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ABSTRACT

In this thesis. a new techmgue tor power loss reduction i the distribution
networks 1s presented.  This technigue depends mainly on applyving compensating
capacitors at certun nodes on the system (sensitive nodes) to compensate for the
reactive current {low. These sensitive nodes are selected caretully. as they have the
largest ettect on the system loss reduction when they are injected with reactive power
from compensating capacitors. The number of these seasitive nodes is very small
compared to the number of the total system nodes. The seasitive node is selected by
first identifying the branch which has the largest losses due to reactive power. “Then,
the node therein which has the fargest reactive power is selected. The capacitor rating
is determined by difterentiating the system losses with respect to the load connected
to that node. The compensating capacitors are placed at these optimal locations with
appropriate VAR rating to achieve maximum benefits in dollar savings. This novel
technique has been applied to the small size (200MVA) distribution network of the
city of Kingston, Ontario, and to the medium size (560MVA) network of the city of
Windsor. Ontario. The amortized capital and labour costs of the capacitor instaltation
have been taken into account io calculate the net saving. Also, a method for
implementing the load variations throughout ti:e year is presented. The technique of
applying compensating capacitors has been combined with a method of reconfiguration

of the distribution system to reduce further the losses. The combination of the two



methods has been applied o the distribution networks of the cities of Windsor and
Kingston, Ontario, Canada. Significant savings have been obtained in both systems.
This work provides a loss reduction algorithm that is superior to any other known

technique.
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CHAPTER 1

INTRODUCTION

The rapidly escalating construction costs of electrical generating stations aul
the tuel used therein have focused attention on the need to reduce the power and
energy losses in transmission and distribution lines. Accordingly. there is interest in
methods that lead to energy savings and deferment of need for construction of new
tacilities.

[n Canada and generally throughout the developed industrialized countries. the
consumers of electrical energy are guaranteed a good quality of power, which meuns
within certain tolerance of voltage (+3%). frequency (£0.5%). with minimum
harmonics and with as short as possible interruption time. [t is important to continue
to make improvements in the distribution system to satisfy the load demand at a lower
cost. The main objective of this thesis is to suggest improved techniques of cost
effective reduction of the_g_islribution system losses,

1.1.Svstem Losses

- - Y, . . .
The amount of power losses in the electric distribution system and where they

largely occur in the system are of a great interest to the engineers in developing a rate



structure tor different classes of customers.

It is iecessary to supply additional energy over that required to sutisfy the load
to compensate for the losses in the system. The locations of these losses may be
found in the various components of the power system as follows:

[y Transmission system losses:

a) High voltage transtormer losses (the stepping-up transformer).

b) Transmission line losses.

¢) Substation transformer losses (the stepping-down transformer).

2) Distribution system losses:

a) Primary feeder and line equipment losses.

b) Distribution transformer losses.

¢) Secondary and service losses.

d) Meter losses.

Generally. loss reduction techniques on the transmission network are not as
effective as those on the distribution network. Hence. this thesis focuses only on the
reduction of power losses in distribution networks.
1.2.Distribution System Loss Reduction

In recent years, there has been a continuous need to accommodate higher loads
and overcome delays in the construction of new generating facilities arising from
environmental concerns and higher investment costs. Several methods of loss
reduction in distribution systems have been reported over the years [1-40] and these

will be critically reviewed in Chapter 2.
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There are three basic methods to reduce syvstem losses i the diswibeton
system.

The first method 15 to reduce the equivalent resistance of the svstem
conductors. The power loss in the conductor is given by R, where Uis the conductor
current. and R is its equivalent resistance.  Reducing the value of R results in o
proportional reduction in the power losses. This can be achieved by replacing the
small size conductors (overhead lines and underground cables) with o larger eross-
sectional area. as the resistance 1s inversely proportional to the cross-sectional area,
or by installing auxiliary conductors to work in parallel with the existing ones. so that
the equivalent resistance is reduced. Although this method could give a large toss
reduction. it is not cost effective. and it is not used unfess there is a special need. us
the cost of conductors and their installation are usually in excess of the cost of the
energy saved.

The second method to reduce the power and energy losses on distribution
systems is by system reconfiguration. Reconfiguration of the distribution system can
be used as a planning tool as well as a real-time control tool. Most of the distribution
systems are reconfigured radially |1]. and modifying the radial structure of the
distribution feeders from time to time. by changing the open/closed states ol the
switches to transter loads from one feeder to another, may significantly improve the
operating conditions of the overall system. Feeder reconfiguration allows the transter
of loads from heavily-loaded feeders to relatively lightly-loaded feeders and from
higher-resistance routes to lower- resistunce routes to obtain the least 'R, where the

r]
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resistance route is the total resistance trom the source o the load point. Such transters
are eftective not only in terms of altering the level of loads on the teeder being
switched. and reducing the losses. but also in improving the voltage profile along the
feeders and affecting reductions in the overall system power losses.  Studies and
experiments on feeder reconfiguration are ongoing in several utilities and the recent
publications retlecting these etforts are critically reviewed in Chapter 2.

The third method of power loss reduction in distribution systems is the
placement of compensating capacitors at specitic load nodes. The reactive power tlow
in power systemn produces losses. These losses can be kept to a minimum by applying
compensating capacitors in distribution points. to inject reactive power. and thus
compensate for the inductive load power. Using this method. the reactive power
flowing in the system conductors is reduced. and consequently the losses therefrom.
As the compensating capacitors atfect the losses due to the reactive power component.
their effect is more pronounced when the power system has a low power factor,
Additional advantages of the installation of capacitors include the boosting of voltage.
This is to provide the feeder with the prescribed voltage range within the maximum
and the minimum allowable values. respectively at light and heavy load conditions and
improving the power factor. The optimum size and location of the capacitor can be
determined on the basis of the maximum dollar savings in the energy loss and on the
peak power loss reduction [20-40] on the condition that the voltage limits are not
violated. The trend in recent years has been to install the capacitors in the primary
distribution feeders rather than in the substations. This trend has been due to both the
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availability of pole-mounted equipment and because it is more economical to place the
capacitor close to the reactive oads.

In this thesis only the last two methods for reducing the system losses are
considered. It will be shown that these two methods are very cost eltective especially
when they work consecutively.

1.3.Main Goals of the Thesis

The main objective of this thesis is to study the power and energy losses in the
distribution networks. to minimize the system losses using optimal feeder
reconfiguration with compensating capacitor placement to achieve maximum annual
dollar savings. The variations of the load during the day and for different scasons
throughout the year are considered. Three ditferent types of loads are considered
namely. commercial. residential and industrial. A mathematical model is implemented
and tested on several theoretical and real distribution systems, including the complete
distribution system of the cities of Windsor and Kingston in Ontarto.  Large dollar
savings per year are shown to result.

This thesis contains seven chapters. Chapter | introduces the thesis and
clarifies the goals and direction of the research work. Chapter 2 is a survey and a
critical review of the relevant previous work that has been published regarding the
loss reduction in distribution systems. In Chapter 3, the variations of the loads with
time during the day and throughout the year are considered, and typical chronological
load curves are shown. Chapter 4 explains the mathematical models used for
reconfiguring the feeders. Chapter 5 shows the new method presented in this thesis
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of capacitor application, the constraints that should not be violated and the tfinancial
requirement to gain the nighest dollar savings resulting from power and energy loss
reductions, Applications of this method are shown i Chapter 6. giving the results of
the toss reduction and the dollar savings. Chapter 7 presents the conclusions derived

from this study with the suggestions for future work.
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CHAPTER 2

REVIEW OF LITERATURE

2.1.Introduction

This chapter reviews the published literature on the reduction of the losses in
distribution feeders. It is divided into two sections: (1) the techniques of
recontiguration of the distribution network for attaining an optimal configuration with
minimum system losses, and (2) the application of compensating shunt capacitors to
reduce the teeder losses due to the reactive component of the current.

2.2.System Reconfiguration for Loss Reduction

Generally. electric distribution teeders are configured radially [1]. for etfective
coordination of their protective systems.

Distribution feeders contain switches some of which are normally closed and
others are normally open. In response to a fault. some of the normally closed switches
are opened in order to isolate the faulted network branch. At the same time. some of
the normally open switches are closed in order to transter part or afl of the isolated
branches to other feeders. All switches are restored to their normal positions after the

clearance of the fault [2].



Under normal operating conditions, distribution  engineers  periodically
recontigure the feeders by opening and closing switches (switching operation) in order
to increase the network reliability and/or reduce line losses. The resulting feeders
must remain radial and satisty all load requirements and voltage constraints.
Coordination of the protective scheme of the newly configured system is also
necessary to ensure that the reliability is maintained at the required level.

Many previous techniques [3- 18] tor system reconfiguration have been reported
to obtain loss reduction. The following section summarizes these ditferent
techniques.

2.2.1.Linear Programming

Linear programming methods have been used extensively for a number of years
by power system planners to minimize the capital costs of constructing new or
expanding existing power systems. The planner’s attempts include the calculation and
| reduction of the system losses 'R (where 1 is the current in and R the resistance of
the feeder). It is important to review the linear programming method to determine its
suitability for system reconfiguration. The linear programming method is a
mathematical optimization technique initiated by Dantzig in 1947 [3]. The problem

is formulated as

minimize

2
subject to Ax (2.1)
X

~oH
ob‘?

where Z is the cost function (objective function) which needs to be minimized. v is a
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vector that represents the variables such as currents. voltages. switeh status, ete., C s
a transposed vector which represents the coefficients of the variables in the cost
function. A is a coetticient matrix of the variables in the constraints equations and b
is a vector representing the constraint limits. The linear programming method is only
applied to the objective tunction with constraints all in the linear form. And when
linear programming is applied to reconfigure the system. for the purpose of reducing
the I'R losses, the objective function is no longer lincar and linear programming is not
valid unless a linearization technique is used. Even when a linearization wechnigue is
used. the calculation of the system losses is not accurate, and in order to increase the

accuracy. a piece-wise linear approximation of the cost factor has to be applied |3].

2.2.2.Heuristic Methods

Heuristic methods [4-7] are used mainly to reduce the large number of the
switching options available to a manageable level. These methods do not result in an
optimal solution, but they provide near-optimal results in a much shorter time. The
computational time is an important factor especially for large systems. But there is
a limitation for applying the heuristic methods to very large distribution systems where
the number of nodes is of the order of thousands. The number of switching options
is very large and using load tflow calculations is not only inefficient from the point of
view of computational time. but also not practical for real-time control.
Shirmohammadi and Hong [2] have presented a formula that evaluates the results of
closing a normally-open tie switch and opening a normally closed sectionalizing

switch for the purpose of power system loss reduction. Using this formula, the losses
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can be calculated atter each switching operation. The only data needed for this
method are the section resistance. nodal voltages. and the currents changed by each
switching operation. Using this approach. the avatlable number of options is reduced
to the number of normally open-tie switches plus the nuinber of possible switches to
be opened to maintain the system radiality. Using this heuristic method. the number
of computations and thus feeders reconfiguration. even tor a large system. becomes
more manageable [3].

2.2.3.Merlin and Back’s Method

The method proposed by Merlin and Back [4] depends mainly on opening the
link having the lowest current flow in the network, and then applying the Branch and
Bound procedure to reduce the system losses, They had constraints on the node
voltages and line currents.

The method of system reconfiguration can be summarized as:

1) Close all possible switches to form a weakly meshed network.

2) Calculate the DC load flow. The DC load flow is a load flow calculation but with
all sections represenied by only their resistances and loads are represented by constant
current loads,

3) Find the branch carrying the minimum current as determined by the DC load flow
and switch it OFF to disturb the network with the least amount of disturbance. and
then check the violation of voltage and currents. If the voltage or the current
anywhere in the network exceeds the permissible limits. that switch is turned ON. and

the next lowest current switch is opened.



d) This procedure is repeated until a radial contiguration is reached,
2.2.4.Power Flow

For the last two decades. the Newton-Raphson method and the tast-decoupled
power-flow solution techniques have solved the "well-behaved” power sysiem
etticiently [11]. The "well-behaved” power system means a reliable., fow voltage drop
and evenly loaded system. Many researchers  implemented commercial packages
based on the Newton-Raphson method and made some enhancement to solve the
problem when the system is not "well-behaved”. and the degree of the enhancement
varies tor difterent packages [11].

Other mathematical techniques are the Gauss and Gauss-Seidel methods,
Although these methods are etticient and robust for the small power system, it is not
recommended to use them for large power systems, as the convergence is very slow
(large number of iterations). or the system does not converge at all {11},

Shirmohammadi et al. [11] published a method for solving the load flow
equations. This method is based on breaking the interconnected grid at a number of
points (break points) in order to convert the weakly meshed network into a radial
network., The radial network is solved efticiently by the application of Kirchholt's
voltage and current laws (KVL and KCL). Then the current tlows at the break points
are taken into account by injecting currents at their two end nodes. The break point
currents are calculated using the multi-port compensation method [12.13]. The multi-
port compensation method is an iterative procedure based on calculating the
Thevenin equivalent impedance (break point impedance) and then the equi!alent
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Thevenin voltage is obtained. Using the equivalent Thevenin circuit. the incremental
break point current (change in break point current) and the break point current are
caleudated and updated. This procedure 1s repeated until a convergence s reached
(convergence is reached when the break point voltage is within the prescribed limiis).

The solution of the radial network with the additional current injections.
completes the solution of the weakly meshed network. The numerical efticiency of
the proposed compensation-based power flow method. however. diminishes as the
number of the break points required to convert the meshed network to a radial
configuration increases. This restricts the application of the method in practice to
weuakly meshed networks.

2.2.5.Distribution Feeder Deployment

For reconfiguring a distribution system, especially a large one. arranging the
system data in a suitable format is a critical step for runring the program with the
least time and least storage memory. Carlos et al. [I4] implemented a data base
method to represént the contiguration of the network, showing status of system
switches and ‘ad locations. This method is very useful for computer programs that
deal with power system behaviour and improvement such as system reconfiguration,
system planning, load tlow problem and compensating capacitor application. This
method depends on numbering the system sections and load points and identifying
every section by the two end load points. giving flags to the direction of the power

flow at every section.



2.2.6.0ther Svstem Reconfipuration Methods and Research

Wagner et al. |3] compared the linear programming and the heuristic methads
which are bused on optimal or near-optimal load tlow analysis, for the distribution
system reconfiguration. in order to minimize the system losses, They concluded that
the linear programming method in the form of a transportation algorithm is no
suitable for real time application to feeder reconfiguration whilst heuristic approaches
can provide substantial suvings if properly tformulated.

Glamocanin [15] tormulated a simple algorithm to ubtuin an optimal network
configuration based on solving the transshipment problem to reduce the distribution
system power losses. His method depends mainly on linearizing the power loss
function and considers the capacity limits for lines and substation transformers. Also,
the node voltages violation limits are included in the algorithm. One of the
advantages of Glamocanin's [15] algorithm is that the optimal configuration is
independent of the original contiguration.

Baran et al. [6] presented a general formulation and a solution method tor the
distribution system recontiguration for the purpose of loss reduction and load
balancing. They developed two approximate power flow methods with varying
degrees of accuracy to give conservative estimates of loss reduction. Their solution
employed a search over ditferent radial configurations created by considering branch
exchange type switches.

Nara et al. {16] optimally reduced the power system losses using a genetic
algorithm (GA) for system reconfiguration. A genetic algorithm is a search algorithm
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bused on the mechanics of natural selection and natural genetics. Nara et al. [16]
applied the GA to the loss reduction reconfiguration problem. and they expected the
GA would be a fast optimization technique when parallel computers are avatlable.

A feeder reconfiguration method is presented by Hsu et al. [17] for the purpose
of load balancing and power loss reduction under varying load conditions. The
method is based mainly on heuristics. but they also considered the coordination of the
protective devices.

Chen et al. [18] developed a systematic method to derive an optimal switching
plan to achieve energy loss minimization for short term and long term operation of
distribution systems.

Civanlar et al. [19] presented a computational {formula for the purpose of loss
minimization by system configuration. The method is based on selecting the best
option to transfer a load from a feeder to another. A normally open-tie switch is
closed and a normally closed sectionalizing switch is opened to attain system radiality.
To decide which switch is to be opened to gain loss reduction the voltages at the two
lend nodes of the normally opened switch should be calculated, and transferring loads
should not be from the lower voltage side to the higher voltage side. Using this
method, the ;'lhmber of switching options is limited to a workable value, and optimal
system configuration can be obtained very fast if the undesired options are expelled.

