that the voltage at the end nodes is checked
if any of the end nodes violates the minimum limit, the branches at the route from
substation to that very end node are identified. Then conductor size of that branch is
upgraded, which has maximum voltage drop per kilometer. If the situation arises that the
conductor of the candidate branch is the highest size available in inventory, the branch
having next highest voltage drop per kilometer is considered and so on.

(i) Line Loadability Index; Current carrying capacity of the conductor is constrained by

the thermal limits of the conductor. Commonly 80 C is considered the maximum

temperature for steady state loading of the overhead conductors. Beyond this temperature
the tensile strength of the conductor reduces considerably and the conductor gets elongated
permanently. To avoid the permanent loss of the strength and deformation of the
conductor, the loading of the conductors should be within this limit and this limit is the
loadability limit of the overhead conductors. It is discussed comprehensively in Section
4.1.2 of Chapter 4.

Let the maximum operating temperature T, Of the branch-j;’s conductor is 80[1C.

ji(max
The actual operating temperature of branch jjisT ;.

Line Loadability Index (LLI) = —™> 1 (5.7)

ji max
The procedure to compute conductor temperature had been discussed in Le et al. [47] and
comprehensively in IEEE Std. 738™-2006 [46] with associated definitions and tables of
various constants and variables. However, the procedure to compute conductor temperature

is discussed in brief in Section 4.2 of Chapter 4.
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In all the previously reported work current carrying capacity of the conductors is taken
as one of the constraints but taking LLI as the constraint is one step ahead of the reported
work. A conductor may take more current in cold and windy region compared to in hot and
still air.

The Line loadability index of each branch should be more than the minimum pre-defined
limit for safe steady state operation of the network. After considering the voltage constraint
if some branch violates the minimum LLI limit then the conductor of that very branch is up

graded till its LLI is more than the minimum value.

5.5 Procedural steps for optimal conductor size selection:

1) Run the load-flow program using zero resistance, zero reactance of each branch and
1p.u. each node voltage. Select the conductor sizes according to their current
carrying capacities. The load-flow method proposed in Chapter 3 is used here.

2) Run the load-flow program, compute objective function and upgrade the conductor
size if possible.

3) Run the load-flow program, compute objective function and upgrade or reduce the
conductor size if possible to minimize the value of the objective function. Repeat
this step till most economical conductor sizes are selected.

4) Run the load-flow program, apply the constraints and change the conductor size to
avoid any violation of the constraints.

5) Print the results.

More detailed procedure has been presented in the flow chart as shown in Fig. 5.1.
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5.6 Values of various parameters used:

While computing the conductor temperature and Line loadability index the value of
various parameters related to environmental conditions and physical position of the line are
shown below.

Qs =1100

H,=1000

H. =725

Z, =139

Z,=90

a=0.5

The objective function is computed with the following values of various variables.

K, =Rs. 5000/kW

K, = Rs. 4.5/ kWh

AK ,=0.5%.

AK, =0.5%.
pp=10 years.

Lsf =0.8Lf 2 +0.2Lf
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Lf =05
ALF : 1%.

F.= Load contribution factor = 0.4 for Example 5.1 and 0.2 for Example 5.2.
AF, =1%.
Costy = Rs.130/kg/km.

Scrap) 20% of Cost).

dr=2.15.

Reactance = 0.38ohm/km. For 123-node network as is used in Kaur and Sharma [58].
The conductor sizes available in inventory are enlisted in Table G2 (Appendix-G). These

are the same sizes used by Kaur and Sharma [58].
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Conductor Size Selection Procedure Gtart>
v

Read the branch length, Load data, a, Kp, Ke, Lsf, T, Vi, 8 n, Base MVA, Base kV and all conductor sizes
available and data to calculate the change in resistance with the change in temperature.

v
Initially take zero resistance and zero reactance of all the branches.
v
Set the iteration count i=1.
¥ A
Run the load-flow solution program and compute the objective function for each branch.
i=i+1
) ) _ ' VES i=i+1
Select the com;luctor 5|z§ having slightly high Check Ifx 2
(4 current carrying capacity than the current : -
at each branch.
NO
— /h N f YES | Increase the conductor size
A < eck, | » of each branch if it is already
. YES ~__ =2 o
~— ‘fN/O not the largest available in
Is economical sm - inventory.
selected for all branches2 —— ii=1
A
i N -
|sb|:;::h|?\_q ii=ii+1 —~
\ / Is Is it tM NO
Smallest

for branch jj

Increase the YES
; ~ new F(jj,k) < old F(jj,k) > L A.dninventory?
conductor size NO \\ //
ES
YES ~

Economical conductor selected.

v

</-\ Decrease the conductor size
A

Is it the
Largest size in
inventory?

NO

Print the results for economical conductor sizes.

L 7 ~

ji=1 % any ™

YES
branches have 3! | rease the conductor size if possible

LLI;<LLI V A

Find the route from that end node to sub-station and compute the
voltage drop/km. Up-grade the conductor size of the branch having
highest voltage drop/km if possible otherwise go to next highest
drop/km and so on till a candidate branch is found.

any end node
violates the minimum

Nltage condition?

NO
- T

Print the results for optimal conductor sizes. —><Stop >
— —

Fig. 5.1 Flow Chart showing the procedural steps for optimal conductor size selection.
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5.7 Examples:

To show the goodness of the proposed approach two examples of the radial power
distribution networks are considered. First example is the 123-node radial distribution
network. Its single line diagram, line data and load data are available in Kaur and Sharma
[58]. The single line diagram is also shown in Fig. 5.2. The line data, load data and
conductor sizes available in inventory are given in Table G 1 and Table G 2
(Appendix-G).

% 3 123
2 9 118 L0 11 12

31
32
3i] 29
27
25
23
15 13
4 14[
Lols w y
2 3
| 82 4 86 4
54 11 2
178 90
/19 99 87 4
184 o
'3 ‘ o 01 & 3
20
-
92

97 96 95 % 93

Fig. 5.2 Single-line diagram of 123-node radial distribution network [58].
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The results are compared for proposed method and the existing approach regarding node

voltage, branch temperature, branch wise cost, branch losses, branch current and branch

wise conductor sizes. For the existing method the same conductor sizes are taken those are

proposed in original work. Same inventory availability is considered. The results shown in

Fig. 5.3, Table 5.1, Table 5.2, Table 5.3 and Table 5.4 reveal that for same available

conductor sizes, the conductor sizes selected by proposed approach are more economical

and the system is comparatively more reliable on the basis of technical aspects like node

voltage, branch current, branch temperature and branch losses. The total cost for the plan

period and real power losses for existing method is 6.1064x10° rupees and 31.454 kW

respectively. The total cost for the plan period and real power losses for existing method is

2.8036x10° rupees and 19.207 kW respectively.

Voltage (pu)
o
[{o]
({e)
T

r r

r r r r r r r r I

1 11 21 31 41 51 61 71 81 91 101 111 123

4
x 10

Node Number

()

Cost Rs.

Existing method
Proposed method

U U U
I\

.Y

AL AL r

S
8

40 60 80
Branch Number

(e)

100

Current A
N
o 8

20

40 60 80
Branch Number

Temp. in Deg. C

Branch Number

(d)

Cond. No.

Branch Number

N

Losses kW
N

o

40 60 80
Branch Number

Fig. 5.3 The results for 123-node distribution network. Fig. 5.3 (a) comparison of node
voltage (p.u.). Fig. 5.3 (b) comparison of branch Temperature. Fig. 5.3 (c) comparison of
cost function. Fig. 5.3 (d) comparison of conductor sizes. Fig. 5.3 () comparison of branch

current. Fig. 5.3 (f) comparison of branch losses.
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Table 5.1 The results of node voltage, conductor no, cost function and loadability index

for conductor size selected by Kaur and Sharma [58] for 123-node distribution network.

Node Node Branch Cond. Cost Line
No. Voltage no. No. Function loadability
magnitude index
(p.u.)

1 1 1 4 15355 0.18406
2 0.99961 2 4 61168 0.18512
3 0.99804 3 9 239.17 0.45745
4 0.99803 4 9 366.31 0.45711
5 0.99799 5 9 272.92 0.45745
6 0.99799 6 9 452.05 0.45737
7 0.99796 7 9 342.77 0.45743
8 0.99794 8 4 44759 0.19147
9 0.99688 9 4 29369 0.19549
10 0.99611 10 9 308.47 0.45743
11 0.9961 11 9 381.69 0.45633
12 0.99603 12 9 661.03 0.45681
13 0.99592 13 9 3435 0.45742
14 0.99591 14 9 345.1 0.4574
15 0.9959 15 4 42251 0.20575
16 0.99498 16 9 434.64 0.45225
17 0.99487 17 9 257.67 0.45334
18 0.99481 18 9 483.16 0.4574
19 0.99478 19 9 209.49 0.45497
20 0.99476 20 8 50796 0.28659
21 0.99205 21 9 576.53 0.45426
22 0.99191 22 9 671.63 0.45507
23 0.99175 23 9 2844.5 0.42994
24 0.99154 24 9 799.5 0.45692
25 0.99142 25 9 1379.9 0.44336

26 0.99124 26 9 823.6 0.457
27 0.99113 27 9 897.18 0.45101
28 0.99102 28 9 657.41 0.45571
29 0.99087 29 9 421.08 0.45689
30 0.99081 30 9 723.32 0.45718
31 0.99072 31 9 317.76 0.45729
32 0.99084 32 9 411.72 0.45743
33 0.99083 33 9 331.37 0.45646
34 0.99096 34 9 471.34 0.45675
35 0.99088 35 9 513.36 0.45711
36 0.99081 36 9 289 0.45718
37 0.99078 37 8 2296.3 0.3935
38 0.99184 38 8 8102.7 0.39729
39 0.9911 39 9 2531.2 0.44887
40 0.99049 40 9 457.64 0.45691
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42
43
44
45
46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

0.99042
0.99041
0.99033
0.99046
0.99043
0.98986
0.98948
0.98955
0.98944
0.98934
0.98932
0.9893
0.98914
0.98904
0.98895
0.98893
0.99461
0.99314
0.99243
0.99198
0.99191
0.99187
0.99078
0.99072
0.9907
0.98833
0.98802
0.98818
0.9881
0.98803
0.98797
0.98796
0.98698
0.98683
0.98669
0.98661
0.98656
0.98619
0.98598
0.98575
0.98559
0.98573
0.98525
0.98516
0.98514
0.98487

41
42
43
44
45
46
47
48
49
50
o1
52
53
54
55
56
o7
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
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414.77
489.08
4965.7
449.66
4358.6
1514.4
1681.2
452.76
498.85
958.41
212.6
690.91
470.06
424.04
348.48
11474
44033
20954
12938
434.02
389.59
34109
384.43
344.64
66774
7902.7
591.07
338.67
521.05
601.71
445.61
26517
585.65
579.42
503.41
397.56
11395
811.13
919.9
721.97
5479.1
2242.6
355.4
309.67
1151.5
967.68

0.45645
0.45698
0.39493
0.45739
0.4031
0.4518
0.43358
0.4544
0.45644
0.44907
0.45728
0.4527
0.4557
0.45633
0.45735
0.21184
0.22134
0.2322
0.23479
0.45673
0.45728
0.24718
0.45687
0.45741
0.26447
0.28506
0.45406
0.45552
0.45703
0.45728
0.45743
0.29179
0.45214
0.45493
0.45683
0.45718
0.34216
0.45207
0.45316
0.45596
0.38115
0.44306
0.45002
0.45741
0.45386
0.45517
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87 0.98464 87 9 361.5 0.45718
88 0.9846 88 9 343.68 0.45742
89 0.98458 89 9 994.13 0.45709
90 0.98451 90 9 648.34 0.45745
91 0.9845 91 9 9319.1 0.417
92 0.9843 92 9 4613.4 0.42734
93 0.9835 93 9 1902.7 0.43862
94 0.98312 94 9 850.18 0.44926
95 0.98291 95 9 516.5 0.45429
96 0.98279 96 9 545.47 0.45591
97 0.98267 97 9 296.5 0.45705
98 0.98263 98 9 382.75 0.45736
99 0.98276 99 9 484.11 0.45661
100 0.98283 100 9 34431 0.45689
101 0.98307 101 9 261 0.45702
102 0.98347 102 8 8956.1 0.35771
103 0.98631 103 9 1030 0.44937
104 0.98606 104 9 1841 0.45072
105 0.98561 105 9 719.75 0.45394
106 0.98543 106 9 1389.9 0.45619
107 0.98514 107 8 2078 0.3996
108 0.98612 108 9 6872.4 0.3693
109 0.98536 109 9 360.82 0.45664
110 0.98529 110 9 494.57 0.45692
111 0.98522 111 9 963.15 0.45742
112 0.98517 112 9 4327.7 0.40882
113 0.98474 113 9 455.76 0.45521
114 0.98463 114 9 1022.7 0.45605
115 0.98441 115 9 2771.4 0.43317
116 0.98423 116 9 2898.8 0.44023
117 0.98363 117 9 1253.6 0.4479
118 0.98333 118 9 788.58 0.45743
119 0.9833 119 9 329.36 0.45314
120 0.98325 120 9 988.22 0.4557
121 0.98302 121 9 446.55 0.45742
122 0.983 122 9 1371 0.45743
123 0.98417

Total cost based on total cost of power, energy loss and cost of conductor for plan period =
6.1064x10° rupees.
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Table 5.2 The results of branch current, branch operating temperature and branch losses
for conductor size selected by Kaur and Sharma [58] for 123-node distribution network.

Branch No. Branch current Branch operating Branch losses
temp.

1 287.3 65.275 0.8371
2 286.7 65.19 3.3335
3 0.48391 43.404 3.7853x107%®
4 2.562 43.431 0.001516
5 0.31313 43.404 1.8114 x10°%
6 1.338 43.411 0.00053743
7 0.71738 43.405 0.00011885
8 283.12 64.682 2.4339
9 280.83 64.361 1.5946
10 0.71301 43.405 0.00010566
11 4.6267 43.494 0.0044505
12 3.5144 43.455 0.0048496
13 0.83866 43.406 0.00016243
14 1.0555 43.408 0.00025726
15 274.87 63.54 2.285
16 9.9211 43.82 0.013659
17 8.8246 43.733 0.007202
18 1.0567 43.408 0.00036097
19 6.8541 43.602 0.0043427
20 84.084 57.073 2.8824
21 7.78 43.659 0.013991
22 6.7202 43.594 0.013567
23 22.745 45.604 0.14453
24 3.2036 43.447 0.0049779
25 16.307 44,531 0.061662
26 2.938 43.44 0.0043859
27 11.036 43.919 0.030996
28 5.7518 43.543 0.010701
29 3.2861 43.449 0.0027435
30 2.317 43.426 0.0024796
31 1.7777 43.417 0.0006568
32 0.77415 43.406 0.00016608
33 4.3438 43.483 0.0034869
34 3.6558 43.46 0.0037043
35 2.5806 43.431 0.0021533
36 2.2939 43.425 0.00097218
37 50.093 48.52 0.12028
38 48.415 48.217 0.42086
39 12.736 44,091 0.097631
40 3.2298 43.447 0.0028912
41 4.3602 43.484 0.0043916
42 3.0178 43.442 0.0027344
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

34.16
1.1473
31.877
10.336
21.197
7.6035
4.3877
12.583
1.8666

9.479
5.7625

4.625
1.4076
179.86
176.21
171.91
170.87
3.7177

1.856
165.78
3.3493

0.99792
158.36
148.96

8.016
6.0611
2.8409
1.8403

0.71888
145.74

10.02
6.9106
3.4555
2.3037
68.746
10.087
9.0099
5.3267
55.201
16.476
11.851
0.9228
8.2518
6.5788
2.3083

0.86562

48.406
43.409
47.752
43.856
45.313
43.648
43.485
44.074
43.418
43.784
43.544
43.494
43.412
63.053
62.293
61.424
61.217
43.462
43.418
60.225
43.451
43.407
58.843
57.195
43.675
43.559
43.437
43.418
43.405
56.657
43.828
43.605
43.454
43.426
52.628
43.834
43.747
43.523
49.508
44.555
43.998
43.407
43.692
43.586
43.426
43.406

0.27445
0.0003952
0.23842
0.049424
0.083589
0.01069
0.0053365
0.036651
0.00048277
0.020778
0.0076722
0.0049413
0.00045758
0.64633
2.4748
1.1743
0.72457
0.0035116
0.00087508
1.9031
0.0025909
0.00022997
3.7033
0.4344
0.014853
0.0059418
0.0026097
0.0013297
0.00015515
1.4526
0.018576
0.01214
0.0035852
0.0013482
0.63221
0.02589
0.026278
0.010488
0.29316
0.10072
0.013001
0.00017699
0.029908
0.019003
0.0012305
0.00017304
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89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

2.6548
0.34628
27.543
23.791
18.84
12.442
7.7362
5.4063
2.7697
1.3587
4.0121
3.2771
2.8713
63.714
12.356
11.279
8.1543
4.9024
47.36
40.446
3.9308
3.1927
0.90893
30.172
6.5218
5.1657
21.377
18.017
13.431
0.73385
9.0333
5.7742
0.83811
0.71588

43.433
43.404
46.64
45.813
44911
44.059
43.657
43.527
43.436
43.411
43.471
43.449
43.438
51.383
44.05
43.942
43.685
43.505
48.032
50.456
43.469
43.446
43.407
47.294
43.583
43.516
45.346
44.781
44.168
43.406
43.749
43.544
43.406
43.405

0.0043948
5.2611 x107%
0.49638
0.23737
0.090665
0.032251
0.01245
0.0081033
0.0014174
0.00046892
0.0044618
0.0022324
0.0013329
0.49149
0.038876
0.064758
0.018445
0.017767
0.10732
0.3876
0.0032121
0.0030606
0.0005342
0.23457
0.0088459
0.014179
0.13817
0.13562
0.050126
0.00028604
0.009434
0.016177
0.00021088
0.00047339

Total real power losses 31.454 kW
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Table 5.3 The results of node voltage, conductor no, cost function and loadability index
for conductor size selected by proposed method for 123-node distribution network.