2.3.Capacitor Applications on Power Systems

With the growth in the size of power systems, research in the area of reactive
.
power compensation is needed as an alternative to installation of new generatiig
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plants. Many researchers have tackled this problem {20-41] but due to the increased
complexity of the power system. a cost effective and near optimum technique is
needed.

2.3.1.Neagle and Samson

Neagle and Samsen [20] have pioneered the application of compensating
capacitors on the distribution feeders for the purpose of minimizing the losses due to
the reactive power component. They concluded that the connection of a single
capacitor rated 2/3 of the total reactive load at the 2/3 of the total length of a
uniformly distributed load feeder. can reduce the losses due to the reactive power
component by 89%. They also derived a formula giving the optimal ratiz:z and
location of the compensating capacitors to obtain the maximum loss reduction for a
fixed load level on the distribution feeders.

Neagle and Samson [20] also discussed the optimal loss reduction on feeders
with uniformly distributed load, a uniformly decreasing load. and the loss reduction
when more than one capacitor is used. They included in their work the voltage profile
on the distribution feeder. They did not cover the operation ot feeders with varying
loads that are normally encountered in practice.

2.3.2.Compensating Capacitors with Varying Loads

Cook [21] commented that the traditional method of estimating the power loss
in the distribution network, which used the loss factor concept, was not accurate, The
loss factor, as defined by Cook [21], is the squared ratio of the root mean squared to

the maximum currents.
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LOSS ractor = (£=8)? (2.2)
rax

He gave a rigorous method for calculating the power and energy losses on the
distribution feeder using a single capacitor. He gave an example tor comparison. and
proved the correctness of his method which used the load factor. the ratio of the
average to the maximum currents. rather than the loss factor. Although Cook’s paper
considered the application of compensating capacitors. it did not deal with optimizing
the loss reduction.

Duran {22] got the optimal number, locations and sizing of the shunt capacitors
by implementing a cost function containing the number. locations and sizes of
compensating capacitors. He deduced his formula for specitic cases: i.e., when the
capacitor cost is not considered, when the capacitor cost is proportional to the installed
capacity and when the cost is proportional to installed capacity plus a fixed cost per
installed bank were considered.

Chang [23] suggested a computer model to calculate the power loss for any
number of radial distribution circuits. His model is used to calculate the losses in
every line section, loss reduction due to compensating capacitors. the losses in other
equipment such as transformers and voltage boosters, and the power losses at the peak
load.

Chang |24) discussed the application of the shunt capacitors for voitage control
and peak loss reduction. Although the power loss was reduced by this method. the
control of the feeder voltage could not be adjusted to the desired value. This program
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contains two main parts: (1) it caleulates the voltage protile of the feeder for both the
light and tull load conditions. and indicates it there is a voltage violation, and (M) it
determines the optimal ratings and locations of the fixed and switched capacitors for
improving the voluage profile. and tor maximum power loss reduction,

In addition. Chang 125} analyzed mathematically the applications of the shunt
capacitor tor loss reduction in distribution feeders. and derived generalized equations
for an optimum loss reduction. He presented the loss reduction results as i function
of compensating capacitors values.

Bae [26] derived the best., though not the optimal. loss reduction in distribution
feeders to suit the variations in the load levels, by obtaining the best location of a
single capacitor and using the best capacitor rating. He got about 80% loss reduction
at the peak load. He also minimized the yearly energy loss.

Bae based his idea on three consequent steps: first. he obtained the optimal
location of the compensating capacitor and the corresponding loss reduction for the
fixed load level condition, exactly as Neagle and Samson {20] did. The second step
was to develop an equation for the best location of the compensating capacitor and the
loss reduction for varying load level condition. To develop such an equation, Bue
based his method on minimizing the difference between two optimal loss reduction
values. The first one is the optimal loss reduction where the capacitor banks are
optimally relocated at every new compensation range, and the second is the optimal
loss reduction under fixed bank location condition.

Schmill [27] derived an equation for calculating the optimal locations, ratings
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of the fixed compensating cupacitors, and timing of the switched capacitars for
abtaining the optimal loss reduction condition on the distribution feeders. His study
was for a uniformly loaded distribution feeder. but with eight cases of distribution
operations.  These cight cases included deriving loss equations on a upiform
distribution feeder with a uniform resistivity without. and then with a different
numbers of optimally located compensating capacitors. Also, he included in his cases
the tixed and switching capacitor combination with considering the switching time to
gain maximum loss reduction when the system was subjected to load variations.
Finally, he provided a group of equations for loss reduction on a non-uniform
distribution teeder with discrete loads using an optimally located compensating
capacitor.

Fawzi et al. (28] implemented a dynamic programming technique to obtain the
optimal number. locations and ratings of the compensating capacitors on a uniformly
distributed load feeder. when there is an excess of the load at certain load points.
They studied the application of the capacitors on a system already having a group of
capacitors, and subjected to load increase.

Salama et al. [29,30] described the method of controlling the reactive power,
necessary for reducing the total power loss on the distribution feeders. They
considered the fixed. and then the variable load level conditions, but with end load.
and obtained the equations of the loss reduction using a single capacitor. They
calculated the energy loss in the feeder and the energy saving using the method
suggested by Cook [21]. They studied the effect of the end load growth on the energy

loss. and on the location and rating of the compensating capacitor.
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Amer et al. [31] suggested a dynamic reactive power compensator, using i
fixed capacitor. an inductor and two silicon controlied rectitiers (SCRs) to control the
reactive power injected to the distribution feeder by changing the tiring angle of the
SCRs.

Following Amer et al. {31]. Keene et al. [32], described a method o0 control
the reactive power to obtain maximum loss reduction on the feeder using a
microprocessor. Using the microprocessor, a certain value of tiring pulses are injected
to the SCR group to adjust the equivalent compensator susceptance in order to obtain
the maximum loss reduction for any load level. Also, they studied the harmonics of
the compensation power. and concluded that the fundamenta! component has a very
large effect on the loss reduction compared to the upper harmonics. Keene et al.'s
[32] work stopped at the design and analysis of the dynamic compensator, but they did
not apply the method to a power system.

As a general application of Amer's [31] and Keene's |32] work, Kearley et ul.
[33] applied the dynamic compensation on a real-time closed loop system. A data
acquisition system is logged to a power system model to read the reactive component
of the load current. Then using the 2/3 rule given by Neagle and Samson {20)), the
optimal level of compensation is calculated, and is injected to the power system to
perform the optimal loss reduction on the feeder at every change in the load level.

Grainger and Lee [34] solved the problem of minimizing the losses on the
distribution feeders. They presented a generalized method to find the optimal size and
locations of the compensating capacitors using the equal area criterion.
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Grainger et al. [35]. presented a4 new scheme for continuously controllable
capacitive compensation for a primary disuwibution feeder. They studied the peak
power loss, the energy loss and the cost of the compensating capacitors.

Grainger and Civanlar |36} reported on the maximization of the loss reduction
in a distribution system having lateral branches (tree structure) using a group of
switched and fixed capacitors, Also they suggested a direct approach to solve the
problem,

Nayer and Kuppurajulu [37.38] applied a non-linear programming technique
and a voltage correction method to minimize the use of the reactive power in
distribution feeders. They minimized the use of capacitors by dividing the year into
subdivisions, the day into intervals. assumed that the load is constant during each
interval, and used the transformer tap setting for the voltage control {38).

Salama and Chikhani [39] presented a simplitied method tor reducing the
power distribution system losses and for voltage regulation, using a group of optimally
located compensating capacitors. They applied the method to a multi-lateral
distribution system, with lumped loads. Their results included the voltage profile at
the main feeder with capacitors, without capacitors and with a combination of
capacitors and voltage regulators.

Bishop and Lee [40] applied a commercial package, CADPAD®, (Computer
Aided Distribution Planning And Design) to a real network in Pennsylvania for the
purpose of replacing the PCB-filled capacitors with non-PCB insulating fluid
capacitors. They studied the loss reduction and voltage profile improvement. Their
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method was based on the 2/3 rule given by Neagle and Samson [20] to have an initial
solution, and then they studied all possible combinations of capacitors to reach o

minimum loss condition.

2.4.Loss Reduction by Reconfiguration and Capacitor Placement

A recent work has been published by Lee and Brooks [41] dealing with the
continuous system reconfiguration of switches and capacitors with Automated
Distribution Control. Lee and Brooks suggested a scheme for reconfiguration and
capacitor application. and it can be summarized in six steps:

l. Determine the losses of the existing system.
2. Remove capacitors and optimally reconfigure the system,

3. Determine losses of the recontigured system.

N

. Apply capacitors to the reconfigured system.

Lh

. Pertorm final load flow analysis to determine losses.

o

. Tabulate and compare system load and loss results,

Also Lee and Brooks included the load variations during the year in the
calculation by dividing the year into a finite number of periods assuming the load is
constant during each of them. They used a program named Constrained Multi-Feeder
(CMF) for the system reconfiguration, but they did not show the mathematical
algorithm of the program or even a reference to it. Also they used a capacitor
application technique based on installing a pre-estimated number of capacitors at each
feeder in the network. Lee and Brooks’s technique for capacitor application depends
on changing the physical locations of the capacitors to have minimal losses whenever

the load changes.
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CHAPTER 3

LOAD VARIATIONS

3.1.1ntroduction

One of the most important factors that affect the energy loss calculation in
power distribution systems is the load variation with time. Since the customer of
electric power switches the power otf when the appliance is not in use. the power
system is subjected to changes in the load level. Changes in the load level result in
fluctuations within the maximum and minimum values and during a defined interval
of time (a day. a week, etc.).

Load variations depend mainly on two factors:
|-The usage by the customer of the power. Usually the customer’s consumption of
the power depends on the type of load (residential, commercial or industrial), and on
the time when the power is used (day or night, weekday or weekend and winter or
summer). For example, the customer uses an air conditioner in summer day time
more than at night, while heating is used in winter nights more than at day time. All
these factors affect the load level and the load profile. and must be considered in the

load prediction.
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2-The combination of the load. Generally, the maximum power capacity tlowing in
a cable teeding a group of customers is less than the summation of the individual
maxima of the power used by the customers. This is because the probability of having
individual maximum loads at the same moment is very small. and this probability is
getting smaller when the number ot individual customers is larger,

3.2.Load Data lmplementation

Many classical [20. 21, 29, 30] and modern methods |3, 32, 33, 41| for foad
implementation and prediction of the load variations have been reported during the last
three decades. This sectton is a critical review of these methods as to their suitability
for loss reduction in distribution feeders.

3.2.1.Peak Load Consideration

Neagle and Samson (20} assumed the load without variations, and implemented
their formulation using the peak value of the load., Although the method given by
Neagle and Samson for loss reduction gives 89% loss reduction at the peak load. it
may lead to an increase in the total losses when the load level goes down.

The formula given by Neagle and Samson [20] for loss reduction in a
uniformly loaded distribution feeder using a single compensating capacitor located at

the optimal location on the basis of the peak load value is

ckva ckva
3 o - 2 -g-——2=22)1 3.1
PE‘R CENT LOSS REDUCTION = 3a XVAR {(2-a kVAR} 100% ( )

where a is the normalized distance to the capacitor from the source, with an
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optimal value of 2/3 of the total length of the feeder when the load is at peak value.
As it is not suitable to move the capacitor along the feeder when the load varies, the
capacitor stays at that optimal position. The value ckVA s the rated reactive power
supplied by the capacitor when the reactive power of the load is AVAR. At the optimal
conditions the ratio ckVA/AVAR 1s 2/3. If the load drops to 50% while the fixed
capacitor is at the sume location. then the loss reduction is zero. If the load decreases
to below 50% of the peak value, the loss will increase. This means that the
representation of the load protile as a constant load is not sultable for loss reduction,

3.2.2.Using the Loss and Load Factors

Chang [23] calculated the system energy loss by estimating a loss factor, and

the energy loss is calculated using the following equation:

EL = (L) (F.5) (8760) (3.2)

where EL is the annual energy loss during 8760 hours per year, F ¢ is the estimated
loss tactor. and L is the power loss at the peak load.
Cook |21] defined the loss factor in terms of the current,

T
Loss Factor = 1[(Zlt)2q¢ (3.3)
Ty I,

max
where T is the time period during which the energy is used, and i(t} is the current as
a function of time. Cook [21] gave a numerical example to show that the use of the
loss factor for calculating the loss reduction by a direct multiplication of the energy
loss reduction times the loss factor is not an approximation. but it is an error and

should not be used.
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Then he presented a formula to caleulate the energy loss reduction arising from using

compensating capacitors on a uniformly distributed teeder as:

AKWH = 8,/60R(21 , I .LF-1") (3.4)
where
AKWH = loss reduction attorded by a shunt capacitor.
[ = maximum reactive load current without a capacitor.
.= Capacitor current.
LF = reactive load factor (ratio between average yearly reactive load curremnt
to maximum reactive load current).
R = line resistance.

Salama et al. [29] and Chang [25] treated the load variation problem by
considering the peak load throughout the year, and the load factor F, . as detined by
Cook [21], and then they estimated the loss factor L, ,,q: from the equation that was

presented by Chang [25] as follows:

Ligsp = 0.3F4+0.7 (F ) ? (3.5)

The energy loss reduction was obtained by multiplying the peak power loss
reduction times the loss factor.

This last method is more accurate than Neagle and Samson [20], but it did nt
give an accurate estimate of the energy loss reduction as the loss factor estimate
depends on only two tactors (peak load and load factor) so it can not represent the
load variation accurately.
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3.2.3.Time Period Method

A more accurate method tor estimating the load variations depends mainiy on

dividing the year into a finite number ot time intervals (periods). with an assumy tion
that the load is constant within each of these intervals {3.41]. That constant load at
cach period can be obtained by one of two methods:
|- Load is measured every time sub-intervai within the period (e.g. 15 minutes {41]).
and an average value of the measured data is calculated to represent every time period
by a constant load. But this method is very difficult as it is hard to measure all the
variations of the loads at all the load nodes during the year at interval ot 15 minutes
especially for large systems, also it would be difticult to store these huge data.
2- The load at every time period is estimated, for many load types. by multiplying the
maximum load throughout the year by a certain factor. These tactors are implemented
on the basis of (a) assumption regarding existing load curves, (b) experierice of system
planning engineers and {c) existing recent publications [3. 41].

These assumptions and recommendations can be summarized in the following
points:

1- Load protiles for industrial loads are almost the same all over the year and are
independent of the season. because air conditioning load in summer and heating load
in winter represent a marginal portion of the total load. Thus the winter industrial
load profile can be used for summer, spring and fall seasons.

2- The fluctuations of the industrial load during the day are within a range of 80-90%.
in other words. the ratio of the minimum to the maxinium of thé industrial load during
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the vear lies between R0-90¢ .

3- The ratio of the peak industrial load at weekend to that of the weekday is 635 w0
T0%.

4- Residential load profile is almost the same as the commercial load one, as they use
the same type of toads of air conditioning. heating and lighting at the same time of the
year. so they can be considered as one type of load.

5- The spring and fall seasons have the same profile for the residential and
commercial foad. so they can be considered as one season,

6- The residential and commercial load demand for spring/fall season is about 75%
of the winter demand, with the same profile.

7- The maximum and minimum load of the winter for the residential and commercial
load are approximately equal to those of the summer. with a difference that the
summer air conditioning load is more significant during the day time, but the winter
heating load is more prominent at night [3].

In the present work the load variation data is based on method 2 mentioned
above. Factors thus obtained were cénsidered to be reasonable by engineers of the
Wirlidsor Utilities Commission.

Figure (3.1) shows an example of a nor_mulized load profile in the city of
Kingston, Ontario [3] for a winter weekday fndustrial. weekday residential and a
winter weekend residential loads. Figure (3.2) shows another example for a residential

load throughout the year for a Pennsylvania Power and Light (PP&L) feeder |41].

27



o

(=4
®

~

=)
Iy

NORMALIZED LOAD CURRENT
o

0"_.;5:.:

8192021222324

\

WINTER-WEEKDAY-RESIDENTIAL

-
L

0. % -/\ \ /"\ }/
V

WINTER-WEEKDAY-INDUSTRIAL

01234567 89101112131415161718192021222324

01234567 89101112131415161718192021222324
TIME (hours)

Fig.(3.1) Example of load variations for the City of Kingston.



0 2 4 6 8 10 12 14 16 18 20 2 24 0 2 4 6 B 10 $2 14 16 18 20 2 24
TIME (hours) TIME (hours)

CURRENT Amp
&
St
/
CURRENT Amp
u

100 il 100

0 2 4 8 B 10 12 14 168 18 20 2 24 D 2 4 6 B 10 12 14 %6 18 20 22 24
TIME (hours) TIME (hours)

0 2 4 6 8 10 12 14 16 18 20 22 24 G 2 4 6 D 10 12 14 168 18 20 2 24
TIME {hours) . TIME (howrs)

Fig.(3.2) Example of load curves for the PP&L. Pennsylvania

.
(V)



3.3.Model of Load Variations

Usually the load variations throughout the year are not known at every distribution
feeder and at every load point (node; to the power utility. Measurements are taken
of the power variation only in selected locations and often the distribution engineers
are primarily interested in the maximum power levels which are measured in all
feeders and in all load points. Hence. a model is required to predict the load levels
throughout the year in all feeders and in all load points from the measured values of
the maximum power in each node on the feeder.

A study conducted by the Pennsylvania Power and Light Co. monitored loads
on eight distribution feeders for a period of one year {41]. By examining the recorded
data, it has been determined that in order to model the load changes on a distribution
system over a one year period. the year can be divided into three seasons: winter.

summer and spring/fall. The months of the year are assigned to three seasons as

tfollows:

Summer :June, July and August.

Winter :December, January and February.

Spring/Fall :March, April, May, Septembef. October and November.

In other parts of the United States and Canada some alteration in the season length
is necessary to accommodate the variation of the load but the guiding principle
remains the same.

Loads tend to follow the same patterns for each of these ‘three season periods.
Daily load profiles within each season will differ according to whether it is a weekday
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or a weekend/holiday. Daily load profiles will also vary depending on the tvpe ol the
load: residential, commercial or industiial. The daily Toad will also vary aceording o
the time of the day: peak period (07:31 to 22:30) and off-peak period (22:31 to 07:30
the next day). The system loads are considered to be constant during each time
interval [3}.

[t has been suggested [41] that the year can be divided into 12 periods to
accommodate the load variations due to the seasons (summer, winter and tall/spring),
the week (weekday and weekend). and the daily load level (peak load period, and off-
peak load period). The method used to render the highest financial return is as

tollows:

Denoting the time for each period as T, so that:

E 'I‘p = 8,760 hours (3.6)
p=1

where 8.760=24 h x 365 days is the total number of hours per year, and p the number
of periods which varies from | to 12.

J.4.Implementation of the L.oad Variation System Data

It is necessary to know the load variation data during the yeur in order to obtain
a cost effective co.apensation of the reactive power. Although the method proposed
here to forecast the power load during the year gives an approximate estimate of the
projected load. the data obtained are close to that used by the Windsor Utilities
Commission (W.U.C.). and agree with existing recent publications [40), 41].

The proposed method essentially follows these steps:



I. As the maximum load at each node is known only at a specific period (measured
by the power utility). the average load at each of these nodes can be calculated by
assuming load factors h, where s takes the value | for the loads residential and
commercial and 2 tor industrial. and p takes the values 1 to 12 for the different
periods. h,, depends on the specific period and the type of load (residential.
commercial and industrial) and is obtained from the available data of the maximum
and the minimum of powers which permit calculation of the average power. h, is
therefore the ratio of the average to the maximum powers in each period.
2. For the periods in which the data of the power levels are not available, these are
calculated using factor ratios f, , ot the maximum load at each period (which we want
to tind). to the overall maximum power for those periods (in which the datu are
available). These factor ratios have been suggested by the local power utility and are
based on their practical experience.

The factor ratio g, used in this study to obtain the average power in each period

is calculated using the tollowing relationship and is summarized below:

Fep = Lsp " B p (3.7)

To obtain the average power at any period the maximum power measured by the
power utility is multiplied by g, , to yield the average in that period. These factors are
listed below.

Periods 1 to 12 are defined below for the different types ot loads.
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1. For residential and commercial loads

I- Winter, Weekday. High load tor day,

2- Winter. Weekday, Low load tor day.

3- Winter. Weekend. High load for day.

4. Winter. Weekend, Low load for day.

3- Fall/Spring. Weekday, High lcad for day.
6- Fall/Spring. Weekday, Low [oad for day.
7- Fall/Spring. Weekend. High load for day.
8- Full/Spring. Weekend. Low load for day.
Y- Summer. Weekday. High load for day.
[0)-Summer, Weekday. Low load for day,

I [-Summer, Weekend. High load for day.
12-Surmner. Weekend. Low load for day.

2.For industrial load

I- Winter. Weekday. High load for day,
2- Winter. Weekday. Low load for day.
3- Winter. Weekend, High load for day.
4- Winter, Weekend. Low load for day.
5- Fall/Spring. Weekday. High load tor day.
6- Fall/Spring. Weekday. Low load for day.
7- Fall/Spring. Weekend. High load tor day,

8- Fall/Spring. Weekend. Low load for day.

g w=92%
g,,=07%

2, 2=72%

:,=92%
£,,=80%
22:=05%
2, ,=00%

W, =V2G

s
2, =80%
£27=65%

2,,=60%

()

[



Y- Summer. Weekday. High load for day, o, ,=Y2%

10-Summer. Weekday. Low  load tor day. s 1 =80%
[ 1-Summer, Weekend. High load for day. 2., =05%
[ 2-Summer, Weekend, Low load for day. g, .=060%

When a feeder has mixed loads of say residential and industrial. the proportions
ot each type is taken into account when calculating g

& o

Using this relatively simple method. large data tiles for the whole system are
obtatned.

If the actual data of the load profiles are available say to the engineers of
relatively laree power utilities then they can be employed directly. However. most of
the smaller utilities are unable to obtain their profiles in all feeders and in all nodes

and these factors are thought to be useful to them.

[
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CHAPTER 4

DISTRIBUTION SYSTEM RECONFIGURATION

4.1.Introduction

Most of the distribution systems are reconfigured radially | 1 ]. because the radial
system turnishes a better protective scheme than any other system of distribution,
against faults. Usually the power distribution system has switches that are used for
diverting some of the loads to other feeders in the events of a fault. Diverting of
loads also occurs to make a balance between heavily loaded feeders and lightly Joaded
feeders. Also these switches are very important for sectionalizing the distribution
feeder for a proper protective scheme. These switches can be used to improve the
efficiency of the distribution system by optimizing the path with a minimum resistive
route from the substation to the customer load point.

This chapter shows the methods used for reconfiguring the distribution systems
with all the assumptions and the mathematical models for the purpose of minimizing
the power losses on the distributicn: feeders. The main goal of the distribution system
reconfiguration is to find the optimal distribution scheme that gives minimum losses

and satisfies all system constraints such as node voltages and line currents.



4.2.Mathematical Techniques

Many mathematical methods have been employed for the purpose of optimal
reconfiguration of the distribution systems in order to minimize the feeders losses {2-
[19]. The next section is a summary of these methods.

4.,2.1.Linear Programming Method

The linear programming method has been used for more than forty years as an
optimization technique for system planning. transmission and distribution costs, etc.
The general formula of a linear programming problem is a cost function needs to be
minimized or maximized within certain limits described by system constraints. This

can be written in 2 mathematical form as

7 = CX +CXyk. . +C X, = ?’CJXJ. (4.1)
=1

where Z is the cost function to be minimized or maximized and the X* are the
variables affecting that function, G are constants coefficients to describe the
proportionality of the cost function to the variables and » is the number of these
variables. The limitations of the optimization technique are specified by the constraint

equations, so that

igaijxisbj ’ j=1,2,..,m (4-2)

where b; is the limit for j constraint, and a; is the proportionality factor of the

variable X; in the equation of the j* constraint, while m is the number of constraints
limits.
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Experience in linear programming shows that the solution of the problem is an
intersection point (vertex) of the constraint eyuations.

As the loss equation 18 not finear and is proportional to the squared value of
the current (I°'R). the linear programming technique is not suitable for loss
minimization unless it is modified with some assumptions such as the linearization
technique.

4.2.2.Linearization Technique

One of the linearization techniques used tor linear programming approximation
is the step-wise method. Here the non-linear cost function describing the system
losses can be divided into ranges (Fig.(4.1)) [3]. For each range. an approximation
is used to consider the cost function linear, and the proportional coetticient C, is the
slope of the straight line joining the two ends of the function. By increasing the
number of ranges. the accuracy of calculation is enhanced. but the computational time
also increases. Although this method gives a near optimal result. the calculation of

the losses is not accurate [3].

4.3.Heuristic Method

Heuristic methods have been proposed [2-7|for finding the optimal or near
optimal solution with fast computational time. Usually the heuristic technique requires
a fewer number of iterations compared to any analytical method. One of the heuristic
methods to reach an optimal configuration for minimizing system losses was proposed
by Wagner et al. [3]. They considered all the possible switching options that may lead
to a reduction in losses.-calculated the losses and determined which option leads to
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minimum losses,  Switching option means closing a normally open e switch and
opening a normally closed sectionalizing switch 10 restore the radiahity of the
distribution. system.  Figure (4.2) ilfustrates a flow chart to demonstrate this metho.

Wagner et al. |3] based their method on results given by Civantar et al. [19].
These results show that the switching options that may lead to reduction in the system
losses can be reduced to a workable number after disregarding those options that may
lead to an excess in the system losses. lead to voltage limit violation, current excess
or customer outages. Therefore the proper switching options can be predicted before
calculating the losses. This can be performed by calculating the system voltages., and
then the open switches with negligible voltage differences across are disregarded trom
switching options because closing these switches does not lead to a reduction in the
losses [19]. Then, to obtain a reduction in the system losses the switches having large
voltage difference are considered. Then, the transfer of the loads should be from the
low voltage side of the switch to the higher voltage side. This means that the two
voltage drops trom the substation to the open switch ends are calculated and it is
necessary to transfer loads from the higher voltage drop side to the lower voltage drop
side. Using this technique the number of considered switching options is reduced,
Although this method gives good results for system reconfiguration it is still difficult
regarding the large number of switching options considered and the optimal solution
is not guaranteed to be reached especially for a very large system where the number
ot nodes is of the order of thousands. Also a drawback of this method is that the final
solution depends mainly on the original configuration. A better and faster method

used for system reconfiguration is the optimal load flow method.
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4.4.0ptimal 1Load Flow Method

The method used in this thesis for reconfiguration is proposed by Merlin and
Buck [4] and then moditied by Shirmohammadi and Hong [2]. with an additonal
subroutine by Wagner et al. [3] to ensure that no voltuge or current violation exists
during the switching operation. This method is based on o heuristic technique that can
reach convergence in a few iteraticiis which is very important in regard to the
computational time {2-7].

Figure (4.3) shows a flow chart explaining the method proposed by Merlin and
Back [4] for recontiguration of distribution systems. The first step in this method is
to read the system data. These data include static data such as number of sections,
number of nodes. number of feeders, section resistances and reactances and dynamic
data such as system configuration, switch table, node voltage and nodal load power
components (active and reactive). The next step in this method is to close all the
normally open switches to form a weakly meshed network and to perform an AC load
flow. This step is important to represent the loads as constant power loads therefore
the load currents vary with voltage variations, and this is needed for the convergence
determination at the end of calculations. The next step is to apply the optimal load
flow technique to the weakly meshed network. The optimal load flow technique is the
same as the AC load flow except that the feeder section reactances are set to zeros.
To reach a radial system, some of the switches should be opened, and this can be done
in steps by opening the switch carrying the lowest current as determined by the
optimal load flow technique. If the voltage or the current limits at any part of the
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network. is violated due to the opening that particular switch. then this particular
switch is closed and the switch carrying the next lowest current is vpened.  This
procedure is repeated until radial configuration is reached. This vadial contiguration
ts the optimal configuration regarding to the system losses tor a certain load level and
static system data.

4.4.1.Load Flow Analvsis

For a large system. where the number of nodes is in the order of thousands.
computation time is important and system reconfiguration techniques require an
efficient load tlow calculation algorithm. Shirmohammadi et al. [ 11] presented a fast
and robust load flow algorithm for a radial system. and they suggested some
modifications to use the same algorithm for a weakly meshed network. The weakly
meshed network is a radial network containing only a few number of closed loops.
The first step in this algorithm is to number the radial system branches and nodes.
The numbering technique divides the network into layers (Fig.(4.4)). and gives a
number to each section in a layer before the next layer is reached. Then each section
L is identified by two end numbers (L, L,). and the number of the end closer to the
power source is smaller than the other end number. The next step in the load flow

algorithm is to calculate the current at each node using the tollowing equation [11]:

Sy

(o =
I ( Vi“"”

A ALY i=1,2,...,n0 {4.3)

where V/*'is the voltage at node { in the (k-1)" iteration and S, is the apparent power
at node i. Y; is the summation of the total admittances at node i. Then the current at
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every section is caleulated using the backward sweep (Equation (4.0, The backward
sweep starts from the farthest section from the source and works back towards the

SOUree.

J. R = 1. %+ ¥(all currents eminating from L) (4.4)

where J,*

is the current flowing at section L at the & iteration, /. is the load current
at node L, where node L, is the downstream end of section L. Then the voliage

each node can be calculated by forward substitution in the equation:
v. k= th _ z,J. K (4.5)

where Z, is the series impedance of section L. while L, and L, are the two end nodes
of the section L. This procedure is repeated until convergence is reached.
Convergence can be determined by the power mismatch. The injected power at cach
iteration can be calculated from the tollowing equation:

S, =y k(e Ly k|2 (4.6)

and the power component mismatch can be calculated as:

APi‘k) Re[S‘i”ﬂ - Sl]
AQ,'W = Im[S,0 - §,] (4.7)
i=1,2,...,n

where P and Q are the real and imaginary power components. When the values of
AP* and AQ™ are less than a permissible tolerance, convergence is reached and
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calculations stop.

This method {11} can be applied to 2 weakly-meshed network by opening these
loops at certain points (break points) to form a radial system. The procedure is
continued as before with an addition that the break point can be considered as two
ends of an open switch. with a current injection at each end. and it this current
injection can be calculated the radial load tflow analysis can be followed. To find the
breauk point injected currents, the Thevenin’s equivalent impedance is determined for
each break point. This is done by injecting a unit current at each of the break points
and the volitage across the two ends of the break point is calculated using the radial
load flow analysis. The break point currents are set initially to zero, and the

incremental changes in these currents are calculated trom
AJl = [z] =1y k) {4.8)

where AS*' is the incremental change in the break point current at the &* iteration. V¥
is a vector representing the break point voltages at the K iteration, [Z] is the
eguivalent impedance matrix at the break points and k is the iteration number, [Z]’
is the inverse of the matrix [Z]. When the incremental currents are obtained. the

break point current J is updated by adding the incremental value to the previous value.

TN otk 4 A Tl (4.9)

This procedure is repeated until convergence is reached. Convergence is
determined when the break point voltages are zero, or less than a permissible

toierance.

Figure (4.5) shows a tflow chart describing the method of load flow [11].
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4.5.Example of System Reconfiguration

As a model application of the Merlin and Back method, a three teeder system
is shown in Fig.(4.6) The three feeder system has 13 load points. 3 normally open tie
switches and 13 normally closed sectionalizing switches. Table (4.1) shows the data
for the three teeder system [19]. This data with the switch table shown in Table (4.2)
represent the static and dynamic data.

Table (4.2) shows 12 columns to represent the original configuration of the
three feeder system. and this method of arranging the data was proposed by Castro
[ 14].

* Column [ 1s a serial number to identity every switch.

* Column 2 is | or O depending on whether the switch is connected directly to the
substation or not respectively.

* Column 3 shows the original situation ot the switch either open (0), or closed (1).

* Column 4 shows the updated switch status,

* Column § is a one end node of the switch.

* Columns 6. 7 and 8 are all switches connected to that node in Column 5.

* Column Y is the other end node of the switch.

* Columns 10, 11 and 12 are all the switches connected to the other end node in
Column 9.