Node Node Branch Cond. Cost Line
No. Voltage no. No. Function loadability
(p.u.) index
1 1 1 1 6598.4 0.30534
2 0.9997 2 1 26326 0.30583
3 0.99851 3 9 238.86 0.45745
4 0.9985 4 9 353.53 0.45711
5 0.99846 5 9 272.77 0.45745
6 0.99845 6 9 447.52 0.45737
7 0.99843 7 9 341.77 0.45743
8 0.99841 8 1 19444 0.30871
9 0.99762 9 1 12835 0.31053
10 0.99704 10 9 307.58 0.45743
11 0.99702 11 9 344.12 0.45633
12 0.99696 12 9 620.09 0.45681
13 0.99685 13 9 342.13 0.45742
14 0.99683 14 9 342.93 0.4574
15 0.99683 15 1 18766 0.31519
16 0.99618 16 9 319.27 0.45226
17 0.99607 17 9 196.84 0.45335
18 0.996 18 9 480.11 0.4574
19 0.99598 19 9 172.81 0.45498
20 0.99595 20 7 14077 0.3905
21 0.99479 21 9 458 0.45427
22 0.99464 22 9 556.68 0.45508
23 0.99448 23 8 1423.2 0.43878
24 0.99451 24 9 757.3 0.45692
25 0.99439 25 9 857.21 0.44344
26 0.99421 26 9 786.42 0.45701
27 0.99409 27 9 634.45 0.45105
28 0.99399 28 9 566.7 0.45572
29 0.99384 29 9 397.82 0.45689
30 0.99377 30 9 702.3 0.45718
31 0.99369 31 9 312.19 0.45729
32 0.99381 32 9 410.31 0.45743
33 0.99379 33 9 301.82 0.45647
34 0.99392 34 9 439.95 0.45676
35 0.99384 35 9 495.11 0.45711
36 0.99378 36 9 280.76 0.45718
37 0.99374 37 7 977.48 0.42116
38 0.99469 38 7 3567.4 0.42227
39 0.99432 39 9 1703.3 0.44892
40 0.99372 40 9 433.12 0.45691
41 0.99365 41 9 377.53 0.45646
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42
43
44
45
46
47
48
49
50
o1
52
53
54
55
56
57
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59
60
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64
65
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67
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78
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81
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84
85
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87

0.99364
0.99357
0.99398
0.99395
0.99365
0.99327
0.99348
0.99337
0.99327
0.99325
0.99323
0.99308
0.99297
0.99289
0.99286
0.99594
0.995
0.99437
0.99398
0.99391
0.99387
0.99293
0.99287
0.99285
0.99077
0.99051
0.99063
0.99055
0.99048
0.99042
0.9904
0.98958
0.98944
0.9893
0.98922
0.98917
0.98921
0.989
0.98877
0.98862
0.98899
0.9885
0.98842
0.9884
0.98813
0.9879

42
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45
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49
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60
61
62
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465.89
1832.2
446.3
1681.5
1094.8
894.05
361.97
453.53
647.14
208.5
514.45
404.9
382.07
344.59
3880.7
15087
9754.1
6031.8
404.31
382.19
16026
362.5
342.7
31764
3826.2
465.3
288.35
498.95
590.45
444.3
12924
428.31
476.59
473.05
386.14
3656.8
591.65
697.14
633.06
2125
1388.3
245.13
308.17
897.8
806.51
351.07

0.45698
0.42426
0.45739
0.42765
0.45185
0.44032
0.45442
0.45645
0.44914
0.45728
0.45274
0.45572
0.45634
0.45736
0.33658
0.34039
0.27134
0.27341
0.45673
0.45728
0.28331
0.45687
0.45741
0.29713
0.31361
0.45408
0.45553
0.45703
0.45728
0.45743
0.319
0.45217
0.45495
0.45683
0.45718
0.40632
0.45211
0.45319
0.45597
0.41758
0.44316
0.45007
0.45741
0.45388
0.45519
0.45718
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88 0.98786 88 9 342.21 0.45742
89 0.98784 89 9 956.86 0.45709
90 0.98777 90 9 647.9 0.45745
91 0.98776 91 8 3987.4 0.43343
92 0.9882 92 8 2218.9 0.43772
93 0.98777 93 8 1126.1 0.44243
94 0.98756 94 9 575.99 0.44933
95 0.98736 95 9 410.65 0.45432
96 0.98723 96 9 476.58 0.45593
97 0.98711 97 9 284.45 0.45706
98 0.98707 98 9 378.76 0.45736
99 0.9872 99 9 446.18 0.45662
100 0.98727 100 9 325.33 0.4569
101 0.98751 101 9 249.67 0.45703
102 0.98773 102 7 3058.9 0.41079
103 0.98927 103 9 700.45 0.44942
104 0.98902 104 9 1292.1 0.45076
105 0.98856 105 9 563.41 0.45396
106 0.98838 106 9 1239.3 0.4562
107 0.9881 107 7 935.21 0.42295
108 0.98917 108 7 2098.3 0.427
109 0.98897 109 9 333.56 0.45665
110 0.98891 110 9 468.6 0.45692
111 0.98883 111 9 958.61 0.45742
112 0.98878 112 8 1733.1 0.43002
113 0.98863 113 9 380.64 0.45523
114 0.98853 114 9 902.29 0.45606
115 0.98831 115 8 1462.4 0.44015
116 0.98835 116 9 1746.5 0.44038
117 0.98776 117 9 827.74 0.44798
118 0.98746 118 9 786.15 0.45743
119 0.98743 119 9 249.21 0.45318
120 0.98738 120 9 850.78 0.45571
121 0.98716 121 9 444.76 0.45742
122 0.98714 122 9 1367 0.45743
123 0.9883

Total cost based on total cost of power, energy loss and cost of conductor for plan period =
2.8036x10° rupees.
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Table 5.4 The results of branch current, branch operating temperature and branch losses
roposed method for 123-node distribution network.

for conductor size selected by

Branch No. Branch current Branch operating temperature Branch losses
1 286.4 55.573 0.46559
2 285.8 55.534 1.8544
3 0.48368 43.404 3.7817 x10%
4 2.5608 43.431 0.0015145
5 0.31298 43.404 1.8097 x10°%®
6 1.3373 43.411 0.00053693
7 0.71705 43.405 0.00011873
8 282.23 55.303 1.3551
9 279.93 55.158 0.8883
10 0.71235 43.405 0.00010546
11 4.6224 43.494 0.0044423
12 3.5111 43.455 0.0048405
13 0.83788 43.406 0.00016212
14 1.0545 43.408 0.00025678
15 273.98 54.784 1.2747
16 9.9092 43.819 0.013626
17 8.814 43.732 0.0071847
18 1.0554 43.408 0.00036011
19 6.8459 43.602 0.0043322
20 83.801 48.76 1.1006
21 7.7585 43.658 0.013914
22 6.7017 43.593 0.013493
23 22.677 44.898 0.072979
24 3.1941 43.446 0.0049483
25 16.258 44,525 0.061293
26 2.9292 43.44 0.0043598
27 11.003 43.916 0.030811
28 5.7347 43.542 0.010638
29 3.2763 43.449 0.0027271
30 2.31 43.426 0.0024648
31 1.7723 43.417 0.00065289
32 0.77184 43.406 0.00016509
33 4.3308 43.483 0.0034661
34 3.6448 43.459 0.0036822
35 2.5729 43.431 0.0021404
36 2.287 43.425 0.00096638
37 49.91 46.307 0.046899
38 48.236 46.219 0.16422
39 12.694 44.086 0.096996
40 3.2193 43.447 0.0028725
41 4.3461 43.483 0.0043631
42 3.008 43.442 0.0027167
43 34.027 46.059 0.13751
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

1.1433
31.752
10.297
21.113
7.5734
4.3703
12.533
1.8592
9.4414
5.7396
4.6067
1.4021
179.27
175.62
171.33
170.29
3.7102
1.8523
165.21
3.342
0.99576
157.81
148.44
7.9962
6.0461
2.8339
1.8358
0.71711
145.22
9.9933
6.8923
3.4464
2.2976
68.492
10.057
8.9824
5.3105
54.989
16.421
11.812
0.91976
8.2246
6.5571
2.3007
0.86276
2.646

43.409
45.788
43.852
44775
43.646
43.484
44.069
43.418
43.781
43.543
43.493
43.412
53.073
52.769
58.292
58.127
43.461
43.418
57.335
43.45
43.407
56.23
54.912
43.674
43.558
43.437
43.417
43.405
54.48
43.826
43.604
43.453
43.426
47.495
43.832
43.745
43.523
46.594
44547
43.994
43.407
43.69
43.585
43.426
43.406
43.433

0.0003924
0.11962
0.049046
0.042151
0.010606
0.0052943
0.036361
0.00047895
0.020614
0.0076115
0.0049022
0.00045396
0.31234
1.1977
0.96554
0.59582
0.0034974
0.00087156
1.5658
0.0025797
0.00022898
3.0495
0.35806
0.01478
0.0059125
0.0025968
0.0013231
0.00015438
1.1977
0.018478
0.012076
0.0035663
0.0013411
0.24394
0.025731
0.026118
0.010424
0.11398
0.10006
0.012915
0.00017582
0.029711
0.018877
0.0012224
0.0001719
0.0043659
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90 0.34513 43.404 5.2265 x10°%
91 27.422 45.326 0.24939
92 23.685 44.982 0.11945
93 18.755 44.606 0.045709
94 12.386 44.053 0.031961
95 7.7014 43.654 0.012339
96 5.382 43.526 0.0080304
97 2.7572 43.435 0.0014047
98 1.3525 43.411 0.00046471
99 3.994 43.471 0.0044217
100 3.2623 43.448 0.0022123
101 2.8589 43.438 0.0013214
102 63.482 47.137 0.19026
103 12.319 44.046 0.038644
104 11.245 43.939 0.06437
105 8.1299 43.683 0.018335
106 4.8877 43.504 0.01766
107 47.177 46.164 0.041882
108 40.284 45.84 0.076254
109 3.9165 43.468 0.0031887
110 3.181 43.446 0.0030382
111 0.90561 43.407 0.0005303
112 30.048 45,598 0.11775
113 6.4961 43.582 0.0087763
114 5.1454 43,515 0.014068
115 21.287 44.788 0.069638
116 17.942 44.77 0.13448
117 13.374 44.161 0.049707
118 0.73078 43.405 0.00028365
119 8.9955 43.746 0.0093551
120 5.75 43.543 0.016042
121 0.8346 43.406 0.00020911
122 0.71289 43.405 0.00046944

Real power losses =19.207 kW

Second example is a 32-node branched radial distribution network as shown in Fig. 5.4.
The line data and load data are available in Sivanagaraju [57], which has been shown in
Appendix-F. The results regarding node voltage, branch conductor temperature, branch
wise losses, branch wise current, branch wise cost and branch wise conductor type selected

are shown in Fig. 5.5, Table 5.5, Table 5.6, Table 5.7 and Table 5.8. The results of all the
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aspects of the distribution network are batter with the proposed approach than the existing.
The total cost for the plan period and real power losses for existing method is 5.2543x10°
rupees and 33.214 kW respectively. The total cost for the plan period and real power losses

for proposed method is 4.85954x10° rupees and 32.64 kW respectively.
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Fig. 5.4 Single-line diagram of 32-node radial power distribution network.
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Table 5.5 The results of 32-node network for node voltage, conductor no, cost function
and loadability index for conductor size selected by Sivanagaraju [57].

Node Node Branch Cond. Cost Line
No. Voltage no. No. Function loadability
magnitude index
(p-u.)
1 1 1 1 33298 0.26343
2 0.99792 2 1 32389 0.26898
3 0.99588 3 1 67715 0.27443
4 0.99156 4 1 91846 0.27982
5 0.98563 5 1 30867 0.29546
6 0.98357 6 1 7852.2 0.40838
7 0.98291 7 1 14395 0.40974
8 0.98169 8 1 4630.2 0.41185
9 0.98131 9 1 16961 0.41673
10 0.97992 10 1 21538 0.42488
11 0.97831 11 1 7464.4 0.43091
12 0.97787 12 1 7042.3 0.43312
13 0.97751 13 1 16805 0.43479
14 0.97688 14 1 13467 0.43615
15 0.9766 15 1 14917 0.39515
16 0.98231 16 1 5998.4 0.40156
17 0.98181 17 1 5785.9 0.40397
18 0.98132 18 1 46392 0.41173
19 0.97743 19 1 11102 0.4264
20 0.97663 20 1 8179.3 0.42888
21 0.97608 21 1 3063.2 0.4315
22 0.97591 22 1 5686.2 0.43426
23 0.97567 23 1 8386.6 0.43486
24 0.97535 24 1 2754.8 0.43537
25 0.97527 25 1 13468 0.43614
26 0.97498 26 1 2868.6 0.43394
27 0.9773 27 1 11844 0.43538
28 0.97692 28 1 6663.9 0.4365
29 0.97655 29 1 2693.5 0.43614
30 0.97585 30 1 3983.1 0.43662
31 0.97583 31 1 5370.3 0.43625
32 0.97678

Total cost based on total cost of power, energy loss and cost of conductor for plan period
= 5.2543 x10° rupees.
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Table 5.6 The results of 32-node network for branch current, branch operating temperature
and branch losses for conductor size selected by Sivanagaraju [57].

Branch No. Branch current Branch operating Branch losses
temperature

1 175.18 58.926 3.3224
2 172.44 58.482 3.2145
3 169.7 58.045 6.6832
4 166.95 57.615 9.012

5 158.65 56.363 2.9709
6 71.79 47.33 0.42833
7 70.042 47.221 0.76417
8 67.264 47.052 0.23477
9 60.316 46.662 0.75403
10 46.4 46.009 0.66776
11 32.461 45.527 0.1305
12 25.489 45.351 0.080407
13 18.514 45.216 0.106
14 9.7742 45.108 0.024612
15 86.862 48.388 0.98355
16 79.921 47.875 0.36568
17 77.143 47.682 0.34047
18 67.416 47.061 2.3585
19 43.327 45.888 0.3104
20 37.742 45.69 0.18387
21 30.756 45.48 0.048806
22 20.975 45.259 0.045359
23 18.179 45.211 0.051103
24 15.383 45.17 0.012195
25 9.7904 45.109 0.024693
26 22.331 45.285 0.02571
27 15.354 45.17 0.052244
28 5.5855 45.08 0.0040182
29 9.7817 45.108 0.0049299
30 2.7948 45.07 0.00060359
31 8.7393 45.1 0.00787

Total real power loss = 33.214 kW
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Table 5.7 The results of 32-node network for node voltage, conductor no, cost function
and loadability index for conductor size selected by proposed method.