Many switching options and many radial configuration can be obtained from
the three feeder system shown in Fig. (4.6). but the configuration that leads to
minimum losses is to close the normally open switches 5 and [ 1. and open switches
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7 and 9. and this result is obtained either by regular trials, vr by applyving the proposed

method.
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Table (4.1} Data tor the Three Feeder Distribution Svsten.

Bus Section Section End Bus { End Bus End Bus Eml Bus
w Resistance | Reawtance Lounk Loud Capacitor | Volge (2.0
Bus tP.h (P.Lh {MW) MVARY | (MVARY
14 0073 0.1 20 1.0 (W 2 0370
4-5 (.08 il 30 L5 1.1 QU882 1544
+-6 HEYS) 008 2.0 0N 1.2 DYROL_AVLGMNT
6-7 044 0.4+ 1.5 1.2 OMR5Z -10.704
2-8 00 (.1} 40 2.7 DYTULTHS
89 (.08 011 hK)) 30 P2 0971 £L-1.451
3-10 il 0.11 1.0 04 NOT7 20,770
Y-11 0.11 01t 0.6 0.1 (.6 OMT71L-1.525
Y-i2 008 011 4.5 2.0 17 VR P PR RT3
3-13 (.11 A 1.0 XY UL 0,332
13-14 0w 0.12 1.0 0.7 [ YV 0459
13-15 008 0,11 K 1A% Y92 £ -10.524
13-16 0.4 (L 21 1.0 1.8 QO £L-0.590
3-N 0.0 004
10-14 04 004
7-16 0.0 0.12

WA
—
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CHAPTER 5

CAPACITOR APPLICATIONS

5.1.Introduction

Several methods of loss reduction in distribution systems using capacitors to
compensate tor the reactive power have been reported over the years [20-41]. But
most of these methods have been applied to systems having very special features, such
as uniformly distributed load feeders. uniformly sized feeders or simple feeders
without any branches or laterals. In recent years there has been an urgency to increase
the efficiency of power systems in order to accommodate higher loads and overcome
delays in the construction of new generating facilities arising from environmentat
concerns and high investment costs.

5.1.1.The Uses of Capacitors

The use of compensating capacitors in the distribution systems has many well-
known benefits for system performance improvement:
a. The capacitor improves the power factor of the distribution system as it can provide
the network with more reactive power to compensate for the inductive reactive power
drawn from the utility by the inductive loads. Improving the power fuctor is important

for the generating plant stability, and there is less probability of magnetic field



saturation in the generators,

b. The capacitor results in a reduction of the power system losses as the reactive
current in the system feeders is reduced by the amount injected to the sy tem via the
compensiting capacitors {the compensating capacitor can be considered as a pure
leading power tuctor reactive load as the equivalent in phase load is negligible, and
usuaily there is a discharging parallel resistor to reduce the capacitor voltage to 50
volts in one minute as it is recommended by National Electrical Satety Codes NESC).
This leads to an increase in the current carrying capacity (Ampacity) of the
distribution network. and more power can be sent without upgrading the protective
equipment.

¢. As a result of benefits {(a) and (b). when the flowing current is reduced. the voltage
profile on the distribution system is improved without changing the transformer taps.
Improving the voltage with a compensating capacitor gives a better protile than with
transtormer tap changing. The latter raises the voltage everywhere by a certain
percentage that may lead to an excess of the maximum allowable limit of the voltage
at the customers close to the transformer. Improving the voltage using compensating
capacitors can lead to tlattening the profile to almost uniformly distributed voltage
along the distribution teeder.

This thesis focuses on improvement of the power systeni loss reduction, with
the voltage profile as a limiting constraint that should not be violated. The Canadian
Standard Specifications state that the voltage on the distributioa system should not
exceed £5% of the nominal value.
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5.2.Capacitor Application

In this thesis, a novel technigue for application of compensating capacitors is
presented. The proposed method identifies the seasitive nodes which have a very large
impact on reducing the losses in the distribution systems. The sensitive nodes are very
small in number compared to the total rumber of the load nodes. The method s
relatively fast, very effective and gives a considerable saving both in energy and in
net dollars when the amortized costs of the capacitors with accessories and their
instatlations are taken into account.

5.2.1.Numbering Technigque

In this method. it is suggested that every section is given a number in the
distribution network. so that the number increases with the section goes tarther from
the substation [2].  Also the nodes are numbered in the same way as the lower
numbers are given to the nodes closer to the substation and the higher numbers 1o the
nodes farther from the substation. This arrangement is necessary for implementing a
data base file and to determine the direction of the load tlow, when a load flow
solution is carried out. To simplify the understanding of the number techniyue. the
network is divided into layers starting from the substation. The numbering starts from
the substation until the whole layer is completed; the numbering then continues with
the next layer. until the entire network is completely numbered.

5.2.2.Capacitor Application Algorithm

The total power loss P, in a distribution system can be obtained by udding the

losses at all the system sections:
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p = £1ir, = S (I3r ~Thr) (5.1)
1=,

1-1

where M is the total number of the system sections, [, is the current flowing in the 7
section having active und reactive components ot /. and [, respectively. and 7 1s the
i" section resistunce.

As the losses due to the active component (in phase) ot the tlowing current can
not be attected by the compensating capucitors (zero power tactor elements). the only

term that is of interest is the losses due to the reactive component of the system

current £-,r.. Then the losses due to the reactive current P, can be written as:

I

P, = grfiri (5.2)

For a radial wree distribution network. the current [, can be written as

Ip; = L Iy (5.3)
JESi
where S, represents the set of all the nodes that their load currents /7, flow in the
section.
Equation (5.3) is a direct application of Kirchhott's cwrrent law. And by
substituting in equation (5.2), P, can be written as:
p, = > ir; (X I4)% (5.4)
i=1 jESi

To model the configuration of the system. a matrix [A] can be set up as follows:

a, = 11t je§,

a, =0if jes,

A
On



Fig. (5.1)

Simple Radial System to Explain the A matrix.



It the simple distribution network shown in Fig.{3.1) is considered. the A

matrix cun be expressed as:

1 - 11111

0013100

0O_00011
A=|0001000 {5.5)

O00O0O100

oOoo0O0OODODND1IO

\0 0 GOO0OO01

Equation (5.4) can be written as:

P, = [r]" ( [A] [I4])? (5.6)

where [r/ is the system resistance vector and [ rl” is the transposed matrix of {r].

Equation (5.6) represents mathematically the main three factors affecting the
losses in the distribution network: the resistances of the network sections that is given
by the matrix [r/. the system configuration that is given by the matrix fA], and the
load currents represented by the matrix [1,].

The first step of the proposed method is to find the largest lossy section in the
system due to the reactive current component, and then to try to reduce these losses
therein by as much as possible. Assuming section "A" has the largest loss among all
the system sections, so that:

M
P, = MAX {p_} (5.7)
is=1
and
where P,;, is the power loss due to the reactive component in section &, r, is the
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Pon=1I,1 X Ty )° (5.8)

Jjes,
resistance of section h and S, represents the set of all nodes with their load currents

I, in the h section.

It the node Ke §, has the highest reactive load 7, then. it has the highest eftect

on the system losses, and it is called here a sensitive node.  This relation can be

expressed as:

I, = MAx {1,}
ax = NS dj (5.9)

Now. a compensating capacitor is connected at node K to change the reactive
load current there from I, to [, where [, is the new value of the reactive current

component at the sensitive node K. To have maximum loss reduction, the value of 7,

can be determined by solving the equation:

0P, =0 (5.10)
O 4

To perform this differentiation, equation (5.4) can be expanded as follows:

Iy la, Iy + 8Ty +. ¥ Byl *oo ot BTyt
- - 2
Tyl Tay + 8plgy +oo ot Quelge =0 o~ BpTgyl

Py =
(5.11)

+

_ T . - - 2
rM[aMIIdI + d'HZ‘LdZ toooF aﬂkldx L aMHJ'dN]

+

and the result of the differentiation,
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9P,

= T 24T (a0 Ty - @pTap tee et By et 2Tay By
dk

V2K, [Ty b @aaTgs oo @I te- -t Baplay]l @n,

* 245 (@uply; * @updgy *o- ot Audpe T o Byl @y = 0
(5.12)
Solving equation (5.12) for the value of {,,. the new value of the reactive load
current at node K can be written as:

T - = [Ib] T [A] [Id]
nx (2T A,

’Idff':O (5.13)

where

1 ,=the new reactive load current at node K, after connecting a capacitor;

1,=the original reactive load cuirent at node K, before connecting a capacitor:
{A]=the matrix of the system configuration:

{A, ¢ /=the K" vector of matrix [A];

{r]=u vector representing the section resistances;

[nl'={rl"{BI;

[ B]=a diagonal matrix that has b, ;=a;, and zeros elsewhere: and

[1,]=a vector representing the original reactive loads.

And the reactive current injection at node KX is the difference between the new and the
original load current there. The negative sign in equation (5.13) shows that the
direction of the new reactive current at the sensitive node is in the opposite direction

of the orginal inductive load. When the sensitive node (where the capacitor is
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installedy is determined. and the difference of the current injection at that node is
specitied (capacitor current). the nearest available standard MVAR rating or multiple
units of the capacitor 18 chosen.  After each step the node voltages are calculated o
check for voltage violation. and it any exceeds the permissible limits, that capacitor
is disconnected and the node having the next largest reactive load current on the
highest lossy section is considered as the sensirive node.

This procedure is repeated until the system losses decrease to almost a steady
value. and connecting more capacitors will have only a marginal reduction on the
system losses. Figure (5.2) illustrates a tlow chart describing the new method
employed in this study.

Using the proposed method. it sutfices to connect capacitors only to the
sensitive nodes which are few in number to attain very large reduction in the losses
arising from the reactive power component,

This method has been tested on many distribution networks (Fig.(4.6)) which
are picked from recent publications [3,39]. Also. this method has been compared with
another technique [39] and gives a larger loss reduction using a less compensation
level.

5.3 Capacitor Ratings and Pricing

In order to calculate the annual saving gained from the cupucitor application
technique. the capacitor prices should be included in the calculations. Usually the
capacitor bank is constructed from a group of small capacitors connected together in
parallel to make a larger single phase bank, and then, for a three phase distribution

system, three of these banks are connected io make a three phase capacitor bank. The
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geometrical size. and accordingly the price, depends on the rated power,
The unit of the reactive power is the MVAR (Mega Volt Ampere Reactived.
and it is the product of the voltage times the out of phase component ot the current.
Table (3.1) shows typical values of compensating capacitor sizes commonly
used in the 27.6 kV distribution network in the province of Ontario. Canadia. and 1993
prices of capacitors and cost of their installation.

5.4.Load Variations and Optimal Capacitor Number

As the load varies during the year, some of the switches should be turned On
and Off to have the optimal compensation level. in order to gain maximum power loss
reduction throughout the year. Consider a year that has been divided into # periods

each of 7, hours where p varies from | to n so that

£, =8,760 hours (5.14)
p

and if the power loss reduction at period p using N, capucitors is P, 5, then, the

optimal number of capacitors to be used s that to satisty equation (5.15).

MAX SAVING - MAX {Co( S ToPp,u,) NpC
pa '

Np=l.2,..., p=1.2,....0

(5.15)

where C, is the cost of 1 kWh (in 1993, cost of energy to the Windsor Utilities
Commission. Windsor, Ontario. Canada is 2.15 ¢), and C, is the amortized annual

cost ot each capacitor.



Table (3.1 Typical Values of Capacitor Sizes and Prices.

SIZE UNIT SIZE PRICES (DOLLARS)
(IMVAR) iINMVAR)
COST INSTALLATION TOTAL
| 0.9 3X0.3 7.252 8.120 15.372
2 1.8 18X, [1.2927 12,180 23472
3 5.4 18X0.3 [-3489" 12,180 26.669
4 7.2 24X0.3 18.727" 12,180 30.907

PRICES INCLUDE ACCESSORIES WITH SWITCHES
PRICES INCLUDE ACCESSORIES WITHOUT SWITCHES. THEY ARE NOT NEEDED

BECAUSE THESE CAPACITORS ARE NOT SUBJECTED TO SWITCHING.

[#3}
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The optimal number of the compensating capacitors al every period Nomay
vary with the load levels, so that switching the capacitors On and O is important 1o
have varying compensation level in order to guin muximum dollar saving throughout
the year. Therefore. a switching table ix generated for that purpose.

It the load variations data throughout the vear are available for alb the load
puints. a set of load levels at every periad of the year can be used to get the optimal
number of compensating capacitors on a distribution network as discussed betore. But
in most cases these data are not available. and they should be implemented in order
to include the load variations in the calculation. In this section, a simple but ettective
method 1s proposed to implement such data.

It has been suggested [41] that the year can be divided into 12 periods o
accommodate the load variations due to the season (summer, winter and tall/spring),
the week (weekend and weekday) and daily load level (peuk load period and off-peak
period).

Table (5.2) shows the different fuctors that can convert the global peak of the
year to the average load at every period for both industrial and commercial and
residential loads.

When a network has mixed loads of say the residential and industrial type. the
proportions of each type is taken into account when calculating these conversion
tactors.

If the actual data of the load profiles are availuble, say to the engineers of
relatively large power utilities, then they can be emjsloyed directly. However, most
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of the smaller utilities wre unable to obtain their profiles in all feeders and in all nodes
and these tactors are thought to be usetul o them also. when attempts are made
reduce the losses using reactive power compensation,

Table (5.2). Load Conversion Factors.

S.N, Detinitions Industrial | Residential and
commercial
! Winter. Weekday. High Load tor day 92% 2%
2 Winter, Weekday, Low load for day S0% S3%
3 Winter, Weekend. Hieh load for day 65% 72%
4 Winter,Weekend, Low load for day 60% 67%
5 Fall/Spring. Weekday. High load tor day 2% 6V%
6 Fall/Spring. Weekday. Low load for day 0% 63%
7 Fall/Spring. Weekend. High load for day 65% 54%
8 Fali/Spring. Weekend, Low load for day 60% 50%
Y Summer, Weekday, High load for day 92% 85%
10 Summer, Weekday, Low load for day 80% V2%
1] Summer. Weekend. High load for day 65% 67%
12 Summer, Weekend. Low load for day 60% 12%

Now equation (5.15) can be written as:

MAX SAVING = MAX {C°(p>-f«_T”P‘" w,) N} (5.16)
NP=1.2,..., p=1,2,...,12
Using this method. the number of nodes to be injected with reactive power for
the purpose of power loss reduction is very few compared to the total number of nodes
in the system. Also, capacitors are connected only at the load points. Many other

atempts at loss reduction using compensating capacitors recommend connecting
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CUpacitors at some percentage distance trom the substation regardiess it i is sintable
to connect a capacitor there or not. In other words, the method cmploved in this
thesis takes into account the solving of some technical problems that may appear a
capacitor installation.  Also. using only 2 few nodes tor installing compensating
capacitors is very cost effective, as the cost of two separate capacitors at two difterent
nodes with installation is much higher than it these two capacitors are connected as
one bank at one node as shown in Table (5.1).

This method of application of compensating capacitors has been applied 1o the
distribution networks of the city of Windsor. Ontario and 10 the Kingston Public
Utility Commission at Kingston, Ontario.  The results are presented in Chapter 6.

54.1, Capacitor Switching

The compensator capacitors are usuaily connected to the distribution network
via switches with a set of fuses for protection. Switching the capacitors On and OIf
is important to prevent under- and over-compensation with the variation ol the loid
levels. Theretore, due to the variation of the load levels, some of the switches should
be turned Off at specific periods during the year when they are not needed. A
switching table for the compensating capacitors is developed. Switching the capacitors
can be done either manually or using a processor with a clock that can control the
switches according to a look up tabie (in this case the switching table).

To clarify the method, a sample result is shown in this section to show the

effect of applying capacitors to the distribution network.



5.5.Sample Result

Consider the distribution tfeeder map shown in Figi3.3), The section number
with resistances und reactances and the appropriate active and reactive power Toads are
given in Table (5.3), This teeder carries a maximum load of 19 MW, X NMVAR
distributed to 43 main load points, and carries 309 residential and the balanee
industrial loads.  The latter ratio 18 taken into account when caleubating the Tl
conversion factors.

Figure (3.4} shows the A matrix representing the system contiguration. The
rows represent ihe section numbers. while the columns represent the node number.