Node Node Branch Cond. Cost Line
No. Voltage no. No. Function loadability
magnitude index
(p-u.)
1 1 1 1 33311 0.26331
2 0.99792 2 1 32402 0.26886
3 0.99588 3 1 67743 0.27432
4 0.99155 4 1 91883 0.2797
5 0.98563 5 1 30879 0.29536
6 0.98357 6 1 7854.7 0.40834
7 0.9829 7 1 14399 0.40971
8 0.98169 8 1 4631.6 0.41182
9 0.9813 9 1 16967 0.4167
10 0.97991 10 1 21544 0.42486
11 0.97831 11 3 5931.6 0.43229
12 0.97771 12 4 4548.7 0.43692
13 0.97713 13 4 9771.4 0.441
14 0.97606 14 5 5043.5 0.44817
15 0.97541 15 1 14920 0.39512
16 0.98231 16 1 5999.5 0.40153
17 0.9818 17 1 5787 0.40395
18 0.98131 18 1 46400 0.41171
19 0.97742 19 1 11102 0.42639
20 0.97662 20 1 8179.4 0.42887
21 0.97608 21 1 3063.3 0.43149
22 0.9759 22 1 5686.2 0.43425
23 0.97566 23 1 8386.6 0.43485
24 0.97535 24 1 2754.8 0.43537
25 0.97526 25 1 13468 0.43613
26 0.97498 26 5 1535.7 0.43913
27 0.97712 27 5 5124.2 0.44503
28 0.97624 28 5 2311.5 0.44961
29 0.97644 29 5 1008.6 0.44817
30 0.97577 30 5 1341.3 0.45014
31 0.97572 31 5 1967.2 0.4486
32 0.97583

Total cost based on total cost of power, energy loss and cost of conductor for plan period
= 4.8595x10° rupees
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Table 5.8 The results 32-node network for branch current, branch operating temperature
and branch losses for conductor size selected by proposed method.

Branch No. Branch current Branch operating temperature Branch losses
1 175.21 58.935 3.3239
2 172.48 58.491 3.2161
3 169.74 58.054 6.6865
4 166.99 57.624 9.0164
5 158.69 56.371 2.9724
6 71.814 47.333 0.42862
7 70.066 47.223 0.76471
8 67.288 47.055 0.23495
9 60.34 46.664 0.75465
10 46.424 46.011 0.66846
11 32.485 45.417 0.19446
12 25.512 45.047 0.16068
13 18.534 44,72 0.21176
14 9.7861 44.146 0.073994
15 86.876 48.391 0.98387
16 79.935 47.877 0.36581
17 77.157 47.684 0.34059
18 67.43 47.063 2.3594
19 43.329 45.889 0.31042
20 37.743 45.691 0.18388
21 30.757 45.481 0.048809
22 20.975 45.26 0.04536
23 18.18 45.212 0.051104
24 15.383 45.171 0.012196
25 9.7904 45.109 0.024693
26 22.343 44.87 0.077347
27 15.365 44.398 0.15702
28 5.5862 44.031 0.01205
29 9.7826 44.146 0.014788
30 2.7952 43.989 0.0018099
31 8.7478 44.112 0.023647

Total real power loss = 32.64 kW

5.8 Effect of environmental conditions on Choice of conductor:

The current carrying capacity of electrical conductors depends upon the conductor

material, dimensions of the conductors and the environmental
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environmental conditions, means ambient temperature and wind velocity and direction of
wind. The temperature of conductor is a function of heat generated in conductor due to
ohmic losses minus heat dissipated in surroundings. Heat dissipation mainly depends upon
ambient temperature and wind velocity and wind direction. It is found that the conductor
size may be lower for same power distribution for low ambient temperature and high wind
region than the high temperature and low wind region. The proposed algorithm is applied
for conductor size selection of 32-node system of second example for different ambient
temperature and wind velocity conditions. Results shown in Table 5.9 reveal that the

conductors selected at low temperature and high wind, are smaller for some branches.

5.9 Effect of load modelling on choice of conductor:

Constant power load is considered as the hardest type of load and for same load, the
current is highest in constant power load. In practice loads in distribution network are not
only constant power loads. Actual loads are combination of different kinds of loads.
Different kinds of load models are discussed in Chapter 3. To show the effect of load
modelling on the conductor size selection, practical load model is considered that is a
combination of Battery Charge (2%) + Fluorescent lamps (11%) + AC (8%) + resistance
space heating (5%) + Pump, fans and other motors (18%) + CFL (5%) + Incandescent
lamp (6%) + Small motors  (25%) + Large motors (20%). In Table 5.10 conductor sizes
selected for the branches of 32-node distribution network are shown. It reveals that for
some branches the optimal choice is smaller diameter conductor as compared to the

optimal conductors selected for constant power load.
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Table 5.9 The branch conductors selected for 32-node network at different environmental
conditions.
Br. No. Cond. Size for | Cond. Size for T,=40 | Cond. Size for practical

T,=15and v=3 and v =1 load modelling
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5.10 Enhancement of Line Loadability and voltage stability of radial

distribution network by optimal conductor size selection:

As it is discussed in the introduction part of this chapter, the loadability and voltage
stability of distribution network can be improved by optimal conductor size selection. To
investigate the effect of optimal conductor size selection on loadability of radial
distribution network, a 30-node network is in Fig. 4.1 in Chapter 4 is selected as a test
system. The results of line loadability index and voltage stability index are investigated in
Chapter 4 before optimal conductor size selection. The results regarding loadability index,
branch current, branch losses, branch temperature and cost function for base load and
original network are shown in Table 5.10 and results for node voltage (p.u.) and voltage
stability index for base load and original 30-node network are shown in Table 5.11. The
results regarding loadability index, branch current, branch losses, branch temperature and
cost function after optimal conductor size selection for 30-node network are shown in
Table 5.12 and results for node voltage (p.u.) and voltage stability index after optimal
conductor size selection for 30-node network are shown in Table 5.13. Figure 5.6 depicts
the improvement in various parameters of 30-node network after optimal conductor size
selection. Black curve is for before optimal conductor size selection and red curve for after

optimal conductor size selection.
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Fig. 5.6 Comparison of various parameters i.e. Fig. 5.6 (a) comparison of node voltage
(p. u.) Fig. 5.6 (b) comparison of branch temperature Fig. 5.6 (c) comparison of cost
function of each branch Fig. 5.6 (d) comparison of real power losses in each branch

Fig. 5.6 (e) comparison of line loadability index Fig. 5.6 (f) comparison of voltage stability
index of 30-node network after optimal conductor size selection. Black curve is for before
optimal conductor size selection and red curve for after optimal conductor size selection.
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Table 5.10 The results of loadability index, branch current, branch losses, branch
temperature and cost function for base 30-node network.

Br. LLI Current Losses Temperature Cost function
No.
1 0.37533 105.36 1.1643 49.974 15115
2 0.38557 96.26 0.96899 49.155 13469
3 0.38647 87.147 2.0377 49.083 26739
4 0.397 78.013 2.2715 48.24 32493
5 0.41859 50.523 0.43289 46.513 7582.8
6 0.4118 41.352 0.42731 47.056 5014.8
7 0.42707 32.172 0.48282 45.834 6720.1
8 0.44842 9.1937 0.01306 44.126 994.05
9 0.44984 45974 0.013058 44.013 3646
10 0.22627 192.32 12.139 61.898 1.1819x10°
11 0.21042 178.59 5.0196 63.167 47636
12 0.21125 155.64 4.7529 63.1 44340
13 0.14355 146.43 14.374 68.516 1.291x10°
14 0.14093 113.9 10.931 68.726 96523
15 0.25998 90.472 3.3373 59.202 30330
16 0.29874 81.069 1.1663 56.101 10799
17 0.39803 48.116 0.39933 48.158 4337.1
18 0.4258 33.04 0.54336 45.936 7407.1
19 0.44233 18.886 0.13802 44.614 3373
20 0.43617 9.443 0.0045943 45.106 2690.7
21 0.39431 87.709 0.80246 48.455 12065
22 0.4027 78.609 0.96452 47.784 16083
23 0.40573 69.496 0.29968 47.542 4750.7
24 0.41341 55.821 1.2028 46.927 19079
25 0.42572 42.117 0.13645 45.942 2938.5
26 0.42905 37.547 0.46588 45.676 11617
27 0.4376 23.821 0.2199 44.992 4062.8
28 0.44202 19.242 0.085979 44.638 2050.4
29 0.44804 10.081 0.031407 44.157 2032.6
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Table 5.11 The results of node voltage magnitude (p.u.) and voltage stability index for
base 30-node network.

Node No. Voltage magnitude (p.u.) VSI

1 1 1

2 0.99878 0.99755
3 0.99766 0.99532
4 0.99519 0.9904
5 0.99211 0.98428
6 0.99126 0.98259
7 0.99036 0.98082
8 0.98906 0.97825
9 0.98894 0.978
10 0.98869 0.97752
11 0.9931 0.98626
12 0.99018 0.98045
13 0.98718 0.97453
14 0.97819 0.95686
15 0.96997 0.94084
16 0.96679 0.93469
17 0.96555 0.93229
18 0.96483 0.9309
19 0.9634 0.92814
20 0.96277 0.92692
21 0.96271 0.92681
22 0.99898 0.99797
23 0.99762 0.99525
24 0.99716 0.99434
25 0.99502 0.99007
26 0.9947 0.98943
27 0.99347 0.98698
28 0.99267 0.98539
29 0.99228 0.98463
30 0.99201 0.98409
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Table 5.12 The results of conductor size, loadability index, branch current, branch losses,

branch temperature and cost function for 30-node network after optimal conductor size

selection.

Br. Conductor LLI Current Losses Temp. Cost
No. code[Table E2] function
1 3 0.40147 105.19 0.55785 47.882 16993
2 4 0.40307 96.091 0.57769 47.755 13063
3 5 0.40088 86.985 1.3542 47.93 35438
4 6 0.40338 77.861 1.8901 47.73 31856
5 7 0.42082 50.416 0.34545 46.334 7113.7
6 7 0.42646 41.261 0.168 45.883 4472.3
7 8 0.42714 32.101 0.48142 45.829 6708.4
8 8 0.44843 9.1734 0.013023 44.126 993.73
9 8 0.44984 4.5873 0.013021 44.013 3645.7
10 1 0.37008 189.29 3.9304 50.393 85783
11 1 0.377 175.6 1.3503 49.84 32444
12 1 0.38735 152.75 1.0187 49.012 29650
13 1 0.39108 143.6 2.2484 48.714 71610
14 2 0.40113 111.48 1.3066 47.91 48813
15 4 0.40709 88.489 0.61166 47.433 15398
16 6 0.40215 79.284 0.35941 47.828 5949
17 7 0.42303 47.047 0.15032 46.158 3368.1
18 8 0.42684 32.305 0.52011 45.852 7211.2
19 8 0.44267 18.466 0.13214 44,587 33234
20 8 0.4484 9.2334 0.013194 44128 995.17
21 5 0.40041 87.674 0.63996 47.967 16568
22 6 0.40276 78.575 0.9626 47.779 16076
23 7 0.40541 69.463 0.29942 47.567 4433.4
24 7 0.41698 55.79 0.96247 46.642 17662
25 7 0.426 42.091 0.10928 45.92 2831.3
26 7 0.42844 37.523 0.37318 45.725 11359
27 8 0.4376 23.806 0.21995 44.992 4063.3
28 8 0.44202 19.23 0.086 44.638 2050.6
29 8 0.44804 10.074 0.031414 44.157 2032.7
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Table 5.13 The results of node voltage magnitude (p.u.) and voltage stability index for 30-
node network after optimal conductor size selection.

Node No. Voltage magnitude (p.u.) VSI

1 1 1

2 0.99918 0.99836
3 0.99834 0.99669
4 0.99644 0.99288
5 0.9937 0.98744
6 0.99297 0.986
7 0.99254 0.98514
8 0.99125 0.98258
9 0.99113 0.98233
10 0.99088 0.98185
11 0.99613 0.99227
12 0.99469 0.98941
13 0.99344 0.98693
14 0.99051 0.98111
15 0.9885 0.97713
16 0.98754 0.97523
17 0.98703 0.97422
18 0.98669 0.97355
19 0.9853 0.97083
20 0.98469 0.96961
21 0.98457 0.96937
22 0.99911 0.99821
23 0.99773 0.99546
24 0.99727 0.99454
25 0.99544 0.99089
26 0.99516 0.99034
27 0.9941 0.98824
28 0.99331 0.98666
29 0.99292 0.98589
30 0.99265 0.98536

To investigate the improvement in line loadability and voltage stability of the radial
distribution network after optimal conductor size selection, 30-node test network is
selected subjected to end node loading for constant power load and practical load
modelling. The results for line loadability comparison are shown in Table 5.14, which
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reveals that loadability is considerably improved for each loading condition after optimal
conductor size selection. Effect of optimal conductor size selection on voltage stability of
the 30-node test network is investigated. Table 5.15 shows that the network is capable to
withstand more sever faults at each end node. So voltage stability of test network is
improved after optimal conductor size selection.

Table 5.14 The results of line loadability index for base network and after optimal

conductor selection when end nodes are heavily loaded for constant power load and
practical load for 30-node distribution network.

LLI (Constant Power Load) LLI (Constant Power Load)
Value | Valueofload | Timein| Value | Valueofload | Timein
of load | added in KVA | minutes | of load | added in kVA | minutes
added added
in kVA in kVA

980 0.00737 60 1080 0.0095133 60
Branch (6) Branch (7)

210 0.00557 60 1080 0.0039981 60
Branch (14) Branch (18)

1170 0.005842 60 1190 0.0039872 60
Branch (27) Branch (27)

LLI (Practical type load) LLI (Practical type load)
1020 | 0.002337 60 1120 0.0016416 60
Branch (6) Branch (7)

250 0.0090907 60 1120 0.0035192 60
Branch (14) Branch (18)

1210 | 0.0041789 60 1230 0.004382 60
Branch (27) Branch (27)
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Table 5.15 The results of voltage stability index for base network and after optimal
conductor selection when fault at end nodes for constant power load and practical load for
30-node distribution network.

Node VSI (Constant Power load) VSI (Constant Power load)
no. Without optimal conductor size selection With optimal conductor size selection
Value of VSI of Time Max. Relay Value VSl of | Time Max. Relay
load most in Branch | actuating | of load most in Branch | actuating
added in | sensitive | sec. current time in added | sensitive | sec. current time in
kVA node (A). sec. in kKVA node (A). sec.
10 11000 0.2332 0.11 2191 0.29 13000 | 0.0129 | 0.068 | 2658 0.267
node(10) Branch node(10) Branch
1) 1)
21 7000 0.2215 0.17 1550 0.33 14100 | 0.1517 | 0.099 | 2842 0.257
node(21) Branch node(21) Branch
(10) (10)
30 13500 0.2384 0.08 2550 0.26 14500 | 0.1223 | 0.098 2714 0.256
node(30) Branch node(30) Branch
@) (21)
Node | Value of VSI (Practical type load) Value VSI (Practical type load)
no. load Without optimal conductor size selection | of load With optimal conductor size selection
added in added
kW in KW
10 45000 0.07721 2 2146* 0.3 53000 0.0693 | 0.18 2518 0.27
node(10) Branch node Branch
() (10) €))
21 35000 0.06410 | 0.25 1583 0.33 60000 | 0.03428 | 0.167 2662 0.257
node(21) Branch node(21) Branch
(10) (10)
30 53000 | 0.078561 | 0.23 2200 0.28 59000 | 0.04843 | 0.17 2754 0.253
node(30) Branch node(30) Branch
(21) (21)

5.11 Conclusion: The algorithm proposed in this chapter selects the most economical

and technically more reliable conductor sizes for the branches of the radial distribution

network. The constraints applied are more practical that leads to selection of more practical

conductor sizes. As the change in various parameters with time like cost of energy and

power, load factor, load contribution factor, practical load modelling etc. are incorporated

to make the conductor selection more reliable. Enhancement of critical loading and voltage

stability under fault conditions due to optimal conductor size selection is comprehensively

discussed. The results give more practical insight of the various parameters of network i.e.

node voltage, branch temperature, branch current etc.
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CHAPTER.6
OPTIMAL CAPACITOR SIZE SELECTION FOR,
RADIAL ELECIRIC POMER DISTRIBUTION
NETWORK.S

6.1 Introduction:

Distribution networks used to supply the lagging power factor loads. Due to low power
factor more total power has to be supplied for the required active power. This leads to
higher power and energy losses and for existing installed distribution capacity, less active
power can be supplied. In present days when the prices of energy are shooting up day by
day, the power utilities are concentrating on power factor improvement to reduce the
difference between active power and total power. The extent of power factor improvement
is governed by economical benefits. Detailed literature survey regarding the topic of
optimal capacitor placement is discussed in Section 2.5 (Chapter 2).