Table (5.4) shows the losses (in kW) arising trom the reactive current on the
sample feeder. as a tunction of the number of the installed capacitors at difterent time
periods. The times (in hours) for the different periods (from | to 12) are ulso shown
in Table (5.4). [t will be observed. tor example. that tor period number 8 applying 3
capacitors reduces the losses by about 86%. (from 169 to 2.4 kW) while for period
number 2. 4 capacitors results in a reduction of the losses due to the reactive current
by 71.6% (trom 53.8 to 15.3 kW). As stated already. this feeder has 45 nodes while
the number of the sensitive nodes determined in this study in which the capacitors are

installed is only 3.



Fig(3.3)

FEEDER 3, i1OMIS ESSEX TS

Sample Feeder Map. Showing the Ditferent Section Numbers.
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Table (5.3} Electrical parameters giving the resistance (R), the inductive reactance (N)
and the real (PY and reactive (Q) powers in sections | 1o 45 of the
sample feeder.

See R ) end of enmd of New. R X ed vl el ot
Ny, {1 [¥] section seation No, 1) i wathon senti
N3 "M i )
MW MVAR MW MVAR
| 1.0160 | 03700 0 \} M (LIK)52 00137 il 1)
2 01750 | 04100 0 0 25 00275 1 00390 ] 0
u 3 0.0003 0.0008 0 ( i 26 00275 0.03%) 1} 1}
-4 00003 | 0.0008 } 0 27 00365 | 0.0266 0 (
5 0.0003 0.0008 0 (0 28 0.0914 00675 0.2 11
6 00013 | O3 048 0.232 9 G414 | 0.1ive 0 0
7 - 1690 | 0.3990 0 0 _}l) 00365 | 00266 w2 n.m?2
8 0.0035 | 0.0083 0.12 L056 | 3i 00275 1 00395 | 16 008
9 | 00035 [ ooos3 | o 0 32§ 00275 | 00556 | 095 | 042
10 | 00035 | 00083 1 0 0 33 | o030 | ooz | o 0
1| 00807 | 0118 | 0O 0 34 1 03%0 [ 022w [ o 0
12 00105 | 0.0243 0 §] 35 00155 | QL0 0.33 0.6
13 | 00175 | 0416 | 0 0.05 36 | 00205 [ 00552 | 3752 | 1810
14| 00§05 | 00250 | 0 0 | 37 | 083 | 0003 | 4412 | 2130
15 | 00105 | 00250 [ 0.2 | 0065 ] 38 | 0052 | 00137 | 1432 | 05s
16 | 00155 | 0410 [ 0 0 39 | 00052 | 037 | osvr | 026
17 | 00243 | 00583 | 0O 0 40 | 00414 | 00103 | 473 | 1429
18 | 00674 | 01790 | 012 | 0033 41 | 00tss [ 0013 | 0 0
19 | 00458 | 0.0655 | 0282 | 0134 42 | o025 | oosso | o 0
20 | 00103 § 00275 | 0 0 43 | 00366 | 00269 | 0312 | 0152
21 0.0826 { 0.1186 0 0 44 0.0362 | 3LOY6S 0 0
22 | 01560 | 02239 | 0 0 45 | oms2 | om3r | o 0
23 | 0.0731 | 0.0540 | 0.828 04 H
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FENITHEFE2222222222333333 3333444408
12343678001 2343678901 23450789001 2343678901 2345

ISR R RSN AR RN RN A AR R R RRRRRARRRIANNE:
R NN AN R N R A AN AR RN A R RN RNAREARRSINRE!
JOOLIIEEnI N e eI
S OOGTOTOONONONEEEER K ECEOOCOODDEGOONDMNNNON
5 OKDIONITEEEIne it i kel
£ OOOODTONONCDONONCONCDDDONOUNOGODONDONNODNNNND
T OO EITLITAI R R R i it
8 OUOOOO0 TODODOUOOODOOOOCEKONOGONONNNOCDOONON0
G OO0 LTETELTIETLRLINT e RN
HOODOODOONOTOO0GOONOGDOOOOCOOCOOND0CONDONONMNNN)
L ONBOOOO0OC Y LETTLELINTLEL R IR LRI R LA LD
E2 OO00000000OTET LTI T IL R IR LIt
13 OOOOOCOOCTOETLLELLTLIN LT LR e
14 G0000OOCNNNNN0 1OONNBNOTNONON KNOO00ONN0000
15 GODODOGONOOOCON T TTELTLRTITL L n L N tnelnl
16 OOGRIDDNNONNNNNOTOT EGTLOOTTO1 01101101111 L]
17 000G000CCO0000 1001001 TR0 LCO TONNT GO THNKNN00
13 DOO00OOBNOHNNOO0O TONTANN 1101101 LI0L 101111 T 1
19 OOO00ONN00C0000 100 TRONXOMNG000000000000000
20 GONOCONNGCOA0NAON0 1001 1001001000100 100000000
21 QO00DN0OHO0HNONDKA0 1LU0 11011011101 1011111 11T
22 D00000ONNONOOBVNGCHNN 1 00N00C0AACN00CRN0000000
23 GO00DDOBNANOONNNONNNN0 10100 10001 GO 100000
24 QOOOONDICNDONONNOCNNO000 1 0000000CC0000000N000
25 GO0CODXNON0ON000CHNNNNN 100100 1000GCO00000000
26 O0DOCO0OOONONNN0NCNN0NNN0 1001001 101 FOL1TT LTI LT
27 GOOOOOOONONAON000000N0000 100 10001001 C00N0000
28 Q000G00D000COO00N00000000001 00 1D0000CODN0NN00
29 GOOBHOBNNNON0N00CNNN0N0CCO0 100110 L TOL 1111111
30 00000000000N0CN000CO0NN000000 1 0001 0010000000 )
31 GOOO0OOCHNGOOCOO0FONNN0CO0OA000 1000000C00G0000
32 0C0NCODCONNNN0ONNO0OOANGN0ON00 1 0O0NN0N000000
33 CCOOOOAOORONANNOCNNNN0000GOO0000 101 1011111 L L]
34 OO0N0CO00N0CN0COGO000000C0000000001 00 100000000
35 HOOOCOCUV0CGONOHON0000000N0000000001 0010000000
36 GOOOVNBAOCONO0C0NN00000C000000000001001 111111
37 GUOOOVO00CCO00000N0CONA0A00C000N00NC 100000000
38 0000000C00000O0CA0000000A0NNNN0000C00 10000000
39 000O000000C0C0NN0MN00000000000000000001 111111
40 0000000XAGO0000D0DNC0N0N000000000000001 11111
41 000000000000000000C0000C0000000C00000000101 10
42 00000000000000000000000000000000000000000 1001
43 0000000000000000000000000020C0000000000000 100
4 OCONO0NNOCONG000000000G00000C0000000000000 10
45 QO00000GNC00000000000000000000000000000N0000 |

Fig.(5.4) The A Matrix Representing the Configuration of the Sample Feeder.
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Table (5.3} shows the total losses (in KW in the sample feeder, which arise
from the combined active and reactive currents as a tunction of the number of the
installed capacitors at different time periods. It is evident that the installation of
capacttors only marginally affects the total losses, as the active curremt renwins
unchanged. For example, for period No.8, applying 3 capacitors reduces the total
losses by 14.7% only (tfrom 102 to 87 kW). Figure (53.5) shows the dollar value of the
annual energy loss reduction. the amortized annual cost of multiple units of capacitors
including the cost of capital and cost of installation and the effective annual dollar
saving after incorporating the capacitors for a typical teeder. It will be seen that
although the value of the annual energy saved increases with increasing number of
capacitor units installed on the teeder (Fig. (5.5), curve a), it is not necessary that the
higher energy saved is the most cost eftective. The cost of the cupacitors increases
linearly with increasing number of the units installed (Fig.(5.5) curve b). Connecting
5 capacitors in the feeder (Fig.(5.5) curve ¢) will result in a maximum saving of about
CAN $3.061 per year. Installing 6 or more will result in 2 decrease in the dollar
saving because of the added costs of the additional capacitors compared to the cost of
the energy saved,

As the load changes during the year, the installed capacitor VAR should vary
to keep the power loss at the lowest value at every periad. To achieve this objective,
a switching table of the compensating capacitor units is developed. A typical
switching sequence for the sample feeder is shown in Table (5.6).
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It can be seen from Table (5.6) that switching ot the capacitors depends on the
particular period. i.e., the load level. This Table is important t prevent over-
compensation which may lead to an incresre in the feeder losses. Also Table (5.6)
shows that at periods 7 and 8. only 3 unit capacitors out of 3 are required tor these
two pertods to keep the losses at minimum value. Table (3.6) indicates that in this
feeder there are only 3 sensitive nodes where capacitors are installed. These nodes are
identified by the numbers 40, 37 and 36. Table (5.6) shows that tor period No.7.
capacitor No.3 (900 kVAR) at node 36. is switched off. Period No.7 is defined in
Table (5.2). This capacitor is switched off during the high load. on the weekends
(Saturdays and Sundays) over the Fall and the Spring months. Hence 2x26 weeks =52
switching operations (off) are carried out during the year.

5.5.Effect of Capacitor Placement on System Voltage

When a capacitor is installed somewhere in the power system. an increase in
the system voltage is expected. and the largest increase occurs at the node where the
capacitor is connected. The method presented in this thesis for capacitor application
requires a healthy system from the voltage point of view, as the main goal of the
thesis is to reduce the losses and not to improve the voltage protfile, i.e.. the voltage
is within permissible limits betore the capacitors are connected. It is understandable
that connecting a compensating capacitor will not violate the lower limit of the
voltage. but it may violate the upper limit as its effect is to increase the voltage. This

problem has been taken into consideration when the sensitive nodes are identified.
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Table (5.4)

Losses (in kW) in the sample feeder. which arise from the reactive

current as a function of the number of the installed capacitors at

ditferent time periods.  Each capacitor unit is 0.9 MVAR,

TOTAL NUMBER OF CAPACITORS

period T, ) 1 2 3 4 3 o 7 5
No. {hrs)
] ued | oL17 | 5149 | 3931 INSO | 2089 | K346 | 7S] 374 | a3
2 L) 33.76 | 42.29 3135 247 15,32 9,07 458 1 loX | Los
3 385 | 3725 ¢ 2795 19.23 12.16 7.50 JA o] ous i ouag
4 23 3183 | 2333 154 v.20 531 20 031 0.3 n._‘l_
5 1960 | 3394 | 25107 16.90 10.33 6.14 249 052 ] 052 | 052
6 1177 | 28.61 20.63 13.25 7.54 414 1.33 1.33 1.33 1.33
7 784 1997 13.51 7.69 3.53 1.61 .25 0251 025 | 025
] 470 16.94 11.09 539 235 0.55 (.55 055 | 055 | 055
9 985 6417 | 5149 3931 28.80 | 2089 1346 | 781 374 | 143
10 592 5376 | 4229 3135 2207 15.32 9.07 43583 | Lo | 168
11 394 3725 | 2795 19.23 12.16 7.50 338 094 | 084 | 094
12 237 3183 | 2333 1544 9.20 531 201 0311 031 | 03]
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Table (3.5 Total losses (in kW) n the sample teeder, which arise from the combined active and
reachive currents as o luncton of the number of the installed capacitors it differsnl tme
perivds.  Each capacitor unit is 0.9 MVAR,

TOTAL NUMBER OF CAPACITORS
penod T, 1) | 1 3 4 5 0 7 b
Nu. thrs)
I god | 359 | 340 | 334 | 323 | 315 | 307 | 301 | 297 | 295
2 579 | 305 | 293 | 283 | 272 | 265 | 259 | 254 | 231 | 251
3 385 | 26 | 207 | 198 | 191 | e | g2 | 179 | a1 |
4 231 186 | 17 | 170 | 163 | 159 | 156 | 154 | 154 | 154
5 1960 | 198 | 189 | 181 | 174 | 170 | 166 | 164 | 164 | 164
6 1177 | 169 | 160 | 153 | 147 | s | o | o |1 141
7 784 120 [ 113} 107 ) 103 | w01 | 100 | 100 | 100 | 100
8 470 | 02 | 96 91 87 8 | 86 | 8 | 86 86
Y 985 | 359 | 346 | 334 | 323 | 315 | 307 | 301 | 297 | 295
10 592 | 305 | 203 | 283 | 272 | 265 | 259 | 254 | 251 | 251
1 394 | 216 | 207} 198 ) 191 | 186 | 182 | 179 | 179 | 179
12 237 ts6 | 178 | 170 | 163 | 159 | 156 | 154 | 154 | 154
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Tuble (3,00 Switching table for the sample feeder showing the status of the capacitor
switches i1 for ON and O for OFF! at Jiftersnt trme periods.  The
capacitors are instualled at oniy 3 nodes which have the numbers 38, 36
and 37. This feeder carries 0 maximum load of 79 MW and 8 MVAR
distributed from 435 main load nodes.

no. of unit ] 2 3 4 5
capacitors —
Sensitive node No. 38 36 36 37 37
-
Period No.d Switch status
| [ i 1 1 i
2 ! l 1 ! l
3 | 1 l I |
4 1 1 1 l 1
5 [ [ 1 ! |
6 | l 0 1 I
7 | l 0 l l
8 1 | 0 | {
v 1 1 l 1 1
0] 1 1 | [ [
1 l 1 1 1 l
12 1 | 1 l |




If the voliage is violated when the capacitor is connected at the seasirive node
(eptimal location) this capacitor is moved to somewhere else, and thus the losses
become higher than the minimum. This problem may be prevented by keeping the
capacitor at the optimal location and reducing all the system voltage by a cerain
percentage by changing the tap of the substation transformer. with a condition that the
lower permissible voltage anywhere is not violated. But sometimes this may lead
a voltage problem. as the tap changing on the transformer moves in discrete steps and
therefore the voltage can only be changed in stens and not continuously. In the
Windsor Utilities Commission. every distributior transformer has 16 steps tor tap
changing. Every step allows 335 V which amounts 1.286% on the base ol 27.6 kV
(the nominal voltage). with a total of 5.68 kV.

The method proposed in this thesis has an advantage over other methods, in
that connecting capacitors at the sensitive nodes doucs not violate the maximum
permissible voltage. This is because, using this method, the capacitors are applied 10
the highest loaded nodes where the voltage is very low and even with maay capucitor

units, the upper voltage limits are not violated.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1.Introduction

This chapter shows the results for applying the proposed method to two real
Jistribution systems, for the power and energy loss reduction using compensating
capacitors and with a combination of capacitors and system reconfiguration. The load
variations throughout the year are considered. and the cost of compensating capacitors
which include the amortized capital and labour are also taken into account. Thes2
costs aré real costs, and not estimated, and are obtained from an industrial company
selling and installing power capacitors.

Also the rate of the energy cost used in this study is the rate charged by
Ontario Hydro, Canada, to the Windsor Utilities Commission. This is CAN$ 188.400
for 1 MW.Year in 1993. This rate is 2.15¢ per kWh.
6.2.Applications

The study in this thesis has been applied to two real systems; Windsor Utilities

Commission (WUC): at the city of Windsor. Ontario. and the Public Utility
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Commission (PUC)Y ut the city of Kingston, Ontario,
6.2.1.WUC

WUC network in Windsor, Ontario serves a populition of 200,000 through 38
distribution feeders supplied from 6 ditterent substations (Fig6.1). The maximum
demand of WUC is 500 MW at an average power factor of 088, There are threee
types of load in Windsor: industrial (50%). residential (25%) and commercial load
(25%). These proportions of the load have been taken into account when the foad
variations during the year are considered.
6.2.2.PUC

PUC network in the city of Kingston. Ontario, serves a mixture of residential
and commercial loads with some light industry. The system contains 6 feeders to
serve a population of 53.000 with a maximum demand of 150 MW at an average
power factor of 0.92.

Note that the power tactor in Kingston is higher than that in Windsor, as the
main type of toad in Kingston is residential and commercial where the major load is
heating. In Windsor, where the industrial load irsVS()% of the total load, the power
factor is lower due to the preponderance of industrial machinery.
6.3.Capacitor Applications

The technique for applying capacitors described in this thesis is applied to the
38 feeder distribution system in the city of Windsor, Ontario. Figures (6.2) to (6.39)
show the individual feeders with the section numbers. 'The results show that the
feeders can be divided into different categories regarding to the benefits gained from

applying the capacitors.