In this chapter a new approach for optimal capacitor placement is proposed and it is
investigated that the critical loading and voltage stability of distribution network can be
increased by proper placement of shunt capacitors. Measure of loadability and voltage
stability is taken the loadability index and voltage stability index proposed in Chapter 4.
Line loadability index and voltage stability index are discussed in Chapter 4. For selection
of optimal capacitor sizes, node-wise reactive power compensation is carried out. The
locations and sizes of shunt capacitors for reactive power compensation are selected on the

basis of economic benefits in the form of reduced energy losses and reduction of cost of
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power of the distribution network under consideration within the voltage and power factor

constraints.

6.2 Problem formulation:

A capacitor generates more economical benefits when it is placed near to the load
causing low power factor. So in the proposed method the reactive power compensation is
dealt according to the reactive power demand at each node. The capacitor placement is also
more economical when capacitor is placed at a node, which has highest value of sum of
power losses from substation to the node under-consideration.

Shunt capacitors available in standard sizes, hence before taking the decision of
capacitor placement at a node, it should be ensured that the reactive power demand at that
node is more than or equal to the minimum capacitor size available in inventory. Capacitor
placement at a node is justified if the economic benefits are more than or equal to the cost
of capacitor placement within the constraint that the node power factor should not exceed
unity.

Let at m th node, a load is connected of total power
Sp=F+1Q, (6.1)
The existing power factor of the load at m th node is cos¢,,, where

cosdy, = LN (6.2)

JP.2+Q,2
Power factor after capacitor placement of m th node is cos¢,,, where

P

= (6.3)
sz + (Qm _(Dcm)2

cosg,,, = \/
The reactive power demand at m th node is(Q,, —Q.,,) -
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So (Q,, —Q,,) = Q, at the candidate node.
6.3 Economical selection of capacitor sizes:

A cost function is developed for economic analysis of capacitor placement. As stated
above capacitor placement is justified if it generates equal or more economic benefits than

its cost or in other words the cost function F,, is minimized.

Cost function for each capacitor location is

F,=Q,C.+ (Z PLbCejtime +> P,C, (6.5)
b=l b=l

Here Q,,C, is cost of capacitor(s) at a location,

SS
Z P, is the sum of real power losses from sub-station to the location where the capacitor
b=I

is placed,

C, is the cost of energy and

ZPLbCp is the cost of power, which includes the cost of generation transmission and
b=I

distribution.

6.4 Constraints:

While minimizing the cost function, it should be less than unity (lagging). By
maintaining this condition, the problems of over compensation and node voltage higher

than the substation voltage are automatically avoided.

6.5 Fixed and Switched capacitors:

The value of fixed and switched capacitors for a network is determined by the
chronological load curve. The fixed capacitors are installed to compensate the reactive
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power demand at a load equal to the minimum on the chronological load curve of
distribution networks.

If the data regarding the chronological load curve is not available, fixed capacitors are
installed to compensate the reactive power demand for 25% of the rated load. Rest of the

reactive power compensation is provided by switched capacitors.

6.6 Algorithm for optimal sizing and location of shunt capacitors for radial
power distribution networks:

Read line data, data regarding branch conductor sizes, weather conditions, load data,
required power factor, available capacitor sizes, cost of capacitor/kVAr, cost of energy,
cost of power etc.

Run the load-flow solution program and find the real power losses, cost function and

power factor at each node. Put ‘don’t try’ flag on the nodes those do not fulfill

(Q, —Q.n) = Q. condition.

Compute Z P, for each node and identify the node having maximum value ofz P, .
b=I b=l

SS
Place a capacitor of minimum value at the node having maximum value ofz P, and again
b=l

repeat Step 2.
Compare the cost function F, for the node under consideration for before capacitor
placement and after capacitor placement.

If cost function F,, is minimized with capacitor placement then keep it with the network.

Go to Step 2.
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7.

If cost function is not minimized, revert back the last capacitor placement and put a ‘don’t
try’ flag on this node for successive iterations. Go to step 2 if all the nodes do not have
‘don’t try’ flag.

When all the nodes have ‘don’t try’ flag, print the results.

6.7 Examples:

Two examples of radial distribution networks are considered to show the goodness and
effectiveness of the proposed method. First example is considered to compare results of
proposed method with existing method. Second example is considered to show the
improvement in line loadability index and voltage stability index with capacitor placement.
The line loadability index gives branch wise loading limit of system in steady operating

conditions and the voltage stability index gives of system stability limit in fault conditions.

6.7 Example 6.1:

A 69-node electrical power distribution network is considered. Its line and load data has
already been shown in Appendix-C. The results of existing method proposed by Das [100]
are compared with the proposed method and presented in Table 6.1, Table 6.2 and Table
6.3. In Table 6.1 capacitor location and rating at various load conditions are shown for
existing method and proposed method. Table 6.2 shows minimum voltage of 69-node
network, real power losses, cost of energy losses and cost of capacitor placed for various
loading conditions for existing method and proposed method. Table 6.3 shows the line
power factor after capacitor placement for both methods. Comparison of results reveals
that the minimum voltage at far end node and real power losses are almost comparable and

there is a saving in total cost. The power factor correction is even better for the proposed
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method for same capacitor step size (100 kVVAr) and small capacitor step size (25 kVAr).
So the proposed method is better than the existing one.

Table 6.1 The switching scheme of capacitors at different loads for 69-node distribution
network.

Capacitor location and sizes for existing method [100]
Location Control setting Optimal Size (kVAr)
50% 100% 160%
61 0 700 800 800
64 300 800 1200 1200
59 0 100 1100 1100
Capacitor location and sizes for proposed method
49 100 F 100 F+100 S | 100 F+100 S 100 F+100 S
50 100 F 100 F+100 S | 100 F+100 S 100 F+100 S
59 OF OF+0S 0 F+100 S 0 F+100 S
61 400 F 400 F+400 S | 400 F+1000 S 400 F+1000 S
64 OF+0S 0 F+100 S 0 F+200 S 0 F+200 S
11 OF+0S 0 F+100 S 0 F+100 S 0 F+100 S
12 OF+0S 0 F+100 S 0 F+100 S 0 F+100 S
21 OF+0S OF+0S 0 F+100 S 0 F+100 S
‘F’ stands for fixed capacitor and ‘S’ switched capacitor.

Table 6.2 Comparison of various parameters between existing and proposed method for
100kVAr step size for 69-node distribution network.

System parameter | Load Level existing method [100] | Load Level Proposed method.
50% 100% | 160% 50% 100% | 160%
Min. Voltage 0.96220 0.93693 | 0.90014 | 0.96327 0.92614 | 0.87938
Losses 40.48 156 460.45 | 39.39 158.94 | 428.63
Cost of Losses 4857.6 49233.6 | 41440.5 | 4726.8 50161 38576

Total cost with existing method [100]=95531.7$+9300$=104831.7$

Total cost with proposed method=93463.8%+ 6000$=99463.8%
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Table 6.3 The line power factor for existing method and proposed method for 69-node
distribution network.

Node No. | Line PF for existing | Line PF for proposed | Line PF for proposed
method with method for 100kVAr | method for 25kVAr
100kVAr step size step size step size

2 0.82482 0.95381 0.98066

3 0.82484 0.95381 0.98066

4 0.82599 0.962 0.98148

5 0.83035 0.97202 0.99298

6 0.82932 0.97142 0.99253

7 0.82826 0.97152 0.9926

8 0.8285 0.97552 0.99389

9 0.82638 0.9101 0.9872
10 0.82576 0.91414 0.98734
11 0.82615 0.92174 0.99134
12 0.83056 0.9198 0.98923
13 0.83693 0.90033 0.98437
14 0.83594 0.90146 0.98606
15 0.83547 0.90314 0.98796
16 0.83533 0.90293 0.98805
17 0.83517 0.91267 0.99146
18 0.82784 0.92409 0.98912
19 0.81536 0.94218 0.98449
20 0.81526 0.94218 0.98449
21 0.81487 0.9426 0.98489
22 0.81429 0.81419 0.90954
23 0.81382 0.81376 0.91691
24 0.81377 0.81378 0.91692
25 0.81376 0.81379 0.81379
26 0.81374 0.81376 0.81376
27 0.81373 0.81374 0.81374
28 0.78093 0.78087 0.92311
29 0.76598 0.7658 0.87317
30 0.72555 0.72536 0.72536
31 0.72554 0.72532 0.72532
32 0.7255 0.72535 0.72535
33 0.72539 0.72541 0.72541
34 0.65254 0.6527 0.6527
35 0.83205 0.83207 0.83207
36 0.82095 0.82119 0.98244
37 0.82217 0.82226 0.98006
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38 0.82379 0.82394 0.97662
39 0.8238 0.82397 0.97664
40 0.8255 0.82572 0.96885
41 0.82832 0.82826 0.95468
42 0.82925 0.82922 0.95676
43 0.82926 0.82928 0.95682
44 0.83052 0.83055 0.9649
45 0.83055 0.83052 0.96487
46 0.83055 0.83055 0.9649
47 0.81106 0.92232 0.91619
48 0.81179 0.92177 0.91562
49 0.81386 0.93041 0.90318
50 0.81402 0.93185 0.90481
51 0.8181 0.8181 0.94426
52 0.8 0.8 0.8

53 0.82967 0.9953 0.99614
54 0.82938 0.99545 0.99627
55 0.82907 0.99626 0.99627
56 0.82873 0.99701 0.99625
57 0.82195 0.99652 0.99574
58 0.81835 0.99687 0.99611
59 0.81687 0.99708 0.99633
60 0.83192 0.99717 0.99638
61 0.814 0.99696 0.99616
62 0.87385 0.95219 0.99718
63 0.81447 0.96387 0.99833
64 0.81414 0.96373 0.99827
65 0.87276 0.81476 0.98376
66 0.81068 0.8107 0.8107
67 0.81068 0.81068 0.81068
68 0.81373 0.81383 0.988
69 0.81373 0.81373 0.98801

The formulation of proposed method is such that the value of reactive power compensation
is applied according to the reactive power demand of particular load where the capacitor is
to be placed. So the step size of capacitors or capacitor sizes available in inventory should

be small so that most of the loads are to be compensated. Table 6.4 and Table 6.5 show the
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results of 69-node power distribution network with capacitor step size 25 kVAr instead of

100kVAr used previously. By using smaller step size cost function is further minimized

and system performance is improved as compared to previous attempt.

Table 6.4 The comparison of different parameter at various loads with existing method
and proposed method for 69-node distribution network.

System parameter

Load Level existing method [100]

Proposed method.

50% 100% | 160% 50% 100% 160%
Min. Voltage 0.96220 0.93693 | 0.90014 | 0.96569 | 0.92933 0.8814
Losses 40.48 156 460.45 35.39 147.33 404.33
Cost of Losses 4857.6 49233.6 | 41440.5 | 4247.3 | 46399 36390

Total cost with existing method [100]=95531.7$+9300$=104831.7$

Total cost with proposed method=87036.3%+9300$=96336.3%
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Table 6.5 The switching scheme of capacitors at different loads for 69-node distribution

network.
Switching scheme for A=1.6 Switching scheme for A=1 Switching scheme for
A=0.5
Node | Switched Fixed Node | Switched Fixed Node Fixed
no | Capacitor | Capacitor no | Capacitor | Capacitor no Capacitor
kVAr kVAr kVAr KVAr kVAr
7 25 0 7 25 0 8 25
8 50 25 8 25 25 11 50
9 25 0 11 50 50 12 50
10 25 0 12 50 50 21 25
11 100 50 16 25 0 48 25
12 100 50 17 25 0 49 125
16 25 0 18 25 0 50 125
17 50 0 21 50 25 59 25
18 50 0 45 25 0 61 425
21 100 25 46 25 0 64 75
24 25 0 48 25 25
28 25 0 49 25 125
29 25 0 50 25 125
36 25 0 51 25 0
37 25 0 59 25 25
39 25 0 61 400 425
40 25 0 64 75 75
45 25 0 65 25 0
46 25 0
48 50 25
49 25 125
50 25 125
51 25 0
54 25 0
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55 25 0
59 75 25
61 825 425
62 25 0
64 175 75
65 50 0
68 25 0
69 25 0
Min. Voltage = 0.8814 Min. Voltage = 0.92933 Min. Voltage = 0.96569
Losses = 404.33kW Losses = 147.33kW Losses = 35.39kW
Capacitor cost=9300% Capacitor cost=5700% Capacitor cost=2850%
Cost of losses =36390% Cost of losses =46399% Cost of losses =4247.3%
Total cost =48790% Total cost =53999% Total cost =8047.3%

Total loss cost= 87036.3% Total cost of capacitors=9300$
Value of cost function=96336.3% Total installed capacitor= 3100k VVAr

6.7 Example 2:

Another example of 30-node power distribution network is considered. Line data and load
data is shown in Appendix-E and single line diagram is shown in Fig.4.1 in Chapter 4.

The results of line loadability index and branch losses are shown in Table 6.6 without
capacitor placement and with capacitor placement. The enhancement of line loadability
limit and reduction of branch losses are observed after capacitor placement. Table 6.7 and
Table 6.8 show the results for comparison of voltage stability index and node voltage, line
power factor and node power factor respectively before capacitor placement and after
capacitor placement. Figure 6.1 shows the results for various parameter of 30-node radial
power distribution network for before capacitor placement and after capacitor placement.

The parameters shown in red curve are for without capacitor placement and black curve
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depicts quantities after capacitor placement. For Table 6.6 to Table 6.8 and in Fig. 6.1 the

test network is under base load conditions.

Table 6.6 The results for LLI and branch losses before capacitor placement and after
capacitor placement for 30-node distribution network.

Node | Fixed Switched Br. LLI before | LLI after Branch Branch
No. Cap. Cap. No. cap. cap. losses after losses

placement | placement capacitor before

placement capacitor
placement

1 0 0 1 0.4063 0.40492 0.44169 0.55727
2 0 0 2 0.40903 0.40444 0.44666 0.57744
3 0 0 3 0.40807 0.40292 1.0171 1.3534
4 0 0 4 0.41254 0.40365 1.3688 1.8899
5 0 60 5 0.42614 0.42084 0.23744 0.34544
6 0 45 6 0.42995 0.42648 0.11658 0.16799
7 0 45 7 0.43401 0.42714 0.33849 0.48142
8 0 90 8 0.44894 0.44843 0.0094745 0.013023
9 0 15 9 0.44997 0.44984 0.0094738 0.013021
10 0 15 10 0.38123 0.38003 3.0356 3.9188
11 15 0 11 0.38725 0.38639 1.0213 1.3465
12 0 0 12 0.39614 0.39592 0.73744 1.0161
13 0 0 13 0.39929 0.39935 1.5924 2.2428
14 0 75 14 0.40755 0.40674 0.8988 1.3043
15 0 75 15 0.41425 0.4084 0.41512 0.6114
16 0 45 16 0.41314 0.40242 0.24461 0.35938
17 0 120 17 0.42793 0.42305 0.10068 0.15031
18 15 45 18 0.43475 0.42685 0.34468 0.5201
19 15 45 19 0.44529 0.44267 0.086725 0.13214
20 0 45 20 0.44906 0.4484 0.0086638 0.013193
21 0 45 21 0.40513 0.40247 0.53702 0.63956
22 0 0 22 0.4088 0.40303 0.79057 0.96252
23 0 0 23 0.41191 0.40543 0.23933 0.29942
24 15 0 24 0.4221 0.417 0.72609 0.96247
25 15 0 25 0.42939 0.42601 0.077999 0.10928
26 0 15 26 0.43115 0.42846 0.26576 0.37318
27 15 15 27 0.44186 0.4376 0.14618 0.21995
28 0 15 28 0.44492 0.44202 0.055925 0.086
29 0 45 29 0.44885 0.44804 0.02015 0.031414
30 15 45
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Table 6.7 The results for VSI and node voltage (p.u.) before capacitor placement and after

capacitor placement for 30-node distribution network.

Node No. Voltage Voltage Node voltage Node voltage
stability stability after cap. before  cap.
index  after index before placement placement
cap. cap.
placement placement

1 1 1 1 1

2 0.9987 0.99836 0.99935 0.99918
3 0.99737 0.99669 0.99869 0.99834
4 0.99431 0.99289 0.99715 0.99644
5 0.9899 0.98745 0.99493 0.9937
6 0.98874 0.986 0.99435 0.99297
7 0.98805 0.98514 0.99401 0.99254
8 0.98572 0.98258 0.99283 0.99125
9 0.9855 0.98234 0.99272 0.99113
10 0.98505 0.98185 0.9925 0.99088
11 0.99428 0.99228 0.99714 0.99613
12 0.99222 0.98942 0.9961 0.9947
13 0.99054 0.98694 0.99526 0.99345
14 0.98671 0.98113 0.99333 0.99052
15 0.98414 0.97715 0.99204 0.98851
16 0.98282 0.97525 0.99137 0.98755
17 0.98204 0.97424 0.99098 0.98704
18 0.98152 0.97357 0.99072 0.9867
19 0.97909 0.97085 0.98949 0.98532
20 0.97802 0.96964 0.98895 0.9847
21 0.97781 0.9694 0.98884 0.98458
22 0.99844 0.99821 0.99922 0.99911
23 0.99603 0.99546 0.99801 0.99773
24 0.99523 0.99455 0.99761 0.99727
25 0.99215 0.99089 0.99607 0.99544
26 0.99171 0.99034 0.99585 0.99516
27 0.99001 0.98824 0.99499 0.9941
28 0.98862 0.98666 0.99429 0.99331
29 0.98795 0.98589 0.99396 0.99292
30 0.9875 0.98536 0.99373 0.99265
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Table 6.8 The results for Line power factor and Node power factor before capacitor
placement and after capacitor placement for 30-node distribution network.

Node Line power Line power factor Node power Node power
No Node power before cap. factor after factor before
factor after placement cap. placement cap.
cap. placement placement
1 0.90951 0.79982 0.8 0.8
2 0.91901 0.79988 0.8 0.8
3 0.92993 0.79989 0.8 0.8
4 0.94276 0.80002 0.89443 0.8
5 0.96472 0.80004 0.98287 0.8
6 0.95997 0.80002 0.98287 0.8
7 0.95205 0.80033 0.95783 0.8
8 0.93633 0.80003 0.93633 0.8
9 0.93634 0.80006 0.93633 0.8
10 0.91717 0.79878 0.8 0.8
11 0.92605 0.79955 0.8 0.8
12 0.94219 0.79961 0.8 0.8
13 0.94918 0.79907 0.90077 0.8
14 0.96131 0.79945 0.93633 0.8
15 0.96729 0.79986 0.98287 0.8
16 0.9653 0.8 0.95203 0.8
17 0.9734 0.80002 0.96265 0.8
18 0.97779 0.80036 0.97014 0.8
19 0.98287 0.80016 0.98287 0.8
20 0.98287 0.80003 0.98287 0.8
21 0.8887 0.79995 0.8 0.8
22 0.89847 0.80001 0.8 0.8
23 0.91055 0.80003 0.8 0.8
24 0.93432 0.8001 0.848 0.8
25 0.95738 0.80002 0.93633 0.8
26 0.95967 0.80006 0.89443 0.8
27 0.98534 0.8002 0.93633 0.8
28 0.99227 0.8001 0.98287 0.8
29 0.99768 0.80007 0.99768 0.8
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Fig. 6.1 Comparison of various parameters i.e. Fig. 5.6 (a) comparison of voltage stability
index, Fig. 5.6 (b) comparison of line power factor, Fig. 5.6 (c) comparison of branch
current Fig. 5.6 (d) comparison of Line loadability index Fig. 5.6 (e) comparison of node
power factor, Fig. 5.6 (f) comparison of real power losses of each branch of 30-node
network before and after capacitor placement black curve for after capacitor placement and
red curve for before capacitor placement for 30-node distribution network.

6.8 Enhancement of line loadability and voltage stability after capacitor

placement:

With shunt capacitor placement at or near the load terminal, there is a reduction in current

from that node to substation so consequently there is a reduction in losses, temperature rise

in branch conductors, improvement in voltage profile of nodes because voltage drop

reduces due to reduction in current. The overall effect of capacitor placement in

distribution network is that there is an enhancement in the line loadability and voltage

stability. The effect of capacitor placement at normal load conditions is discussed in

previous section. In this section the effect of capacitor placement under high load condition
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and under fault conditions is investigated. The results for high load (up to loadability limit)

at end nodes with constant power load and practical load are shown in Table 6.9.

In Table 6.10 the results of voltage stability index when fault at each end node for constant

power load and practical load are shown. The results clearly indicate that there is an

improvement in voltage stability after capacitor placement.

Table 6.9 The results of line loadability index for 30-node network (after optimal
conductor size selection) with and without capacitor placement when end nodes are heavily
loaded for constant power load and practical load.

LLI (Constant Power Load) LLI (Constant Power Load)
Value of | Value of load added | Time in Value of Value of load Time in
load in KVA minutes | load added added in KVA minutes
added in in kVA
KVA
1130 0.00797 60 1080 0.0095133 60
(node 10) Branch (7) (node 10) Branch (7)
1150 0.007952 Branch 60 1080 0.0039981 Branch 60
(node 21) (18) (node 21) (18)
1240 0.004634 Branch 60 1190 0.0039872 60
(node 30) (27) (node 30)
LLI (Practical type load) LLI (Practical type load)
1170 0.005976 60 1120 0.0016416 60
(node 10) Branch (7) (node 10) Branch (7)
1190 0.004104 60 1120 0.0035192 Branch 60
(node 21) Branch (18) (node 21) (18)
1270 0.003760 60 1230 0.004382 60
(node 30) Branch (27) (node 30) | Branch (27)
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Table 6.10 The results of voltage stability index for 30-node network (after optimal
conductor selection) with and without capacitor placement when fault at end nodes for
constant power load and practical load.

Node VSI (Constant Power load) VSI (Constant Power load)
no. With optimal conductor size selection and with With optimal conductor size selection and without
capacitor placement capacitor placement
Value of VSI of Time Max. Relay Value VSl of | Time Max. Relay
load most in Branch | actuating | of load most in Branch | actuating
added in | sensitive | sec. current time in added | sensitive | sec. current time in
kVA node (A). Sec. in KVA node (A). Sec.
10 13100 0.1632 | 0.055 2614 0.268 13000 | 0.0129 | 0.068 | 2658 0.267
node(10) Branch node(10) Branch
) 1)
21 14270 0.17078 | 0.09 2807 0.257 14100 | 0.1517 | 0.099 | 2842 0.257
node(21) Branch node(21) Branch
(10) (10)
30 14670 | 0.015066 | 0.065 3121 0.247 14500 | 0.1223 | 0.098 2714 0.256
node(30) Branch node(30) Branch
(21) (21)
Node | Value of VSI (Practical type load) Value VSI (Practical type load)
no. load Without optimal conductor size selection | of load With optimal conductor size selection
added in and with capacitor placement added and without capacitor placement
kW in KW
10 53200 0.06751 | 0.17 2601 0.268 | 53000 0.0693 | 0.18 2518 0.27
node(10) Branch node Branch
(O] (10) )
21 60300 0.08053 | 0.141 2838 0.257 60000 | 0.03428 | 0.167 2662 0.257
node(21) Branch node(21) Branch
(10) (10)
30 59300 0.1155 0.17 2846 0.257 59000 | 0.04843 | 0.17 2754 0.253
node(30) Branch node(30) Branch
(21) (21)

6.9 Conclusion:

A novel approach for optimal capacitor size selection and location is proposed. It is
established with the support of tabulated results that the proposed approach better than the
existing one. As multiple capacitor banks are placed at different locations, reliability of
reactive power compensation is higher. Chances of over compensation are minimum with
the proposed approach as with the variation of load at any particular node the value of
switched capacitor would change accordingly. Maximum benefits of reactive power

compensation are exploited from the installed capacity of capacitors. With the optimal
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capacitor placement the improvement in line loadability and improvement in voltage
stability are investigated and it is established with the help of tabulated results and
graphical representation that the line loadability of the distribution networks and voltage

stability of distribution networks can be improved by optimal capacitor placement.
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CHAPTER.7
NETWORK RECONFIGURATION FOR RADIAL
ELECIRIC POMER DISTRIBUTION NETWORK.S

7.1 Introduction:

In previous chapters it has been discussed how to enhance the loadability limit and
voltage stability limit of radial distribution networks by optimal conductor size selection
and capacitor placement. In this chapter, it is discussed how the already installed capacity
can be best utilized to increase the loadability limit and voltage stability limit by network
reconfiguration. Detailed literature survey is discussed in Section 2.6 (Chapter 2). In all
the discussed reported work on network reconfiguration, the problem was dealt with lot of
flexibility. But in practical distribution networks the chances of network reconfiguration
are very limited because the distribution networks are erected in the residential,
commercial, industrial areas etc. The feeders may or may not be touching each other and
even some times the tie-lines cannot be stretched from any one point to another point due
to various constraints. The application of optimization techniques is not justified in this
case because it leads to only theoretical exercise. However, in spite of all these constraints,
network reconfiguration is considered to optimize the available capacity of the distribution
network.

In this chapter an attempt has been made to establish that the reconfiguration of
networks can be carried out for load balancing during the seasonal change in load depicted
by the chronological load curves of the feeders. None of the previous researchers had

proposed this type of approach. Usually same type of loads are concentrated in particular
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areas like the feeders dedicated to supply residential areas, the dominated loads are
domestic and commercial, some feeders may be dominated with industrial loads, some
with agriculture etc. By examining the chronological load curves, the possibilities of feeder

reconfiguration can be identified.

7.2 Problem formulation:

The first step is to find the chances of network reconfiguration and the location of tie-
switches, is to draw the annual chronological load curves of the candidate feeders or
laterals. By examining the annual chronological load curves and the location of feeders, the
position of tie lines, the switching scheme can be developed. While fixing the location of
tie-lines and developing the switching schemes, the line loadability limits of the feeders or
lateral should not be violated. For example only that much load should be shifted to some
feeder from some other feeder so that the receiving feeder’s current carrying capacity
should not be violated. It is assumed for simplicity that the length and the type of
conductor of tie-line is same as that branch which is disconnected by corresponding

isolating switch.

7.3 Constraints:

At the time of reconfiguration procedure following points should be taken as constraints.

1. Only the practically possible locations of tie-lines should be considered. Because
mostly it is not possible to set a tie-line to connect any two locations of the distribution
network.

2. The line loadability index should be maximized.

3. Radial nature of the network should be maintained. When a tie line is connected, an

isolator switch is opened to avoid mesh configuration.

142



4. Direction of flow of current through branches should be same as before
reconfiguration. This is necessary because the conductor sizes of branches are selected
according to the current through branches, if the direction of current is reversed, there
are chances that a branch which was the last branch of a lateral becomes the first
branch of lateral so it has to feed more loads so that the current carrying capacity can

be violated.

7.4 Procedural Steps for network reconfiguration:

1. Draw the annual chronological load curve for each lateral from annual load data.

2. By approximation make the curves in discrete form.

3. ldentify the locations of tie-lines between laterals or feeders which are practically
possible.

4. Identify the most suitable options of tie-lines by computation of load-flow solution and
line loadability index.

5. Develop the annual switching scheme for tie-lines from Step 4.

6. Print the results
7.5 Example:

An example of 30-node typical Indian radial distribution network is considered to
illustrate the proposed procedure for network reconfiguration for enhancement of
loadability of the radial distribution networks. Line data and load data is given in
Appendix-E. Single line diagram of 30-node radial distribution network is shown in
Fig. 7.1. The value of base voltage is 11kV and value of base power is 100 MVA. There
are three laterals of distribution network. Lateral 1 is dedicated to serve industrial load.

The industrial load is considered to be the agriculture based industry like cotton mills,
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sugar mills and rice mills. Industrial load consists of 50% large industrial motors + 10%
compact florescent lamp + 10% air conditioner + 20% small industrial motor load + 10%
pump set and fan load.

Lateral 2 is dedicated to serve residential and commercial loads. The domestic and
commercial load consists of 20% florescent lamps+ 15% incandescent lamp + 30% air
conditioner load + 15% resistance space heater + 30% pump set and fan.

Lateral 3 is dedicated to serve agriculture load. Agriculture load consists of 95% pump set
load + 5% incandescent lamp load. The load exponents for various loads are shown in
Chronological load curves, which are developed from the annual load data of the laterals,
as shown in Fig. 7.2. Curve 1 depicts the domestic load. Domestic load is high in India
during summer season (June to September). Curve 2 shows the monthly percentage load
for agriculture load dominated in lateral. The agriculture load is high during paddy season
from May to September. Curve 3 is for agriculture based industrial load, which is also a
seasonal type of load. Figure 7.3 shows the approximated chronological load curves for
30-node radial distribution network. To improve the load factor the service utility
encourages such industry to use more power in off-peak months. So the load on such
feeders is high during winter season. Looking at the approximated chronological curves
shown in Fig 7.3 it is evident that the load can be shifted seasonally from one lateral to
another.

To show the benefits and effectiveness of network reconfiguration the 30-node test
network is considered in its base form which means without optimal conductor size
selection and without capacitor placement. All the possible options for reconfiguration are

tried and the results of beneficial seasonal reconfigurations are shown. The comparison of
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various parameters like minimum node voltage, minimum voltage stability index,
minimum line loadability index and total real power losses of the network before and after
reconfiguration are shown in Table 7.1. Table 7.1 also shows the status of tie-lines and
isolator switches during each season. Table 7.2, Table 7.3 and Table 7.4 show the
comparison of results regarding LLI, VSI, node voltage and branch power losses for 30-
node distribution network from January to April, May to August and September to
December respectively without optimal conductor size selection and capacitor placement.
Same results are shown in graphical form with the help of Fig. 7.4, Fig. 7.5 and Fig. 7.6
respectively.

The beneficial reconfiguration options are searched through the proposed algorithm after
optimal conductor size selection and capacitor placement. The optimal conductor sizes
selected for 30-node test network are discussed in Chapter 5 (Table 5.12). The values of
total capacitors on in every season are shown in Table 7.9. The tie-lines and isolator
switches status is shown in Table 7.5. The tie-lines’ and isolator switches’ status is same
for January to April and September to December for base network and for network with
optimal conductor size selection and capacitor placement. But for the duration of May to
August in base network no reconfiguration is beneficial due to the fact that the conductors
for lateral 2 are under size. But after optimal conductor size selection and capacitor
placement during May to August, the reconfiguration is beneficial and the status of tie-line
and isolator switch has been shown in Table 7.5. The detailed results are shown in tabular

form from Table 7.6 to Table 7.9 and in graphical form in Fig. 7.7 to Fig. 7.9.
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Table 7.1 The switching scheme of tie-lines, isolator switches and comparison of result
with and without network reconfiguration for 30-node distribution network.

Months | Isolator | Tie-line Without Reconfiguration With Reconfiguration
switch | status Min. Volt| Min. | Min. VSI Real PoweiMin. Volt.| Min. LLI | Min. VSI |Real Power
status (p.u) | LLI Loss kW | (p.u.) Loss kw
Jan.-ApriI Xl TL]_ Vz]_: LL|13: VS|21: 36.76 V]_g: LL|13: VS']_g: 26.009
(Open) |(Closed)| 0.9714 |0.2621 | 0.94312 0.98002 | 0.33699 | 0.96047
May-Aug.| Nil Nil Vo= | LLIxn=| VSl,= | 13.422 Original configuration prevails
0.99016 |0.37967| 0.98041
Sep.-Dec. |(Xz, X3)|TLy, TLa| Vo= |LLIy=1| VSlig= | 35.872 Vi = LLI= | VSIy= 22,51
Open | (closed) | 0.97098 |0.25954| 0.94281 0.98326 | 0.36463 | 0.98326
100 T T T T 0 T T T T
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o
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Fig. 7.3 The approximated chronological load curves for 30-node network
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Table 7.2 The comparison of results regarding LLI and branch power losses for 30-node
distribution network from January to April without optimal conductor size selection and

capacitor placement.