80



KEITH TS (23)
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CRAWFORD TS {25)

@- ESSEX TS (15) @

WALKER TS (55)
MALDEN TS (24)

LAUZON TS (56)

Fig.(6.1) Schematic diagram of WUC.,



Fig.(6.2)

FEEDER 1. 79MS, ESSEX T8
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Map of Feeder No. |




Fig.(6.3)

FEEDER 2. 15M6, ESSEX TS

Map of Feeder No. 2
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FEEDER 3, 15M7, ESSEX TS

Fig.(6.4)

Map of Feeder No. 3
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FEEDER 4, 15MB. ESSEX TS

Fig.{6.5)

Map of Feeder No. 4




FEEDER S, 1SM12, ESSEC T3

Fig.(6.6} Map of Feeder No. 5
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Fig (6.7

Map of Feeder No. 6

FEEDER 8, 1ISM1S ESSEX TS




FEEDER 7. 58M8, LAUZON TS

Fig.(6.8) Map ot Feeder No. 7




FEEDER 8, S6M8, LAUZON TS

Fig.(6.9) Map of Feeder No. 8
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FEEDER 9, 58M7, LAUZON TS

Fig.(6.10) Map of Feeder No. Y



FEEDER 10, 23M2, KEITH TS

Fig.(6.11) Map of Feeder No. 10



Fig.(6.12)

FEEDER 11, 24M8. MALDEN TS

Map of Feeder No. |}
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FEEEER 12, 23M1. KEITH TS

Fig.(6.13) Map of Feeder No. 12
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FEEDER 13. 24MS, MALDEN TS

Fig.(6.14) Map of Feeder No. 13




Fig.(6.13)

FEEDER 14. 5SM24, WALKER TS

Map of Feeder No. 14
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FEEDER 15, 85M21, WALKER T3

Fig.(6.16)

Map of Feeder No. 15
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Fig.(6.17)

Map of Feeder No. 16

FEEDER 16, S6M6, WALKER TS
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Fig.(6.18)

Map of Feeder No. 17

FEEDER 17, 55M&, WALKER T3




Fig.(6.19)

Map of Feeder No. 18

FEEDER 18, 55M2, WALKER TS
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FEEDER 19, 5SM1, WALKER TS

Fig.(6.2(}) Map of Feeder No. 19
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FEEDER 20, 25M9 CRAWFORD

Fig.(6.21) Map of Feeder No. 20
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FEEDER 21, 26M11, CRAWFORD TS
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Map of Feeder No. 21
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FEEDER 22, 25Mé6, CRAWFORD T&

Fig.(6.23)

Map ot Feeder No. 22
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FEEDER 23, 25M8, CRAWFQRD T8

Fig.(6.24) Map of Feeder No. 23




Fig.(6.25)

Map of Feeder No. 24

FEEDER 24, 24M11, MALDEN T8
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FEEDER 25, S5M23, WALKER TS

Fig.(6.26) Map ot Feeder No. 25
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FEEDER 26, 25M12, CRAWFORD TS

Fig.(6.27) Map of Feeder No. 26
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FEEDER 27, 25MS, CRAWFCRD T8

Fig.(6.28) Map of Feeder No. 27
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Fig.(6.29)

FEEDER 28, S5M25, WALKER 75
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Map of Feeder No. 28
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FEEDER 29, 25M10, CRAWFORD TS

Fig.(6.30) Map of Feeder No. 29
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Fig.(6.31)

FEEDER 30, 25M13, CRAWFORD TS

Map of Feeder No. 30
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FEEDER 31, 23M5, KEITH TS

Fig.(6.32) Map of Feeder No. 31
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FECOER 32, 25M14, CRAWFORD TS

Fig.(6.33) Map of Feeder No. 32
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FEEDER 33, 55M22, WALKER T3

Fig.(6.34) Map of Feeder No. 33
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FEEDER 34, 24M3, MALDEN T8

Fig.(6.35)

Map of Feeder No. 34
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FEEDER 35, 56M2, LAUZON TS

Fig.(6.36)

Map of Feeder No. 35
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FEEDER 36, 24M4, MALDEN TS
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Fig.(6.37) Map of Feeder No. 36
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FEEDER 37, 26M7, CRAWFORD TS

Fig.(6.38) Maup of Feeder No. 37
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Fig.(6.39)

FEEDER 38, 56M3, LAUZON TS

Map ot Feeder No. 38
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The reason for these differences is atributed to the ditferences in the joad
levels and the teeder configuration. Also the cost of energy and the annual cost of the
compensating capacitors affect these results,

6.3.1. Feeders Without Leads

In the WUC network there arve three feeders. identitied by the numbers 4. [6
and 24 with no load. These feeders may be used for future expansion of the network.
These feeders are not included in the calculations. but they are mentioned here
because they are a part of the WUC network.

6.3.2.Feeders Without Capacitors

A number of feeders in the WUC network. do not include capacitors as the
optimal reactive power needed is less than the reactive power given by the capacitor
unit (900 kVAR). These feeders are identified by the numbers 5. 15 and 20. The
reason for this result is due to the low reactive load level in these feeders.

6.3.3.Feeders With Negative Net Dollar Savings

It should be emphasized, and as is well known, that although complete
compensation of reactive power can be readily achieved with capacitors it is not
always cost effective in terms of the difference between the energy saved and the cost
of applying the capacitors. For example, a negative saving is. ' #nined an feeder No.
I8 (55M2, Walker TS) which carries a maximum load of 2f MW and 10.1 MVAR
distributed via 19 main load points. Figure (6.40) shows that the annual dollar value
of the reduction of energy at any number of capacitors is less than the annual cost of
these capacitors. Accordingly. no capacitors are recommended to be installed on that
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feeder. This is provided that the only objective is to increase the net dollar protit of
the power systent.

Tuble (6.1) shows the losses on feeder no. I8 due to only the reuctive power
component as a tuaction of the number of capacitor units ar ditferent ume periods.
while Table (6.2) shows the losses due to both active and reactive power. Other
feeders identitied by the numbers 2. 8. 21. 22, 23, 25, 26. 28 and 30 produce negative
savings. therefore it is not recommended to connect any capacitors there.

6.3.4.Feeders With Positive Net Dollar Savings

In the WUC network. there are 22 teeders out of a total of 38, where positive
dollar savings are obtained with compensating capacitors. Positive dollar saving is
obtained by subtracting the annual cost of the compensating capacitors from the cost
of the energy saved per year. An example of such teeders is number 34 (24M3.
Malden TS). that carries a maximum of 23.8 MW and 14.7 MVAR. serving 79 main
load points. and carries 50% residential and the balance s industrial loads. The latter
rativ is taken tnto account when calculating the load conversion tactors as shown in
Chapter 3. The map of feeder no. 34, including the sectional numbering using the
numbering techniyue explained in Chapter 3. is shown in Fig. (6.35).

Table (6.3) shows the losses in kW arising from only the reactive current in
tfeeder No.34. as a function of the number of the installed capacitors at difterent
periods (from | to 12).

1t will be observed. for example. that for period number 8 applying 9 capacitors
reduces the losses by about 96% (from 73 to 3 kW). while for period 2. Y capacitors
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results in the Josses due to the reactive current by about 7446 (rom 185 (0 49 kW),
As stated betore, this feeder has 79 nodes while the number of the sensitive nodes
determined in this study in which the capacitors are installed is only 8.

Table (6.4) shows the total losses (in kW) in feeder no. 34, which arise from
the combined active and reactive currents as a tunction of the number of the installed
capacitors at difterent time perinds. It is evident that the installation of the capacitors
has a lower effect on the total losses. compared to that of the losses due 10 only the
reactive current. as the active current, which is in most cases larger in value than the
reactive current, remains unchanged. For example. at period 8, applying 9 capuacitors
reduces the total losses by 31% (from 229 to 157 kW),

Figure (6.41) shows the dollar value of the annual energy loss reduction, the
amortized annual cost of multiple units of capacitors including the cost of capital and
cost of installation and the effective annual dollar saving after incorporating the
capacitors for a typical feeder (no.34).

[t will be seen that although the value of the annual energy saved increases
with increasing the number of capacitor units installed on the feeder. it is not
necessarily that the higher energy saved is the most cost effective. The cost of the
capacitors increases linearly with increasing number of units installed. Connecting 14
capacitors in the feeder will result in a maximum saving of $21,589 per year (Fig.
(6.41)). The number of capacitor banks which are to be installed on a given feeder
is determined by adding the annual dollar saving of the 12 periods and thus the whole
year. The number of capacitors which gives the maximum doilar saving is chosen.
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annual cost of multiple units of capacitors including the cost of capital
and cost of installation (b) and the net annual dollar saving (c) after
subtracting the cost of the capacitors in feeder no.18.
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Table (6.1

Losses tin KW in feeder no. 18, arising from the reactive current. as a
function of the number of the installed capacitors at ditterent time

periods.  Each capacitor bank is 0.9 MVAR.

Total Number ot Capacitor Banks

period T, 0 | 2 3 4 5167 h 9 1oL
No. (hrs)
1 V64 22 o 6l 12110 6 513 i I vqjn
2 379 IS 1511219 71413711 O [ojolo
3 385 12 1) 8 5 3 I 1 ) { Gl oo
4 231 o] 8 6 4 2 l O101 0 0|00
5 1960 | 17 B4 1 12 b 6 4 2 1 0 Olofo
6 177 {13 | 1 Y 6 4 2 I 10 {) ol o]0
7 e |9 7431 1loloe]lolololo
8 170 8 6 3 2 | 0 a1 0 t) 01T 010
Y 985 I8 | 15| 12 B 6 4 3 i 0 LU I I Y
10 592 14 | 1i v 6 4 2 1 {0 0 oo} o
1304 Je|l iy 7|6l 3j2l1lololo]o
12 237 4 1 11 Y 6 4 2 110 0 dpo0lo
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annual cost of multiple units of capacitors including the cost of cupital
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and cost of installation (b) and the net annual dollar saving (c) after

subtracting the cost of the capacitors in teeder no.34.



For some periods the calculated losses in the teeder decrease to a steady value with
a specified number of units of capacitors. This does not necessary give the maximum
dollar saving for other periods. and it is required to continue the calculation with more
capacitors to satisfy the requirement that in all periods the losses decrease to a steady
state.  Only then the dollar saving is summed up for the whole year for each of the
capacitors used.

Figures (6.42) to (6.70) show the dollar value for the other feeders in the WUC
network. Tables (6.5) to (6.34) show the total losses. while Tables (6.35) to (6.64)
show the losses due to only the reactive component as a function of number of
capacitors for ditferent periods for the different feeders in the WUC network.

6.3.4.1.Switching Table

As the load changes during the year, the installed capacitor VAR should vary
to keep the power loss at the lowest value at every period. To achieve this objective
a switching table of the compensating capacitor units is developed. A typical
switching sequence for feeder no. 34 is shown in Table (6.65).

It can be seen from Table (6.65) that the switching of the capacitors depends
on the particular period, i.e. the load level. This table is important to prevent over-
compensation which may lead to an increase in the system losses, that may arise from
connecting unnecessary capacitors at a period with a relatively low load level. Also
Table (6.65) shows that at periods 7 and 8. only 10 unit capacitors out of 14 are
required for those two periods to keep the losses at the minimum value.

Table (6.65) indicates that in this particular feeder there are only 8 sensitive
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nodes where capacitors are installed.  Those nodes are identified by the numbers .
I8, 19, 39, 430 54, 60 and 70,

Table (6.63) shows that for period no. 3, capacttor no. 6 (900 KVAR)Y i node
I3 is switched off. Period 4 is defined in Chapter 3 of this thesis. This capacitor is
switched off during the low load. in the weekend (Saturduys and Sundavs) over the
Winter months. Hence, 2x13 weeks =26 switching operations (o) are carried out
during the Winter. Also this switch is kept oft during periods 7 and 8. which are the
Fall/Spring all the day in the weekends. Switching sequences for other feeders in the
WUC networks are shown in Tables (6.66) to (6.68)

6.3.4.2.Feeders with Special Features

One of the most important feeders to be highlighted is feeder no. 3 (15 M7
ESSEX TS). that carries a maximum load of 21.87 MW and 9.81 MVAR distributed
to 44 main load points. This teeder extends about 8.1 km (Fig, (6.71). The special
teature of this feeder is that there is no Toad connected for a distance of about 5.3 km
(65.4% of the total length), and all the loads are concentrated in the remaining part of
the teeder (2.9 km, 34.6% of the total length). Because of this feature, feeder No. 3
gives a very high dollar saving per year, as any capacitor installed will reduce the
losses on a large portion of the feeder. Table (6.87) shows the losses due to reactive
current on feeder No.3 as a function of the number of capacitors at difterent periods.
while Table (6.88) shows the total losses as a function of number of capacitors at
difterent periods. [t can be culcu!ﬁted from Table (6.87) that using only one capacitor
of 900 kVAR (costs $658 per year) the loss reduction on the year amounts 319,752
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kWh with a saving of $6.875 per year based on 1993 costs of capacitors and energy.
The net saving after subtracting the capacitor cost on feeder No.3 using only one
capacitor is 6.875-658 = $6.217.

This big saving is attributed to the main structure of the feeder. As it can be
seen from Tuble (6.88) that feeder No. 3 includes a total of 10 capacitor units to
achieve maximum dollar saving throughout the year,

Figure (6.72) shows the dollar value of the annual energy loss reduction. the
amortized annual cost of multiple units of capacitors including the cost of capital and
cost of installation and the etfective annual dollar saving after incorporating the
capacitors in feeder No. 3.

6.3.4.3.Higher Capacitor Ratings for Higher Saving

As many of these capacitors are not subjected to any switching. combining two
or more ot 900 kVAR capacitors may lead to extra savings. as the cost of multiple
units of low rated capacitors is higher than the cost of a single capacitor having the
same rating. Therefore, at some locations on the feeders where the capacitors are
installed (sensitive nodes). all the 900 kVAR compensating capacitors which are not
subjected to any switching operations throughout the year, are combined in a single
fixed capacitor having a rated value that equals the summation of those non-switchable
capacitors. Table (6.89) shows the extra savings per year obtained trom combining
two or more of 900 kVAR capacitors.
6.4.Total Saving

When the WUC network in the city of Windsor is studied by separating the

individual feeders. the results show a net of $167,845 that can be saved every year.
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Fig{6.43)  Dollar value of the annual energy loss reduction (a). the amortized
annual cost of multiple units of capacitors (b) and the net annual saving

{¢) tor feeder No. 2.
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Tuble (6.5 ol losses (n KW in feeder no. 1. which is arised from combining active
and reactive currents as a function of the number of the instulled capacitors
at different time pertods.  Euch capacitor is 0.9 MVAR.

Tokl Number of Capacitor Banks

permud T, 0 | 2 3 4 3
No, thrs)
i Y 73 on 602 57 54 33
2 579 ol 36 51 48 46 46
3 N5 43 k] 35 i3 33 33
4 231 37 KK} 3n 2 RAY 2N
5 1960 v 5 32 30 30 30
O 1177 I8 16 15 14 4 14
7 784 23 20 1y 18 18 IN
b 470 20 17 16 16 16 16
Yy NS 43 3N 33 3: kK] 3
o S92 37 33 30 a8 2N N
(1 34 73 66 62 57 54 33
12 237 61 36 51 48 46 46

)—
o

}—



Table (6.6)

Total Josses (in kW) in feeder no. 20 which is arised from combining active
and reactive currents as i function of the number of the installed capacitors

at ditferent time periods. Each capacitor is 1.9 MV AR,

Towal Number ot Copicior Banks

period T. 0 !
No, thrs)

! Yend 2 1ty
2 379 Ix 14
3 RAN] 13 1
4 2131 I N
3 196100 12 i\
6 1177 14 7
7 754 7 3
8 470 o 4
Y UNS 13 1
16) 392 11 N
11 3ud R 17
12 237 18 1

—
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Table ¢6.8)y  Toral losses ¢in kW)Y in teeder nou S, which s artsed trom combining active
and reactive currents as a function of the number of the installed capacitors
at ditterent time periods. Each capacitor is 0.9 MV AR,

Totl Number of Capacitor Bunks
period T, t I 2
Nu. thrs? J_
1 Y64 R 2.0 1.7
2 379 2.3 1.7 1.4
3 N3 1.7 1.1 1.1
4 231 .4 1.0 1.0
5 1960 1.5 1.6 L0
6 L177 1.3 Y TRy
7 784 0.9 0.6 0.6
8 470 0.8 0.5 0.5
Y Y85 1.7 {1 L4
10 392 1.4 1.0 1.0
11 394 2.8 2.0 1.7
12 237 23 1.7 .4

i



Table (6.9

Total losses tin KW in teeder noo, which s arised from combining active
and reactive currents as a function of the number of the installed capacitors
at ditferent ume pertods. Each capacitor is (09 MV AR,

Total Number of Capacitor Banks
period T, 0 | 2 A 4 3 6 7 N
No. lhl_'s}_L l _ _
| _\)Z— 359 RETQ 334 | 223 ] XI5 7 g | 297 | 20s
2 379 305 § 293 ] 283 272 265 | 259 | 264 ] 251 | 251
3 385 216 207 jus 19t | IN6 182 179 ] 1749 [ 179
4 231 186 175 170 1 163 | 159 | 156 | 154 | 154 | 154
5 1960 198 B 181 174 | 170 166 164 | 164 | 164
6 L177 | 169 160 153 | 47 | 144 | 141 141 ] 141 | 141
7 784 120 | 113 | W07 13 o) o0 | on | oo | oo
8 470 102 V6 91 87 86 86 86 | 86 | K6
) Y85 359 | 346 | 334 | 323 | 315 | 307 | 301 | 297 | 295
10 592 305 [ 293 | 283 | 2721 265 | 259 | 254 | 251 | 251
11 394 206 | 207 198 | 191 {186 | 182 | 179 1 179 | 179
12 237 186 178 170 | 163 | 159 | 156 | 154 | IS4 | 154

1585



Table (611

Total losses (in kKW in teeder no 7, which is arised from combining uctive
and reactive currents as a function of the number of the installed capacitors

at ditferent ime periods. Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks

penod T, 1] 1 2 k! 4 5 6
o, thrsy
I Ueed 6yl ol 532 307 473 4 421
2 579 314 367 430 M) 376 336 4o
3 NS 37 2ul 273 256 243 233 233
4 231 263 43 27 214 204 V6 Y6
3 1960 RAS 262 245 230 b 210 210
O 177 233 213 201 190 181 181 1X1
7 754 156 - 135 128 123 23 123
b 470 131 121 113 108 108 108 108
Y ph] 3i7 92 273 256 243 233 233
10 392 263 243 227 214 20:4 196 196
11 Jud G 60Oy 552 507 473 S 421
12 237 514 467 430 J00 376 356 340
1g6



Table (6.1

Total losses (in kW) i teeder no.N. which is arvised from combining active
and reactive currents as i function of the number or the installed capacitors

at ditferent time periods. Each capacitor is 0.9 MV AR,

Total Number of Capacuior Banks

penod T. 0 ! 2
Nu, thrs)
i U i3 3 Al
2 379 30 20 4
3 3N3 21 IN 17
4 RAY IN Ity 15
3 1960 14 17 lt
6 177 16 14 ()
7 N4 12 [} 10
S 470 10 S h
Y EAR 2 I8 17
[} 592 I8 16 15
' 39 35 3 29
12 37 30 6 ]

187
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Table (6,13 Total losses (in KW in teeder no, 1, which is arised from combining active
and reactive currents as i tunction of the number of the installed capacitors
at different time periods. Each capacitor is 0.9 MV AR,

Totd Number of Capacitor Banks
period T. 0 1 s o :
No, thrs)
i ue 143 I35 127 121 Ho 12 L6 10w
2 379 114 107 10 us vl hU) X7 N7
3 383 77 72 67 63 ol ol ol tlh
4 231 66 61 J6 54 52 R i2 ;2
R (V60 10N 101 s H) hiy! A N3 hR!
6 1177 85 79 74 70 6N th nh 6
7 784 58 53 49 J6 45 45 43 45
h 470} v 45 +1 v 38 a8 N RA
Y P A 112 103 Yy Y4 Y a8 St S
10 2 39 83 78 Ia 71 o Hb ]
11 394 102 Y6 i) 85 82 hil T4 7
12 237 87 31 75 72 Y 67 67 n7
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Table (6.13)  Total lusses (in kWY in feeder no. 12, which is arised from combining active
and reactive currents as a tunction of the number o the installed capacitors
at difterent time penods,  Each capacitor is 0.9 MV AR,

Toral Number of Capactter Banks
pened T, 0 | z 5 3 5 0 T N ¥

New, this

1 uhd 182 175 [hN 1n2 157 133 150 Lis L7 Hq
2 374 1SS 14 142 137 133 124 127 126 121 123
3 383 (R[] N} 10K} un u3 al s sy 88 w8
4 23] Ui it S |2 KO 78 77 T 7o Th
s weo | 101 un ST Y 85 | w3 %2 sl o S
f 1177 86 81 77 74 72 70 70 ] W S
7 784 6l 57 a4 52 S0 560 S0 Al N1 3N
b 470 52 44 46 44 43 42 42 42 42 42
Y YR3 11t 1 100 Yt 93 Y1 Y b bt s8
1} 32 vs Q90 R& L) R0 8 77 Ta Th n
1l KL 182 175 168 162 157 153 (] 148 17 [NR)
12 237 155 148 142 137 133 129 127 126 12 123




Tuhle (6.16)

Total losses (in kW) in feeder no. 13, which is arised trom combining active
and reactive curents as a tunction of the number of the mstalled capacitors

at different time periods. Euach capacitor is 0.9 MVAR,

Total Number of Capacitor Banks
perd T, ] ] 2 3 4 3
Nu. thrs)
] e 140) 29 122 [ 1 107
2 379 112 102 Y6 9l 87 83
3 385 76 6N &4 60 R LY
4 231 65 38 35 51 50 S0
5 1460 106 97 91 N6 N2 b |
6 1177 54 76 72 o7 63 63
7 754 57 il 47 43 43 45
5 470} 49 43 40 38 kh 3%
Y YRS 110 101 Y5 89 86 sS4
10 92 b 30 75 70 68 638
il 394 101 Y2 87 Xt b 77
12 237 86 77 73 63 66 66
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Tuble (6.19  Total losses (in KW in feeder no. 2 1o which is arised from combining active
and reactive currents as a function of the number of the installed capacitors
at different ume periods. Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks
period T. 0 i : 3 + 5 o :
Nu, thrs)
1 ved v 37 35 M r: 32 3 :l
2 R¥L) 3l 30 28 27 20 25 25 25
3 3N3 Ry 20 v 18 17 17 17 17
4 231 18 {7 1 15 15 L5 I3 15
3 [yl v ™ 26 26 24 24 24 24
6 1177 23 22 21 20 v v 19 v
7 784 16 [5 14 i3 13 13 R 13
] 470 i4 13 12 11 11 1 11 11
Y Y83 31 29 28 27 26 25 25 25
10 592 L) 23 22 21 20 20 20 R}
11 394 i 27 25 ) 23 23 RA n
12 237 24 23 21 0 20 v 19 19




Table (6.2th

Total losses {in KW in feeder no.22, which is arised trom combining active
and reactive currents as a function of the number of the installed cupacitors

at ditferent time periods.  Each capacitor is 0.9 MVAR,

Total Nuwmber of Capacitor Banks

perid T, L I
Nu, thrs)

| Vo4 22 1.%
2 579 1.7 1.4

3 385 1.2 ]
4 23 1.0 LN
3 LYal) .7 1.4
6 1177 1.3 1.1
7 784 0.9 1R
8 470 0.7 0.7
Y Ys3 1.7 [4
)] 32 14 1.1
LI 394 1.6 1.3
12 237 .3 1.1

=

an



Table (6.21)

Total losses (in KW in feeder no 23, which is arised trom combining aetive
and reactive currents as a function of the number o the installed capacitors
at different time periods. Each capacitor is 0.9 MV AR,

Total Nutber of Ciipacuor Banks

period T, 0 1
No. thrs)
1 e 3 4
2 5749 4 3
3 3NS 3 2
4 231 2 |
5 1900 4 R
V) 1177 k! 2
7 784 2 2
N 470} ] 1
Y UN3 4 3
10 su2 3 2
[l 394 4 3
12 237 3 2

b
~1
-l



Tuble ¢6,22)

Total losses (in kW) in feeder no .25, which is arised from combining active
and reactive currents s a function of the number of the installed capacitors

at difterent time periods.  Each capacitor is 0.9 MVAR.

Total Number of Capacttor Banks
pened | T, 0 I 2 3 3| s 6 7 % 9 wo | ooz
N thrsy
1 Yh 13 32 3 30 29 29 28 27 27 27 26 26 b
2 379 26 th R h2 23 23 12 22 2 2l 21 ay 21
3 K3 I8 17 1) 16 15 15 15 14 14 14 14 14 14
4 231 15 13 I+ I3 13 13 12 12 12 12 12 12 12
5 tyaty | 25 hE’ 23 23 i 2t 21 20 20 2y | | 20
& 1177 0 IR I8 I8 17 17 I6 16 16 16 It I6 l&
7 784 13 13 12 12 1 1 1! 11 11 11 11 1 11
R 470 B 11 10 n HH Y Y 9 Y 9 Y Y Y
Y YRS a6 25 RE} 23 23| 2 n 2] 2 21 21 21 |
[ 92 2 20 v 19 18 i8 17 17 17 17 & 16 It
1 3vd 24 23 2 2l 2] 20 20 19 19 19 19 19 v
12 237 0 19 19 18 17 17 17 16 16 16 16 l& 16

178



Tuble (6.23)  Total losses (in KW in feeder no. 26, which ix arised from combining active
and reactive currents as a tunction of the number of the installed capacitors
at Jifterent time periods.  Each capacitor is 0.9 MVAR,

Total Number of Capacitor Banks
period T, v L
No, (hrs)

1 Y64 ) 4
2 5379 4 3
3 385 3 2
4 231 3 2
5 1960 4 3
6 1177 3 2
7 784 2 I
8 470 2 2
9 Y85 4 3
10 392 3 3
11 394 4 3
12 237 3 2

179



Table (6.24)

Total Josses tin kW) in teeder no.27. which is arised trom combining active
and reactive currents as a function of the number of the installed capacitors

at difterent time periods. Each cupacitor is 0.9 MVAR.

Total Number ot Capacitor Banks

period T, () ] 2 3 4
No. (hrs)

B 1 V6 T 73 67 61 38 53
2 579 57 52 48 43 41

3 385 38 34 31 28 28

4 231 32 29 26 24 24

5 19610 34 49 45 43 39

6 1177 42 38 35 3l 31

7 784 28 25 23 21 21

8 470 24 21 19 17 17

Y U85 36 31 47 44 41
10 592 44 40 37 33 33
Ll 394 51 46 43 38 37
12 237 43 39 36 32 32

180



Table (6.25) Total losses (in kW) in teeder no 28, which is arised from combining active
and reactive currents as a tunction of the number ot the installed capacitors

at ditferent ume pertods. Each capacitor is 0.9 MVAR,

Total Number of Capacitor Banks

period T, 0 l 2 3 4 3
Nuw thrs)

1 Va4 30 47 A6 Jd 43 42
2 579 A RH 6 | 35 3 34
3 383 27 25 24 23 23 23
4 231 23 2 21 20 20 20
5 1960 38 36 34 33 32 A2
6 1177 3 28 27 26 26 26
7 784 20 v B 17 17 17
] 470) 17 16 15 15 L5 15
Y YRS 40 37 36 34 34 M
10 592 32 30 28 27 27 27
| 394 36 34 33 3 31 3
12 237 31 29 27 26 26 26




Tuble (6.26)  Total losses (in kW) in teeder no.29. which is arised from combining active
and reactive currents as # function of the number of the installed capacitors
at difterent time periods.  Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks

perind T, () I 2 3 4 5 6 7 b Y
No. thrs)

[ U4 10Y 103 9N us 92 0 87 86 84| 83
2 579 87 82 75 72 71 69 | 68 | 67 | 67
3 AR5 59 55 33 50 1 49 47 46 | 46 ) A6 | A6
4 231 51 47 45 | 43 | 42 H) 393 | v |
5 1960 | 83 78 75 | 71 | 68 67 65 | 64 [ 63 | 63
6 1177 | 65 61 39| 56 | 55 52 5t 51 | 31 } 51
7 784 | M 41 3] 37 | 36 35 351 35| 35 ¢ 35
8 470 38 35 33 [ 31| 30 29 29 129 1 29 | 2
Y YRS 86 81 8 0 4 71 70 68 | 67 | 66 | 66
10 592 | 68 64 62 | 59 | 57 55 54| 33} 53| 53
11 394 | 78 74 71 68 | 65 63 62 | 61 | 61 | 6l

12 237 67 62 60 | 57 | 56 53 52 | 531 } 51 | 31

J—
o]
to



Table (6.27)  Tomal losses (in kW)Y in teeder no.30, which isartsed from combining active
and reactive cwirents as i function ot the number of the installed capacitors
at ditferent tume periods. Each capacitor s 0.0 MVAR,

Total Number of Capacitor Banks

perind T, t} i
No. thrs)
1 Hod Y b
2 579 8 7
3 N5 5 4
4 231 4 4
3 1964) 7 )
6 1177 6 5
7 784 4 4
8 470 3 3
v URs 7 6
10 592 6 5
Il 394 7 f
12 237 6 5

[e]




Tuble (6.25)

Total tosses (in kW) in teeder no 3 E which is arised from combining active
and regetive currents as a function of the number of the installed capacitors

at ditferent time periods. Each capacitor is 0.9 MVAR.

Totl Number of Capucitor Banks

el T, 0 | 2 3 3 5 6 7
Nuo, thrs)
| oot | 357 1 322 | 2o | 22 | 253 | a3 | 2 | 220
2 st | o267 L2 | o220 aos | e | oam | a7 | am
3 385 e | o152 | e | oo | 22| e | e | e
4 231 2 b o127 | e | oros | w2 | ows 9% | ws
5 wen | 251 | o227 | 2w | 193 | w0 | 170 | o163 | 163
o 177 | o | 157 | 16 | 137 | 130 | o1 o
7 784 122 104 1{Y) y3 hi A bt b
3 470 102 vl 83 77 | 73 73 73| 7
9 985 03 | o3y | oaw | 202 | wse | o | oo o
10 s92 | a0 i8] o6 | 153 | 144 | w37 | w37 | 37
1 | 26 | 23 | o1ws | s | e | oae0 | s+ | oass
12 237 s |17 | oten | 1w | o o1 | o33 ]

}—i
[ex]

=



Table (6.2 Toti fosses tin KW in feeder no.32, which is arised trom combining active
and reactive currents as a tunction ot the number o the installed capacitors
at different time perinds.  Each cupacitor is 0.9 MVAR,

Towal Number of Capacitor Binks
perivd T. 0 1 2 3 4 3 t
Nu. thrs)
! U b4l 129 114 11 104 (N o
2 3 114 {00 Y2 N6y Xl 7N T
3 385 72 63 ol 50 33 53 53
4 231 6l 35 30 47 43 43 43
5 1960 104 v N7 N1 77 ?4 74
) 1w 80 73 67 62 N 34 50
7 784 33 +7 43 4 KL K v
8 <470 45 J0 3o 34 KA) M M
Y hi] 108 Ph] 91 84 80 77 77
10 392 83 77 70 a6 62 ol o)
i 394 us 3Y 82 76 72 70 70
12 237 82 74 o8 63 o) 58 38




Tuble (6.31h)

Total Josses (in kW) in feeder no.33. which is arised from combining active
and reactive currents as a function of the number of the installed capucitors
at ditferent time periods.  Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks

period T, () ] 2 3 4 i 5 G 7 X
Nu, thrsy
l Uil i o4 hd 181 176 171 fox 166 lod
2 3 16l I 54 14y 143 139 135 133 132 132
3 385 111 14 100 Y6 v3 el i) Y1) 9l
4 234 Y35 h3Y 85 | 79 78 78 7X 78
3 ] 154 46 14 135 132 128 126 125 125
O 177 122 13 111 106 (03 101 L0 f00 100}
7 TR N3 17 74 71 6y 68 68 68 N
b 470 70 65 63 6f) 3% h 38 38 3N
Y Y83 Lab 152 147 41 137 134 131 130 130
0 92 128 121 116 111 1A 106 10:4 n3 103
11 Jud 147 139 134 128 125 122 120 118 HIN
12 37 124 117 13 108 105 103 131 0] 10]
i8¢



Table 16,317 Total losses (in KW in teeder no 35, which is arised from combining active
and regctive currents as a function of the number of the installed capacitors
at different time periods. Each capacitor is 0,9 MV AR,

Totd Number of Capacuor Banks
perid T, 0 1 2 3 4 3 t 3 X
No, thrsy
i Yk 141 134 124 125 122 120 (AR 1w (R
2 379 R 107 1132 Yy w7 uvs U3 ] Ui
3 385 77 72 ) 07 O3 03 N ) hi
4 231 6O 62 ) 57 3 S0 30 S0 S
3 tvat) 107 141 Y7 ud 42 9l | ul vl
6 1177 83 S0 77 74 73 72 72 72 12
7 T84 3N 54 | 50 v 4 44 44 44
b 470 4y A6 43 42 42 42 42 42 42
Y Y83 111 (03 101 YN u6 94 Yd U4 w4
1 392 Sy 4 bl 78 76 75 75 73 75
t 394 102 Y6 Y2 A N7 86 S0 S0 Ny
12 237 87 82 ™ 15 74 73 73 73 73

p—
QO
-]



Tuble (6,321 Total losses (in kW) in teeder no. 36, which is arised trom combining active
and reactive currents as a function of the number of the installed capacitors
at different time pertods. Euch capacitor is (09 MVAR.