Br. LLI LLI Power Power
No. With Without loss loss
Reconfiguration | Reconfiguration with without
reconfiguration | reconfiguration
1 0.41026 0.4106 0.49938 0.49294
2 0.41465 0.41496 0.41611 0.41033
3 0.41641 0.41675 0.87444 0.86137
4 0.42093 0.42121 0.97614 0.96077
5 0.43185 0.43202 0.18649 0.18329
6 0.43374 0.43403 0.18357 0.18031
7 0.44029 0.44048 0.2079 0.20411
8 0.44949 0.44951 0.0056432 0.005539
9 0.45011 0.45011 0.0056431 0.0055378
10 0.34828 0.3072 5.0465 7.4198
11 0.34646 0.29877 2.0101 3.0582
12 0.35507 0.30078 1.7693 2.8883
13 0.33699 0.2621 5.0963 8.6608
14 0.3577 0.26298 3.2254 6.5682
15 0.40411 0.33391 0.80153 2.0306
16 0.4181 0.35729 0.24557 0.71281
17 0.44716 0.41788 0.023971 0.24732
18 0.43555 0.43503 0.32687 0.33853
19 0.4455 0.44533 0.083179 0.086122
20 0.43636 0.43635 0.0027712 0.002869
21 0.40448 0.42265 0.60905 0.26468
22 0.40879 0.42542 0.79093 0.31831
23 0.40905 0.42803 0.26973 0.098817
24 0.4111 0.4325 1.301 0.39628
25 0.41899 0.43656 0.19337 0.045008
26 0.42136 0.43766 0.74531 0.15369
27 0.44604 0.44612 0.073742 0.072486
28 0.44753 0.44758 0.028855 0.028361
29 0.44955 0.44956 0.010551 0.01037
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Table 7.3 The comparison of results regarding node voltage magnitude (p.u.) and VSI for

30-node distribution network from January to April without optimal conductor size
selection and capacitor placement.

Node | Node voltage Node VSI With VSI Without
No. magnitude Voltage Reconfiguration | Reconfiguration
(p. u.) With magnitude
Reconfiguration | (p. u.) Without
Reconfiguration

1 1 1 1 1

2 0.9992 0.9992 0.9984 0.99841

3 0.99847 0.99848 0.99694 0.99696

4 0.99685 0.99687 0.99371 0.99376

5 0.99484 0.99487 0.9897 0.98977

6 0.99428 0.99432 0.98859 0.98867

7 0.99369 0.99374 0.98743 0.98752

8 0.99284 0.9929 0.98574 0.98584

9 0.99276 0.99282 0.98558 0.98568
10 0.9926 0.99266 0.98525 0.98537
11 0.99558 0.99463 0.99118 0.98929
12 0.99374 0.99235 0.98752 0.98476
13 0.99193 0.99003 0.98393 0.98017
14 0.98667 0.98312 0.97352 0.96652
15 0.9823 0.97681 0.96492 0.95416
16 0.98077 0.97435 0.96191 0.94935
17 0.98021 0.97338 0.96081 0.94747
18 0.98003 0.97281 0.96047 0.94637
19 0.99218 0.97169 0.98441 0.94418
20 0.99168 0.97119 0.98344 0.94321
21 0.99164 0.97114 0.98335 0.94312
22 0.99912 0.99942 0.99823 0.99884
23 0.99788 0.99864 0.99577 0.99727
24 0.99745 0.99837 0.9949 0.99675
25 0.99522 0.99715 0.99047 0.9943
26 0.99484 0.99696 0.9897 0.99393
27 0.99328 0.99625 0.9866 0.99252
28 0.99282 0.99579 0.98568 0.99161
29 0.99259 0.99557 0.98524 0.99116
30 0.99244 0.99542 0.98493 0.99086
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Table 7.4 The results regarding LLI, VSI, node voltage and branch power losses for 30-
node distribution network for May to August without optimal conductor size selection and
capacitor placement.

Br. LLI With Power loss with | Node Node voltage VSI With
No. | reconfiguration | reconfiguration No. | magnitude (p.u.) With  Reconfiguration
Reconfiguration
1 0.38999 0.88473 1 1 1
2 0.39781 0.73593 2 0.99893 0.99787
3 0.39911 1.5455 3 0.99796 0.99593
4 0.40712 1.7225 4 0.99581 0.99164
5 0.42422 0.32815 5 0.99313 0.9863
6 0.42115 0.32335 6 0.99239 0.98483
7 0.43271 0.36554 7 0.99161 0.98329
8 0.44888 0.0098996 8 0.99048 0.98105
9 0.44995 0.0098966 9 0.99037 0.98084
10 0.42904 0.43132 10 0.99016 0.98041
11 0.43083 0.17687 11 0.99871 0.99743
12 0.43368 0.16633 12 0.99817 0.99634
13 0.43497 0.49232 13 0.99762 0.99524
14 0.43958 0.37122 14 0.99599 0.992
15 0.44356 0.11666 15 0.99452 0.98907
16 0.4449 0.041175 16 0.99394 0.98791
17 0.44841 0.014462 17 0.99371 0.98745
18 0.44942 0.019805 18 0.99357 0.98718
19 0.45002 0.005051 19 0.9933 0.98664
20 0.43664 0.00016848 20 0.99318 0.9864
21 0.37967 1.0815 21 0.99317 0.98638
22 0.39099 1.2985 22 0.99882 0.99764
23 0.39426 0.40333 23 0.99724 0.99448
24 0.40363 1.6174 24 0.99671 0.99343
25 0.42019 0.18321 25 0.99422 0.98848
26 0.42467 0.62523 26 0.99385 0.98774
27 0.43326 0.29504 27 0.99242 0.9849
28 0.4392 0.1153 28 0.99149 0.98306
29 0.44727 0.042089 29 0.99105 0.98217
0.99073 0.98155
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Table 7.5 The comparison of results regarding LLI and branch power losses for 30-node
distribution network for September to December without optimal conductor size selection

and capacitor placement.

Br. LLI LLI Power Power
No. With Without Loss with Loss without
Reconfiguration | reconfiguration | reconfiguration | reconfiguration
1 0.4034 0.41488 0.62972 0.41177
2 0.40792 0.4185 0.54373 0.34316
3 0.40821 0.42037 1.1925 0.72106
4 0.41307 0.4241 1.4007 0.80505
5 0.42348 0.43361 0.34201 0.15385
6 0.41529 0.43664 0.38846 0.15139
7 0.42442 0.44205 0.53809 0.1715
8 0.44963 0.44964 0.004681 0.0046572
9 0.45014 0.45014 0.004681 0.0046572
10 0.36463 0.30568 4.1065 7.5078
11 0.36514 0.29704 1.602 3.0965
12 0.37563 0.29889 1.3479 2.9275
13 0.36473 0.25954 3.7857 8.783
14 0.38974 0.26026 2.1044 6.6647
15 0.42544 0.33229 0.43078 2.0591
16 0.43529 0.35604 0.11435 0.72245
17 0.43882 0.41754 0.087426 0.24991
18 0.44762 0.43491 0.059421 0.34099
19 0.44549 0.44529 0.083381 0.086761
20 0.43636 0.43635 0.0027778 0.0028903
21 0.41843 0.42997 0.34454 0.1263
22 0.42066 0.43129 0.45336 0.15204
23 0.42158 0.43377 0.15684 0.047223
24 0.42349 0.4374 0.77689 0.18959
25 0.42771 0.43934 0.11967 0.021559
26 0.43986 0.43987 0.073923 0.073649
27 0.44829 0.4483 0.034874 0.034745
28 0.44899 0.449 0.013649 0.013598
29 0.44995 0.44995 0.004992 0.0049738
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Table 7.6 The comparison of results regarding VSI and node voltage for 30-node
distribution network for September to December without optimal conductor size selection

and capacitor placement.

Node Node Node VSI VSI Without
No. Voltage Voltage With reconfiguration
magnitude magnitude Reconfiguration
With Without
reconfiguration | reconfiguration
1 1 1 1 1
2 0.9991 0.99927 0.9982 0.99855
3 0.99827 0.99861 0.99653 0.99722
4 0.99638 0.99714 0.99277 0.99429
5 0.99396 0.99531 0.98796 0.99064
6 0.9932 0.9948 0.98645 0.98963
7 0.99235 0.99427 0.98476 0.98858
8 0.99098 0.9935 0.98204 0.98704
9 0.99091 0.99343 0.9819 0.9869
10 0.99076 0.99328 0.9816 0.98661
11 0.99602 0.9946 0.99205 0.98922
12 0.99438 0.99231 0.98878 0.98468
13 0.9928 0.98998 0.98565 0.98005
14 0.98828 0.98302 0.97669 0.96632
15 0.98476 0.97667 0.96976 0.95389
16 0.98364 0.9742 0.96755 0.94906
17 0.98326 0.97323 0.9668 0.94717
18 0.99572 0.97266 0.99145 0.94607
19 0.99525 0.97153 0.99052 0.94387
20 0.99049 0.97103 0.98107 0.94289
21 0.99045 0.97098 0.98098 0.94281
22 0.99934 0.9996 0.99867 0.9992
23 0.9984 0.99906 0.99681 0.99812
24 0.99807 0.99888 0.99615 0.99775
25 0.99635 0.99803 0.99272 0.99606
26 0.99605 0.9979 0.99212 0.9958
27 0.99556 0.99741 0.99114 0.99483
28 0.99524 0.99709 0.99051 0.99419
29 0.99509 0.99694 0.9902 0.99389
30 0.99498 0.99683 0.98999 0.99367
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selection and without capacitor placement for 30-node distribution network. Fig. 7.4 (a)
comparison of node voltage (p.u.), Fig. 7.4 (b) comparison of Line loadability index, Fig.
7.4 (c) comparison of voltage stability index, Fig. 7.4 (d) comparison of Branch current

and Fig. 7.4 (d) comparison of branch losses
(@) (d)

1 125 ; © .
g 0.998 - <« 100 - After reconfiguration q
é 0.996 - g 75+ Before reconfiguration -
8 0.994F 5 500 -
S 0.992F O 5l i
0.99 c L c L 0 r r r r
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Node Number Branch Number
x (b) (e)
Q
E 0.5 3 2 T
£ 045} 1 2157
[}
2 g 1r
g 04— 1 8
3 S 05
2035 : : : : : 0 c . . r
-~ 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Branch Number Branch Number
(c)
1 T
0.995
%]
2 0.99
0.985
0.98

15 20 25
Node Number

10 30
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comparison of node voltage (p.u.), Fig. 7.5 (b) comparison of Line loadability index, Fig.
7.5 (c) comparison of voltage stability index, Fig. 7.5 (d) comparison of Branch current
and Fig. 7.5 (d) comparison of branch losses
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Fig. 7.6 The comparison of results from September to December without optimal
conductor selection and without capacitor placement for 30-node distribution network. Fig.
7.6 (a) comparison of node voltage (p.u.), Fig. 7.6 (b) comparison of Line loadability
index, Fig. 7.6 (c) comparison of voltage stability index, Fig. 7.6 (d) comparison of Branch
current and Fig. 7.6 (d) comparison of branch losses
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Fig. 7.7 The comparison of results from January to April with optimal conductor selection
and with capacitor placement for 30-node distribution network. Fig. 7.7 (a) comparison of
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comparison of voltage stability index, Fig. 7.7 (d) comparison of Branch current and Fig.
7.7 (d) comparison of branch losses
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Fig. 7.8 The comparison of results from May to September with optimal conductor
selection and with capacitor placement for 30-node distribution network. Fig. 7.8 (a)
comparison of node voltage (p.u.), Fig. 7.8 (b) comparison of Line loadability index, Fig.
7.8 (c) comparison of voltage stability index, Fig. 7.8 (d) comparison of Branch current
and Fig. 7.8 (d) comparison of branch losses
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Fig. 7.9 The comparison of results from September to December with optimal conductor
selection and with capacitor placement for 30-node distribution network. Fig. 7.8 (a)
comparison of node voltage (p.u.), Fig. 7.8 (b) comparison of Line loadability index, Fig.
7.8 (c) comparison of voltage stability index, Fig. 7.8 (d) comparison of Branch current
and Fig. 7.8 (d) comparison of branch losses
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Table 7.7 The switching scheme of tie-lines, isolator switches and comparison of result
with and without network reconfiguration with optimal conductor size selection and
capacitor placement.

Months | Isolator |Tie-line Without Reconfiguration With Reconfiguration
switch | status \vin Volt. | Min. Min. Real | Min.Volt. | Min. Min. Real Power]
status (p.u.) LLI VSI | Power (p.u.) LLI VSl Loss
Loss kW kw
Jan.- Xl TL]_ V21: LL|18: VS|21: 9.076 V]_gz LL|18: VS|21: 8.6633
April | (Open) |(Closed)| 0.98976 |0.49946 | 0.97963 0.99275 | 0.49973 | 0.98554
May' X4 TL4 V]_o: LL|1: VSIl(): 7.7547 V30: LL|7: VS|30: 6.8485
Aug. | (Open) |(closed)| 0.99245 |0.49941 | 0.98496 0.99316 |0.49971 | 0.98637
Sep.- [ (X2, X3)| TL,, Vy = LLI;= | VSIy= | 9.1878 Vy = LLI;= VSl = 8.5019
Dec. | (Open) | TLs 0.98916 |0.49943 | 0.98597 0.99296 | 0.49968 | 0.98597
(closed)
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Table 7.8 The comparison of results regarding LLI and branch power losses for 30-node
distribution network for January to April with optimal conductor size selection and
capacitor placement.

Br. No. LLI LLI Power Power
With With Loss with Loss without
reconfiguration | reconfiguration | reconfiguration | reconfiguration

1 0.4999 0.4998 0.2223 0.22027
2 0.49988 0.49976 0.229 0.22674
3 0.49989 0.49978 0.53279 0.52711
4 0.49984 0.49969 0.73799 0.72966
5 0.4998 0.49961 0.1299 0.12833
6 0.49981 0.49962 0.061579 0.060815
7 0.49974 0.49948 0.169 0.16686
8 0.49977 0.49955 0.0040502 0.004001
9 0.49977 0.49955 0.0040508 0.004001
10 0.49991 0.49981 1.5413 2.1199
11 0.49991 0.49982 0.50998 0.7222
12 0.49992 0.49983 0.35472 0.53493
13 0.49992 0.49983 0.75112 1.1696
14 0.49992 0.49983 0.35239 0.64845
15 0.49989 0.49977 0.12826 0.29264
16 0.49986 0.49969 0.065579 0.17011
17 0.49982 0.49962 0.0073894 0.06611
18 0.49973 0.49946 0.21439 0.21542
19 0.49976 0.49952 0.054102 0.054361
20 0.49977 0.49954 0.0054107 0.0054364
21 0.49988 0.49977 0.38477 0.18505
22 0.49983 0.49968 0.61498 0.27456
23 0.49976 0.49955 0.20603 0.083953
24 0.49977 0.49958 0.76962 0.26062
25 0.49979 0.4996 0.10934 0.027851
26 0.49979 0.49961 0.42152 0.095959
27 0.49976 0.49952 0.053395 0.052802
28 0.49977 0.49953 0.020951 0.020716
29 0.49977 0.49955 0.007750 0.0076625
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Table 7.9 The comparison of results regarding VSI and node voltage magnitude (p.u.) for
30-node distribution network for January to April with optimal conductor size selection
and capacitor placement.

Node Node voltage Node VSI With VSI Without
No. magnitude voltage Without | Reconfiguration | reconfiguration
With reconfiguration
reconfiguration
1 1 1 1 1
2 0.99949 0.99949 0.99898 0.99899
3 0.99897 0.99898 0.99795 0.99796
4 0.99779 0.99781 0.99559 0.99562
5 0.9961 0.99612 0.99222 0.99226
6 0.99566 0.99568 0.99134 0.99138
7 0.9954 0.99542 0.99082 0.99087
8 0.9946 0.99463 0.98923 0.98929
9 0.99453 0.99456 0.98909 0.98915
10 0.99438 0.99441 0.9888 0.98886
11 0.99764 0.99735 0.99529 0.99471
12 0.99678 0.99638 0.99358 0.99278
13 0.99607 0.99556 0.99216 0.99114
14 0.99445 0.99364 0.98893 0.98733
15 0.99346 0.99239 0.98696 0.98483
16 0.99304 0.99179 0.98612 0.98364
17 0.99282 0.99145 0.98569 0.98297
18 0.99275 0.99123 0.98554 0.98254
19 0.99403 0.99027 0.9881 0.98064
20 0.99361 0.98985 0.98726 0.9798
21 0.99352 0.98976 0.98709 0.97963
22 0.99935 0.99953 0.9987 0.99906
23 0.99829 0.99881 0.99659 0.99762
24 0.99792 0.99857 0.99585 0.99714
25 0.99634 0.99762 0.99269 0.99525
26 0.99607 0.99749 0.99216 0.99498
27 0.99499 0.99696 0.99001 0.99392
28 0.99457 0.99654 0.98917 0.99309
29 0.99437 0.99634 0.98877 0.99269
30 0.99423 0.9962 0.98848 0.9924
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Table 7.10 The comparison of results regarding LLI and branch power losses for 30-node
distribution network for May to August with optimal conductor size selection and
capacitor placement.

Br. No. LLI LLI Power loss Power loss
With With with without
reconfiguration | reconfiguration reconfiguration reconfiguration
1 0.4999 0.49979 0.20166 0.39839
2 0.49988 0.49975 0.19181 0.41075
3 0.49989 0.49977 0.40312 0.95677
4 0.49985 0.49967 0.48826 1.3275
5 0.49982 0.4996 0.034241 0.23603
6 0.49982 0.49962 0.0062261 0.11263
7 0.49971 0.49941 0.31627 0.31246
8 0.49977 0.49954 0.0072107 0.0071296
9 0.49977 0.49955 0.0072121 0.0071294
10 0.49992 0.49985 0.42483 0.14463
11 0.49992 0.49985 0.15641 0.050085
12 0.49992 0.49985 0.13388 0.037732
13 0.49992 0.49985 0.31339 0.083198
14 0.49992 0.49984 0.2362 0.0481
15 0.49989 0.49978 0.14402 0.02237
16 0.49985 0.49972 0.096623 0.013067
17 0.4998 0.49962 0.082772 0.0053415
18 0.49977 0.49954 0.019006 0.018833
19 0.49977 0.49955 0.0050932 0.0050454
20 0.49978 0.49955 0.00050933 0.00050455
21 0.49986 0.49972 0.67481 0.67127
22 0.4998 0.4996 0.98929 0.9836
23 0.49973 0.49946 0.29773 0.2959
24 0.49977 0.49953 0.89226 0.88618
25 0.49979 0.49958 0.097378 0.096675
26 0.4998 0.49959 0.33504 0.33254
27 0.49973 0.49945 0.19022 0.18873
28 0.49974 0.49949 0.074886 0.07429
29 0.49977 0.49953 0.02813 0.027897
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Table 7.11 The comparison of results regarding VSI and node voltage magnitude (p.u.) for
30-node distribution network for May to August with optimal conductor size selection and
capacitor placement.

Node Node voltage Node VSI VSI Without
No. magnitude (p.u.)| Voltage magnitude With reconfiguration
With (p.u.) Without Reconfiguration
reconfiguration | reconfiguration

1 1 1 1 1

2 0.99951 0.99932 0.99901 0.99863
3 0.99902 0.99862 0.99805 0.99724
4 0.99799 0.99703 0.99598 0.99408
5 0.9966 0.99476 0.99322 0.98955
6 0.99637 0.99417 0.99276 0.98836
7 0.99629 0.99381 0.9926 0.98766
8 0.99394 0.99274 0.98792 0.98554
9 0.99384 0.99265 0.98772 0.98535
10 0.99365 0.99245 0.98734 0.98496
11 0.99877 0.99926 0.99754 0.99853
12 0.99829 0.99899 0.99659 0.99798
13 0.99786 0.99875 0.99572 0.9975
14 0.9968 0.99819 0.99362 0.99638
15 0.99598 0.99781 0.99198 0.99562
16 0.99553 0.99763 0.99107 0.99526
17 0.99526 0.99753 0.99055 0.99506
18 0.99501 0.99747 0.99005 0.99494
19 0.99475 0.9972 0.98952 0.99441
20 0.99463 0.99708 0.98928 0.99417
21 0.9946 0.99706 0.98924 0.99412
22 0.99916 0.99916 0.99831 0.99832
23 0.99785 0.99785 0.9957 0.99571
24 0.99742 0.99742 0.99484 0.99485
25 0.99577 0.99578 0.99155 0.99157
26 0.99553 0.99554 0.99107 0.9911
27 0.9946 0.99462 0.98923 0.98927
28 0.99382 0.99384 0.98767 0.98771
29 0.99343 0.99346 0.98691 0.98696
30 0.99316 0.99318 0.98637 0.98641
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Table 7.12 The comparison of results regarding LLI and branch power losses for 30-node
distribution network for September to December with optimal conductor size selection and

capacitor placement.

Br. No. LLI LLI Power Power
With Without Loss with Loss without
reconfiguration reconfiguration| reconfiguration| reconfiguration

1 0.4999 0.4998 0.28444 0.20007
2 0.49987 0.49975 0.29969 0.20395
3 0.49988 0.49977 0.71644 0.46856
4 0.49983 0.49968 1.0259 0.63911
5 0.49979 0.4996 0.21922 0.1077
6 0.4998 0.49961 0.12157 0.052699
7 0.49968 0.49943 0.4206 0.15218
8 0.49977 0.49955 0.0040595 0.0039879
9 0.49977 0.49955 0.00406 0.0039878
10 0.49991 0.49981 1.3255 2.2168
11 0.49991 0.49982 0.43176 0.75799
12 0.49992 0.49983 0.29005 0.56575
13 0.49992 0.49983 0.603 1.2417
14 0.49992 0.49983 0.25509 0.70124
15 0.49989 0.49977 0.07632 0.31703
16 0.49986 0.4997 0.03299 0.1822
17 0.49981 0.49961 0.028902 0.071847
18 0.49977 0.49949 0.046866 0.23168
19 0.49976 0.49952 0.054163 0.054413
20 0.49977 0.49954 0.0054168 0.0054416
21 0.49988 0.49977 0.38357 0.18508
22 0.49983 0.49968 0.61291 0.27462
23 0.49976 0.49955 0.20527 0.083974
24 0.49977 0.49958 0.76633 0.26071
25 0.49979 0.4996 0.10878 0.027865
26 0.49981 0.49963 0.096946 0.096016
27 0.49976 0.49952 0.053347 0.052832
28 0.49977 0.49953 0.020932 0.020728
29 0.49977 0.49955 0.007743 0.007667
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Table 7.13 The comparison of results regarding VSI and node voltage magnitude (p.u.) for
30-node distribution network for September to December with optimal conductor size

selection and capacitor placement.
Node Node Node VSI VSI Without
No. Voltage Voltage magnitude With reconfiguration
magnitude (p.u.) (p.u.) Without reconfiguration
With reconfiguration
reconfiguration

1 1 1 1 1

2 0.99947 0.99954 0.99893 0.99908

3 0.99891 0.99907 0.99783 0.99813
4 0.99761 0.99799 0.99522 0.99598

5 0.99568 0.99644 0.99137 0.99289

6 0.99512 0.99604 0.99026 0.99209

7 0.99476 0.9958 0.98955 0.99162

8 0.99347 0.99503 0.98699 0.99008

9 0.9934 0.99495 0.98684 0.98994
10 0.99325 0.99481 0.98655 0.98965
11 0.99776 0.99722 0.99553 0.99444
12 0.99696 0.99619 0.99392 0.99239
13 0.9963 0.99531 0.99261 0.99064
14 0.9948 0.99326 0.98962 0.98657
15 0.99392 0.99189 0.98788 0.98384
16 0.99359 0.99124 0.98721 0.98255
17 0.99343 0.99089 0.98691 0.98186
18 0.99582 0.99066 0.99166 0.9814
19 0.99538 0.98967 0.99079 0.97945
20 0.99305 0.98925 0.98614 0.97861
21 0.99296 0.98916 0.98597 0.97844
22 0.99932 0.99953 0.99865 0.99906
23 0.99824 0.99881 0.99649 0.99761
24 0.99787 0.99857 0.99574 0.99714
25 0.99624 0.99762 0.9925 0.99525
26 0.99597 0.99749 0.99196 0.99498
27 0.99544 0.99696 0.99089 0.99392
28 0.99502 0.99654 0.99006 0.99309
29 0.99481 0.99634 0.98966 0.99269
30 0.99467 0.99619 0.98937 0.9924
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Table 7.14 The value of capacitor (kVAr) at each node from January to December for 30-node
distribution network.

Node No. Value of capacitor in | Value of capacitor in | Value of capacitor in
(kVAr) (January to | (kVAr) (May to | (KVAr) (September to
April) August) December)
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
5 0 0 15
6 0 0 30
7 0 0 30
8 30 15 60
9 15 15 15
10 15 15 15
11 0 15 0
12 0 0 0
13 0 0 0
14 0 0 0
15 15 0 0
16 15 0 0
17 45 0 30
18 30 15 15
19 60 15 30
20 45 0 45
21 45 0 45
22 0 0 0
23 0 0 0
24 0 0 0
25 0 30 0
26 15 30 15
27 15 45 15
28 15 30 15
29 30 60 30
30 30 45 30
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7.6 Conclusion:

From the above discussion it can be concluded that rather the chances for reconfiguration
are very limited in case of distribution networks but it has great benefits in the form of
reduced losses, increased line loadability, increased voltage stability, reduced branch
current and improved voltage profile of the network after reconfiguration. Along with
these benefits the reliability of supply is increased. At the time of outage, supply of some
portion of network can be restored. Through network reconfiguration the already installed
capacity can be best used. The line loadability and voltage stability of the distribution
networks can be enhanced. The tabulated results and graphical represented that the critical
loading and voltage stability of the 30-node test network has been improved. The proposed
approach is novel no such approach in the field of network reconfiguration is reported so

far.
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CHAPTER 8
MAIN CONCLUSION AND FUTURE SCOPE OF

WORK.

The aim of this chapter is to give the overall conclusion of the thesis and to show the future scope of

work. In this chapter the results and findings of each chapter are to be discussed.

8.1 Main conclusion:

A brief introduction of distribution networks, introduction of critical loading, objectives of research,
scope of research and organization of research are discussed in Chapter 1. The detailed literature
survey of load-flow solution for distribution networks, line loadability index and voltage stability index
for radial distribution networks, optimal conductor size selection for radial distribution networks,
optimal sizing and location of shunt capacitors for radial distribution networks and reconfiguration of
distribution networks is discussed in chapter 2.

A new and efficient load-flow method is proposed in chapter 3. The algorithm of load-flow method
is developed in such a way that it does not require the sequential numbering of node and branches. The
nodes of each lateral are identified from the line data through the computer program and the load-flow
is carried out by using these lateral arrays. The equations of load-flow solution are capable to take the
effect of charging capacitances. So this load-flow solution method is very suitable for load-flow of
distribution networks having capacitors installed at various nodes. Due to non-requirement of
sequential node numbering and branch numbering this load-flow solution method is also very suitable
for network reconfiguration. The efficiency and reliability of the proposed method is established by
comparing the results of proposed method with the existing methods [17] and [21] for 69-node

distribution network and 33-node distribution network respectively. It is observed that the cpu time and
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memory requirement is quite less for the proposed method. The proposed load-flow method is used in
this work for load-flow solution in subsequent chapters. The convergence of load-flow solution is also
checked for various load models.
In chapter 4 a new definition is proposed for line loadability index for radial distribution network. The
line loadability index is related to the operating temperature of the branch conductors. The steady state
of operating condition and the steady state critical loading condition of the distribution network are
studied and analyzed through line loadability index. By the analysis of line loadability index the most
sensitive branch of the distribution network and other weak branches can be identified. A voltage
stability index is proposed in this chapter. The voltage stability index can be used to find the voltage
stability limit of the distribution network under fault conditions. Most sensitive node of the network
can be identified by voltage stability index. While computing the voltage stability index for each node
of the distribution network the effect of change of resistance due to change of temperature is
incorporated. Through line loadability index and voltage stability index the steady state conditions of
the distribution network and the network conditions under the fault conditions can be analyzed. In
chapter 4 the line loadability analysis and voltage stability analysis is shown with the help of tabulated
results and graphical representations. With the help of voltage stability index the minimum severity of
fault can be computed for which there are chances of voltage collapse will occur, before the protection
system of the distribution network will respond to clear the fault. With the help of line loadability
index the maximum loading limit of the distribution network can be found.

In chapter 5 a new method for optimal conductor size selection for radial distribution networks is
proposed, and the enhancement of critical loading and enhancement of voltage stability is achieved by
optimal conductor size selection. In the conductor size selection procedure the effect of change in

resistance due to change in temperature caused by flow of current through conductor is incorporated.
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To show the goodness and reliability of the proposed method the results of optimal conductor size
selection for existing methods [57] and [58] are compared with the proposed method. The proposed
method showed the better results in every respect. The enhancement in critical loading and
improvement in voltage stability are shown with the help of tabulated results and graphical
representations.

In chapter 6 the optimal capacitor placement method is proposed. The power factor improvement is
achieved by placing the optimal sizes of capacitors at nodes where the reactive power compensation is
required. Almost all the methods discussed in literature survey used the line reactive power
compensation but in proposed the reactive power compensation is achieved by node reactive power
compensation. The comparison of results with the existing method [100] is shown in tabulated form
and it is established that the proposed method for reactive power compensation by shunt capacitors is
better than the proposed method, because with less capacitor cost higher economical benefits can be
achieved. Even the power factor improvement is also better with the proposed method. It is also shown
with the help of tabulated results and graphical representations that the enhancement of critical loading
of radial distribution network and improvement of voltage stability of radial distribution network can
be achieved by reactive power compensation.

In chapter 7 the enhancement of critical loading and improvement in voltage stability is achieved
through network reconfiguration of radial distribution network. The possibilities of network
reconfiguration are identified through the investigation of chronological load curve. There is a seasonal
change in load demand of different kind of consumers. So the load from a lateral having high load
demand can be shifted to the lateral having low load demand. This procedure is applied to a typical
distribution 30-node distribution network having three lateral dedicated to different types of loads. The

enhancement of critical loading and improvement of voltage stability are shown with the help of
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tabulated results and graphical representations. The proposed method is based on the practical
constraints of network reconfiguration.
The enhancement of critical loading and improvement in voltage stability is achieved after each step

i.e. optimal conductor size selection, capacitor placement and network reconfiguration.

8.2 Future scope of research:

After carrying out the extensive research work it realized that the present research work can be

extended in following directions.

e In this work it is assumed that the distribution network is balanced so the research work can be
extended for three phase unbalanced distribution networks. So load-flow solution method for
unbalanced three phase distribution networks has to be developed.

e This work is oriented for radial distribution network in further research can be extended for the
weakly meshed and meshed distribution networks.

e The network line loadability and voltage stability can be investigated in the environment of
smart grid.

e In the present work the static load modelling is considered the effect of dynamic load
modelling on critical loading of distribution network and voltage stability of distribution
network can be investigated.

The effect of online voltage controller can be incorporated in the investigations of

critical loading and voltage stability studies.
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3.6 Proof of convergence:

It is mathematically established in this section of the thesis that the formulation
proposed in Section 3.3 (Chapter 3) has a surety of convergence. This is because the
voltage that is being calculated in the ongoing iteration depends upon the voltage and
the voltage drop calculated in the previous iteration. The voltage drop in any branch is
also a function of the previous iteration voltage. Figure Al graphically shows the
convergence of the load-flow solution.

From Eq. (3.14) and Eq. (3.15) of Chapter 3

2 . 2 2 . 2
Vi1 €088, , +Cy;  + Vi ,sing, , +D; =V, cos§, ~+ V,sing,

(A1)
By rearranging Eq. (A1)
Vi + 2V, (Ccosd,,, +Dysing,,,) +(C;° + D) =V (A2)
Let Vk2+1 +Avjj :Vk2 (A3)
AV
V2, [1+ l J =V,
Vk+l (A4)
1
A )] 2
Vi [ 1+ 5 =V
k+1 (AS)
+ =
o)
(A6)
AV,
Vk+l :Vk
k+1 (A7)
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Avj;
Vk+1 = Vk -

Vk+l (A8)

Here

Vj : 12,
Avjj :?: m(ij 0036k+1+Djj S|n8k+1)+E(ij +Djj)

(A9)
AV - Cy° +Dj
=C;co8d, , +Dysing, , +——
Vk+1 2\/k-¢—l
(A10)
From Eq. (A8) and Eq. (A10)
_ C2+D;
Vep =V, =(C;cosd, , +D;sind,, ) - W
k+1 (All)

Cijj and Dj; has link with V.1 and the nodes beyond the node under consideration. Hence
convergence of Vi1 gives assurance the convergence of the V’s of the other nodes
beyond this node. In this case the solving of V.1, the present value of V and the past
value of V’s of m=k+1th node and nodes beyond this are used.

_ C.2+D?
Let 9V,,) =V, —(C; cosd,,, +D;sing, ;) —[%]

k+1

(Al12)

Hence Cj; and Dj; are functions of f (vi

m

j where m=k+1, k+2, .........

In the above graph shown in Fig. Al V,,(0)is the initial value of Vis1. Vis1(n) and

Vi+1(n+1) are the value of V4, at the nth and n+1th iteration respectively &+ is the final

value of Viuy.
Here 8kJrl(n) :Vk+1(n) - E»k+1 (A13)
and g,,,(N+1) =V, ,,(n+1) =&, (Al4)
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Via(n) =g (N)+&, (A15)

And Vk+1(n +1) = 8k+l(n +1) + E.’k+1 (AlG)
Vil =9V, 0 (A17)
Vin 2 =9 Vi, 1 (A18)
Vin 3 =0 Vi, 2 (A19)
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Fig. Al Plot of g{Vk+1} V/S Vi1
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For Vk+l = ‘,:Zk+l’

' _ AV
g fkﬂ B §k2+1
k+1 §k3+1
Av
S8 (N+1) =81 () (1_&(“)) Y
§k+1 §k+l

8k+l(n)

fk +1

Since can be neglected,

8k-¢—1(ﬂ +1) = 8k+1(n)g I{é?k-¢—1}

= 8k+1(n) (l

_ 8kJrl(n)

gk +1

j 9GS}

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)

Since the sindx+; and cosdk.+; are approximately equal to O and 1. Av; becomes

1 C .
Avy =V,,C;; 5 C5+Dj . Which is function of R, X, P and Q. Hence the convergence

of the proposed method becomes linear in this case and Av ji becomes very small and

hence ' &, lessthan 1. This gives the guarantee of the convergence of the proposed

method.
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Appendix-B

Table B1 Line data and load data for 33-node distribution system

Branchno. | SEN | REN Active Reactive Resistance Reactance
power power load (ohm) (ohm)
load (kW) (kVA)

1 1 2 100 60 0.0922 0.0477
2 2 3 90 40 0.4930 0.2511
3 3 4 120 80 0.3660 0.1864
4 4 5 60 30 0.3811 0.1941
5 5 6 60 20 0.8190 0.7070
6 6 7 200 100 0.1872 0.6188
7 7 8 200 100 1.7114 1.2351
8 8 9 60 20 1.0300 0.7400
9 9 10 60 20 1.0400 0.7400
10 10 11 45 30 0.1966 0.0650
11 11 12 60 35 0.3744 0.1238
12 12 13 60 35 1.4680 1.1550
13 13 14 120 80 0.5416 0.7129
14 14 15 60 10 0.5910 0.5260
15 15 16 60 20 0.7463 0.5450
16 16 17 60 20 1.2890 1.7210
17 17 18 90 40 0.7320 0.5740
18 2 19 90 40 0.1640 0.1565
19 19 20 90 40 1.5042 1.3554
20 20 21 90 40 0.4095 0.4784
21 21 22 90 40 0.7089 0.9373
22 3 23 90 50 0.4512 0.3083
23 23 24 420 200 0.8980 0.7091
24 24 25 420 200 0.8960 0.7011
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25
26
27
28
29
30
31
32

26
27
28
29
30
31
32

26
27
28
29
30
31
32
33

60
60
60
120
200
150
210
60

25
25
20
70
600
70
100
40

0.2030
0.2842
1.0590
0.8042
0.5075
0.9744
0.3105
0.3410

0.1034
0.1447
0.9337
0.7006
0.2585
0.9630
0.3619
0.5302
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Appendix-C

Table C1 Line data and load data for 69-node distribution system

Branch No. | SEN | REN | Active power | Reactive power Resistance Reactance

load (kW) load (kVA) (ohm) (ohm)
1 1 2 0.0 0.0 0.0005 0.0012
2 2 3 0.0 0.0 0.0005 0.0012
3 3 4 0.0 0.0 0.0015 0.0036
4 4 5 0.0 0.0 0.0251 0.0294
5 5 6 2.6 2.2 0.3660 0.1864
6 6 7 40 30 0.3811 0.1941
7 7 8 75 54 0.0922 0.0470
8 8 9 30 22 0.0493 0.0251
9 9 10 28 19 0.8190 0.2707
10 10 11 14 104 0.1872 0.0619
11 11 12 145 104 0.7114 0.2351
12 12 | 13 8 5 1.0300 0.3400
13 13 14 8 55 1.0440 0.3450
14 14 | 15 0.0 0.0 1.0580 0.3496
15 15 | 16 45 30 0.1966 0.0650
16 16 17 60 35 0.3744 0.1238
17 17 | 18 60 35 0.0047 0.0016
18 18 | 19 0.0 0.0 0.3276 0.1083
19 19 | 20 1 0.6 0.2106 0.0690
20 20 21 114 81 0.3416 0.1129
21 21 22 5 3.5 0.0140 0.0046
22 22 | 23 0.0 0.0 0.1591 0.0526
23 23 24 28 20 0.3463 0.1145
24 24 25 0.0 0.0 0.7488 0.2475
25 25 | 26 14 10 0.3089 0.1021
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46
47
48
49
50
51
52
53
54
55
56

26

28
29
30
31
32
33
34

36
37
38
39
40
41
42
43
44
45

47
48
49

o1
52
53
54
55
56

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

14
26
26
0.0
0.0
0.0
14
9.5

26
26
0.0
24
24
1.2
0.0

0.0
39
39
0.0
79
384.7
384.7
40.50
3.6
4.35
26.4
24
0.0
0.0

10
18.6
18.6

0.0

0.0

0.0

10

14

18.54
18.54
0.0
17
17

0.0
4.3
0.0
26.30
26.30
0.0
56.4
274
274.
28.29
2.7
3.5
19
17.2
0.0
0.0

0.1732
0.0044
0.0640
0.3978
0.0702
0.3510
0.8390
1.7080
1.4740
0.0044
0.0640
0.1053
0.0304
0.0018
0.7283
0.3100
0.0410
0.0092
0.1089
0.0009
0.0034
0.0851
0.2898
0.0822
0.0928
0.3319
0.1740
0.2030
0.2842
0.2813
1.5900

0.0572
0.0108
0.1565
0.1315
0.0232
0.1160
0.2816
0.5646
0.4873
0.0108
0.1565
0.1230
0.0355
0.0021
0.8509
0.3623
0.0478
0.0116
0.1373
0.0012
0.0084
0.2083
0.7091
0.2011
0.0473
0.1114
0.0886
0.1034
0.1447
0.1433
0.5337
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57
58
59
60
61
62
63
64
65
66
67
68

57
58
59
60
61
62
63
64
65
66
67
68

58
59
60
61
62
63
64
65
66
67
68
69

0.0
100
0.0
1244
32
0.0
227
59
18
18
28
28

0.0
72
0.0
888
23
0.0
162
42
13
13
20
20

0.7837
0.3042
0.3861
0.5075
0.0974
0.1450
0.7105
1.0410
0.2012
0.0047
0.7394
0.0047

0.2630
0.1006
0.1172
0.2585
0.0496
0.0738
0.3619
0.5302
0.0611
0.0014
0.2444
0.0016
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Appendix-D

Table D1 Line data and load data for 41-node distribution system

SN RN | Conductor| Len.inkm kVA load on Cap. at RN in pH
Type RN
1 27 6 1 175 0.005153
27 35 5 1.87 185 0.008786
35 8 4 1.76 60 0.008046
8 33 4 1.34 165 0.006126
33 20 4 1.41 85 0.006446
20 39 4 1.63 95 0.007452
39 4 4 1.58 90 0.007223
4 34 4 1.08 85 0.004937
34 32 4 1.96 85 0.008960
32 16 3 1.87 90 0.008237
16 21 2 1.08 73 0.004544
21 17 1 1.75 82 0.007109
27 18 4 1.9 155 0.008686
18 22 4 1.56 175 0.007132
22 11 4 1.84 158 0.008412
11 13 4 1.06 155 0.004846
13 14 4 1.43 196 0.006537
14 40 3 1.22 170 0.005133
40 6 3 1.25 195 0.005259
6 12 1 1.31 220 0.005321
27 15 4 15 150 0.006857
15 30 4 0.73 165 0.003337
30 29 3 2.10 150 0.009250
29 41 2 1.39 80 0.005848
41 28 2 1.11 113 0.004670
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28
35
26
24
08
33
10

39
32
16
21
14
30
26

26
24
23
37
10

36
31
38

19
25

N = e T T T T = S S SN e S S N CRENYJC R =

1.66
1.5
1.88
1.88
1.46
1.5
1.5
191
1.43
1.7
14
1.3
1.9
2.02
1.96

140
155
163
166
100
75
75
65
80
90
176
90
163
90
95

0.006743
0.006607
0.007910
0.007637
0.005931
0.006093
0.006093
0.007758
0.005809
0.006905
0.005687
0.005281
0.007718
0.008205
0.007962

Table D 2 Technical data of the conductors used in 41-node distribution system

Cond.| Code Dia. Of Area of X- Resistance| Reactance Max. Current
type. name. cond. section.(mm?) | (ohm/km)| (ohm/km)| carrying capacity
(mm) | Nominal Copper (amp.) at45° C
area Sg. mm. ambient temp.

1 Squirrel 6.33 12.90 1.3760 0.3896 107

2 Weasel 7.77 19.35 0.9810 0.3797 139

3 Rabbit 10.05 32.26 0.5441 0.3673 193

4 Raccoon| 12.27 48.46 0.3657 0.3579 250

5 Dog 14.15 65 0.2745 0.3112 300

6 Lion 22.26 140 0.1223 0.2446 515

The spacing between the two conductors is 1.2 meter. System voltage is 11kV. Power factor is
0.8. Base voltage = 11kV, base power = 100MVA.
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Appendix-E

Table E1 The line data and load data for 30-node network

SN RN Length Cond. Load
In km Type kVA
1 2 0.2 1 100
2 3 0.2 1 100
3 4 0.43 2 100
4 5 0.6 2 300
5 6 0.22 3 100
6 7 0.16 5 100
7 8 0.3 5 250
8 9 0.1 5 50
9 10 0.4 5 50
1 11 0.6 1 150
11 12 0.24 2 250
12 13 0.24 3 100
13 14 0.6 4 350
14 15 0.5 5 250
15 16 0.25 5 100
16 17 0.11 5 350
17 18 0.11 5 160
18 19 0.32 5 150
19 20 0.25 5 100
20 21 0.1 1 100
1 22 0.2 1 100
22 23 0.3 1 100
23 24 0.1 2 150
24 25 0.5 3 150
25 26 0.1 3 50
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26 27 0.43 3 150
27 28 0.25 S) 50
28 29 0.15 5 100
29 30 0.2 5 110
TLy 0.11 5 --
TL, 0.11 5 --
TL3 0.32 5 --
TLy 0.16 5 --

Table E2 Conductor sizes available in inventory for 30-node network.

Cond. | Code | Resistance | Reactance | Diameter | Weight | Area | Current carrying
no name Ohm/km | Ohm/km mm kg/km | mm? capacity (A)
1 Mink 0.4565 0.366 10.98 255.3 | 72.64 218
2 Rabbit 0.5449 0.372 10.05 214 61.70 197
3 Ferret 0.6795 0.376 9.00 172 49.48 168
4 Weasel 0.9116 0.382 7.77 128 36.88 139
5 Squirrel 1.374 0.3915 6.33 85 24.48 114
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Appendix-F

Table F1 Line data and load data for 32-node radial distribution network.

SN RN Conductor Branch length Load in kVA
number” in km
1 2 1 0.2 100
2 3 1 0.2 100
3 4 1 0.43 100
4 5 1 0.6 300
5 6 1 0.22 0
6 7 1 0.16 63
7 8 1 0.3 100
8 9 1 0.1 250
9 10 1 0.4 500
10 11 1 0.6 500
11 12 1 0.24 250
12 13 1 0.24 250
13 14 1 0.6 0
14 15 1 0.5 350
6 16 1 0.25 250
16 17 1 0.11 100
17 18 1 0.11 350
18 19 1 1 63
19 20 1 0.32 0
20 21 1 0.25 250
21 22 1 0.1 0
22 23 1 0.2 100
23 24 1 0.3 100
24 25 1 0.1 200
25 26 1 0.5 350
19 27 1 0.1 250
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27
20
22
30
14

28 1 0.43
29 1 0.25
30 1 0.1
31 1 0.15
32 1 0.2

550
200
250
100
313

* The conductor sizes are same as shown in Table E2 in Appendix-E
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Table G1 Line data and load data for 123-node radial power distribution network.

Appendix-G

SN RN Conductor Length of branch Connected
number in feet kVA load
1 2 4 100 10.5
2 3 4 400 9.4
3 4 9 175 8.5
3 5 9 250 16
5 6 9 200 55
5 7 9 325 10.9
7 8 9 250 12.6
3 9 4 300 40.25
9 10 4 200 10.9
10 11 9 225 12.5
10 12 9 225 19.5
12 13 9 425 28.4
13 14 9 250 14.7
13 15 9 250 18.5
10 16 4 300 17.5
16 17 9 150 19.2
17 18 9 100 16
18 19 9 350 18.5
18 20 9 100 120
16 21 8 825 60.5
21 22 9 250 18.5
22 23 9 325 117.3
21 24 9 300 56.45
24 25 9 525 55.9
24 26 9 250 40.7
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550
275
350
275
500
225
300
200
300
350
200
100
375
650
300
250
325
250
325
250
500
200
200
300
250
150
250
250
250
250
100

51.25
16.4
12
16.9
40.4
175
13,5
12
18.75

40
29.3
26.5
89.7
56.3
23.4
52.6
19.8

20

180
17.6
56
76.4
21.54
325
64.7
19.8
56
245
64
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58
59
60
61
60
63
64
63
66
66
68
69
70
71
67
73
74
75
76
73
78
79
80
78
82
83
84
84
86
87
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60
61
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400
200
125
275
275
350
250
250
750
100
250
175
350
425
325
350
200
275
325
275
275
275
350
400
200
400
100
225
475
475
250

75
18.2
24
32.5
32.4
71
41
17.4
24
56
34
56
17.4
19.5
12.5
56.7
54
60
20
40
60
18.7
63.9
92.4
194
80.2
46.4
16
29
28
25
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88
87
90
82
92
93
94
95
96
97
96
95
94
93
73
103
104
105
106
103
108
109
110
111
109
113
114
113
116
117
118

89
90
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92
93
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117
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250
675
475
700
450
275
225
225
300
200
275
300
225
175
250
275
550
300
800
100
250
225
325
700
275
225
575
325
450
300
575

15
40

65
36
54
12
16.8
45.6
47.9
23.5
69.4
56.7
49.7
69.4
18.7
54.2
56.4
85
120
110
12.8
39.6
15.76
39.4
235
89.5
45.8
79.4
63.4
12.7
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118 120 9 125 56.4
120 121 9 525 85.4
121 122 9 325 14.5
116 123 9 1000 12.4

Table G 2 The available conductor sizes in inventory for 123-node distribution network.

Cond. | Code | Resistance | Reactance | Diameter | Weight | Area | Current carrying

No. name Ohm/km | Ohm/km mm kg/km | mm? capacity Amp.
1 Lynx 0.1589 0.381 19.53 844 226.2 445
2 Wolf 0.1844 0.381 18.13 727 194.9 406
3 Tiger 0.2211 0.381 16.5 591 161.8 361
4 Dog 0.2745 0.381 14.15 394 118.5 312
5 Horse 0.365 0.381 13.95 537.3 | 116.2 241
6 Mink 0.456 0.381 10.98 255.3 | 73.71 218
7 Rabbit 0.5449 0.381 10.5 214 61.7 197
8 Squirrel 1.376 0.381 6.33 85 24.5 114
9 Mole 2.702 0.381 4.5 43 12.4 92
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