Total Number ot Capacitor Banks
period T, i} i 2 3 4 h) ) 7 8
No, thrs)
i U6t | 75 [ 452 | 433 416 | J02 1 391 | 3N2 | 375 | 369
2 579 | 376 | 357 | 341 | 327 | 316 | 307 | 300 | 296 | 296
3 INS O} 254 | 239 227 | 217 § 2100 204 200 | 201 | 201
4 231 206 ) 203 [ 102 [ a8 [ 178 | 174 | ] 174 | 174
5 1960 | 357 | 338 | 323 | 310 | 299 | 291 | 285 | 281 | 281
6 1177 | 281 | 265 | 252 | 241 § 233 | 227 [ 223 | 223 | 223
7 784 18 (76 | 167 | 160 | 154 | 151 { 51 | I51 { 151
8 470 160 | Y | 141 | 135 | 130 128 | 128 | 128 | 128
Y U85 | 371 | 352 | 336 | 322 [ 312 | 303 | 296 | 292 | 292
0 592 1 294 [ 278 | 264 | 253 | 245 | 238 | 234 | 234 | 234
1 394 | 339 | 320 | 305 | 293 | 283 | 275 | 270 | 266 | 266
12 237 | 286 | 270 | 257 | 246 | 238 | 231 | 2277 227 | 227




Table (6,35 Total losses (in KW in feeder no 37, which s arised from combining actine
and reactive currents as a function of the number of the installed capacitors
at different time pertods. Each capacitor is 0.9 MV AR,

Total Number of Capaciten Banths
pethind T, n | 2 3 + s o T b u i
No. vhrs)
[ Yhd 141 130 [IRY] 128 124 121 LIS 17 [RI Lis 11
2 R 113 W [[$N) [ivE uN up L) ui ur ur uy
3 3RS ™ 74 1 [ et trd 4 03 03 i ni
4 23] th b3 6t kb 5b 33 A L¥] A 5. L
] I 108 03 Yy Uk iH “H Ny 88 N " 8%
] 1177 S6 52 8 Tt 73 7l it 70 0 0 HE
7 TRt R 35 32 Sl Ju A8 47 47 47 47 47
b 470 SN 47 44 $3 41 41 Aty i Bij) Bl NI}
Y YSS 112 n7 13 1o w7 Y5 ui U ul vl ul
10 42 Yyi 8h K2 L) 77 73 71 73 73 IR 73
] KA 102 U ud Yl b1 17 RS R X3 Ri LR
I 237 "7 |45 L X 80 77 75 73 72 71 71 71

p—
oo
(Y




Tuble t6.34) Totul losses (in kW) in feeder no.38. which is arised from combining active
and reactive currents as g tunction of the number of the instulled cupacitors
at different time periods.  Euch capacitor is 0.9 MVAR,

Total Number of Capucitor Banks

perind T, 0 | 2 3 4
N, (hrs)

t Y6 79 73 &Y H6 63
2 579 63 58 54 52 32
3 383 43 39 37 35 35
4 231 37 33 31 31 3l
5 1960 GO 35 52 50 50
6 1177 48 43 41 39 3
7 784 32 29 27 27 27
8 470 28 25 23 23 23
Y RS 63 57 54 32 52
1 592 50 45 42 41 41
) 394 57 52 49 47 47
12 237 49 44 41 40 40

'_.
A0

B ]



Table (6.35)  Losses (in KW in teeder no. b avising tront the reactive currents, as i
function of the number ot the installed capacitors at ditterent time periods.
Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks
period T, 0 l 2 3 4 5
No, thrs)
1 964 21 {4 9 5 2 (h
2 579 17 11 7 3 ! |
3 385 11 7 + ! | I
+ 231 Y 5 3 {) ) 3]
5 1960 10 6 3 ] ! ]
6 1177 +4 2 l 0 0 }
7 784 3 2 I ) (h 0
b3 470 4 2 ] 4 t 0
9 YRS il 7 4 I I I
i0 592 Y 5 3 ( ( g
Il 394 21 4 Y 5 2 3
12 237 17 i1 7 3 | l

b=
o
=



Tuble (.36

Losses (in KW in feeder no 20 arising from the reactive currents. as u
function of the number of the installed capucitors at different time periods.

Each capacitor is 0.9 MVAR,

Total Number of Capacitor Banks

periul T, it I
Noy, {hes)
| Uil 3 1
2 379 5 1
3 383 3 0
4 231 3 0
3 y6H 3 0
O 1177 2 0
7 784 1 {
hd 470 i 0
Yy UNs 3 0
10 542 3 0
1§ KA 6 1
12 237 5 L

11 ¢

[ §%]



Tuble (6.37)

Losses tin kW) in feeder nod, arising from the reactive currents. as q
function of the number of the instalted capacitors at ditferent time periods,
Each capacitor is (L9 MVAR,

Total Numbes of Capacttn Bk

peinnd T N 1 2 3 4 A n 7 N y [ 1 t2

N, thtsy
I Ul 208 170 | 139 111 bt 6N 3 1) 2% ] 18 i o
2 S74 (I3 137 HwW Sh ns Ju U 26 M 13 “ b t
3 Rh 111 87 tity 48 i 23 it 12 ts 3 2 2 2
4 23t Y3 71 53 37 25 it B 7 N 5 5 s 3
s Tuntt | LK) 77 hE 42 24 v 13 v I 2 2 2 2
& 1177 R3 b2 45 K} 2 14 8 3 i i i 1 3
7 TR Sn 40 27 16 Y 5 3 l | 1 | 1 |
S 170 47 R 21 12 4 3 | 0 0 1] 0 0 1
9 4R3 111 87 66 48 M 16 12 6 3 2 2 2
10 2 93 7! hR] 37 a5 16 1t 7 5 5 5 5 )
I aud 208 170 139 111 B8 hR 51 Bk 28 hil I8 1:1 4
12 237 168 137 110 6 h3 Sy i 6 Ry 13 Y f n

1¢3




Table (6.38)  Losses (in kW) in teeder no.5. arising trom the reactive currents. us u
function ot the number of the instailed capacitors at different time periods.,

Each capacitor is 0.9 MVAR.

Tatal Number of Capacitor Banks

pemd T, 0 ] 2
Nuy, thrs)
] Yot 1.0 L3 ]
2 57 (LY 0.2 {)
3 383 0.6 il 0
4 23] 0.3 1} )]
5 TY6l) 05 0,1 1
§] 1177 0.5 0 0
7 T84 0.3 0 0
N 470 0.3 0 {
Y Yss 0.6 () Y.
0 592 0.5 ) 1]
11 394 1O 0.3 0
12 237 0y 0.2 0

'_h
0
a=



Table (6.3

Losses (in kW)Y in feeder no.6, arising from the reactive currents, ax a
function of the number of the installed capacitors at ditterent time pertods,
Euach capacitor is 0.9 MVAR,

Tutal Number of Capacitor Banks

period T. 0 l 2 3 4 3 6 7 N
Nu. thrs)
] 96 e 32 K LY 21 14 N 4 l
2 379 54 +2 3 22 13 Y 5 2 2
3 383 37 2N v 12 N k} | i |
4 23] 32 23 15 Y h 2 0 0 0
5 1960 34 25 17 10 O 3 0 0 i
6 1177 ] 24 13 8 4 ! ! 1 1
7 7384 20 14 b + 2 0 0 () };
b 470 17 11 6 2 1 1 1 1 1
Y Y3 o4 2 3 Ry 2 14 N 4 1
10 R 54 42 3 L 15 Y 5 2 2
11 394 37 28 19 12 b 3 1 1 |
12 237 32 23 15 Y 3 2 0 0 0

195



Table (6,401 Losses (in kW) in teeder no.7. arising from the reactive currents. as a
function of the number of the installed capacitors at difterent time peniods.
Each capacitor is 0.9 MVAR,

Total Number of Capacitor Banks
pericud T, " ] 2 3 4 3 o

Nu, thes)

I ok 330 251 197 153 120 Y2 70
2 5 211 fod 129 10 77 57 42
k) KE 102 N 59 43 31 2 21
4 23 78 58 43 30 20 13 L3
3 19ual 87 63 4y 35 R (5 15
O 1177 65 45 35 23 i3 15 I3
7 754 37 a5 17 10 5 ! 1
s 470 2 19 £2 6 6 6 6
Y Y83 102 74 ) 43 31 21 21
10 R 78 KA 43 30 20 13 13
i 3ud 330 251 197 153 120 Y2 70
12 137 21 164 9 100 77 57 42




Table t6.41)  Losses (in KW in feeder no.X, arising from the reactive currents. as a
function ot the number of the installed capacitors at ditterent tme periods.
Each cupacitor is 0.9 MVAR.

Total Number of Capacitor Banks
petiod T. O | 2
No, thrs)
l Y64 o 2 0
2 3 5 2 0
3 N5 4 1 0
4 231 3 | {
5 1U6d) 3 l )]
6 177 3 0 v
7 84 2 0 0
8 470 1 (} U
Y Ys3 4 I 0
10 592 3 1 0
1t 394 6 2 0
12 237 5 2 0




Tuble (6.42)

Losses (in kW) in feeder nob. arising from the reactive currents. as u

function of the number of the installed capacitors at different time perivds.
Fach capacitor is 1.9 MVAR.

Towl Number of Capawitor Banks
perted T, 0 ] 2 3 4 5 6 7 b Y 1y |11
Nn, thrs)
1 gl | N L 8T 5 | 62| 52 41 321 23 (B 12 Y 3
2 57 85 70 50 | 48| 3 30 2] 15 | N 4 4
3 385 50 44 36 27 | 2 13 ] 3 3 l 1 I
4 231 47 36 29 21 16 1 6 3 l ] 1 1
3 tyol | 30 D) 32024 ] 18 i2 N 4 2 2 2 2
6 1177 1 41 32 25 18 13 8 4 2 2 2 2 2
7 4 28 ) (5 10 6 3 1 1 | ] 1 |
b 470 23 16 12 7 4 2 0 0 0 0 { 0
Y uss 56 44 s | 272 i5 10 3 3 1 1 1
10 92 47 36 v 21 16 11 6 3 1 [ 1 !
11 V4| W1 | 87 73 62§ 3 41 321 23 I8 | 12 Y 5
12 237 N5 70 59 | 48] 39 30 2 15 11 b 4 4

1cg



Tuble (6,43

Losses (in KW in teeder no L0 arising from the reactive currents. s a
function ot the number of the installed capacitors at ditferent time periads,
Each capacitor is 0.9 MVAR,

Tout Number of Capaciior Banks

period T, 0 I 2 A 4 5 t 7
No. thrs)
] ) 34 2o N 12 N 4 2 |
2 379 6 1 13 b 4 2 I !
3 Khi] 17 12 7 4 2 0 1) 0
4 231 14 Y 3 2 l 0 0 ]
3 font) 23 LN 12 7 4 2 0 0
6 1177 19 13 N 4 2 0 1) U
7 784 12 h 4 2 i} { t) 0
X 470 10 6 3 | 0 0 0 1)
Y UNS 26 1Y 12 S 4 2 | |
1 32 0 14 Y 5 2 | 1 1
I 304 M 17 1 7 3 1 0 0
12 237 20 14 8 3 2 | ] !

W



v

Tuble (6.44)

Losses (in kW) in teeder no.l1. arising from the reactive currents. as u
function of the number of the installed capucitors at difterent time periods.
Each cupacitor is 0.9 MVAR,

Total Number of Capacitor Banks
penod | T, 0 | 2 3 4| s b 7 8 Y oo o
Nu. thrs}

1 _‘Jh-l 155 133 11 td 76 63 49 3R 28 2 15 Y f
2 579 125 | 107 | BK 73 37 ] 46 34 26 I8 12 ] 3 3
k) RES 8 6y bR 42 ]| a3 I8 10 f 3 l 1 1
4 23] by 56 43 33 23 17 1} ) 3 3 3 3 3
3 [96H) 74 ti) 47 in i) v 12 8 4 4 J4 4 4
b 1177 6l 19 17 b} v 13 R 4 2 3] ] 0 i
7 784 41 3 a2 15 Y N 2 hi 2 2 2 2 2
) 470 KR 25 17 11 6 3 1 1 | ] ] | |
Y YRS L% 6% 53 42 3l a3 15 0 6 3 | 1 1
1t 542 6y 56 43 33 23 17 L] 6 3 3 3 3 ki
I vl 155 133 (] Y 76 6l 49 38 28 2i 15 Y 6
12 237 125 | 107 | 8B 73 57T | 46 u J6 18 12 R 3 b




Tuble (6.45)  Luosses (in kW) in feeder no.12, arising from the reactive currents. as it
function of the number of the installed capacitors at different time perivds.
Each capacitor is 0.9 MVAR,

Total Number of Capacitor Kanks
perivd T, 0 | 2 3 4 i 6 7 H u
N, thrsy
1 Yk RH 3l M I8 14 10 7 1 3 2
2 s34 32 25 14 14 1 7 ] { 2 !
3 3RS 22 17 12 b 5 3 2 1 0 n
4 23 19 4 10 n 4 2 1 1 " 0
5 1961} 2 15 It 7 | 2 2 ! 0 n
b 1177 17 12 8 b 3 2 | 0 i it
7 784 2 ] i K} 1 | l l l |
) 470 10 6 4 2 H ] 0 0 0 0
Y YRS 23 17 12 L 3 3 2 ) 0 0
1] 5492 v 14 10 f 34 2 | | (} 1
11 394 iR 3 24 18 14 1t ] | 3 M
12 17 32 a5 19 14 10 7 4 3 2 1




Tuble (6,407

Losses (in kW) in feeder no 13, arising from the reactive currents. us a
function of the number of the installed capacitors at different time periods.
Each capacitor is 0.9 MVAR,

Totd Number of Capacitor Banks
period T, 0 1 2 3 + 3
Nu, thrsy
! Yeed 2 21 13 b 3 l
2 579 26 i 11 3 I 0
i 85 17 ] O 2 0 i
+ 231 15 b 4 ] 0 0
3 1960) 24 I5 T} 4 H 0
0 1177 19 11 7 2 () 0
7 x4 13 6 3 1 i !
N 470 B 5 2 0 ] {0
Y U8 25 16 L0 3 | 0
1] 32 20 12 7 3 0 0
11 394 23 I+ Y 4 1 1
12 237 19 1 7 2 0 1]

202



Table (b 47y Losses (in KW in feeder no 7, arising from the reactive currents, s o
function of the number of the installed capacitors at difterent time periods.
Each capucitor is 0.9 MVAR,

Total Number of Capacitor Kanks
Prinnd T. " i - 3 + 3 n B R M I 11 12
N s
l uhd 37 3 2h 2 i 13 li 7 3 i 2 | "
2 A74 N 23 n 1t 12 Y [} 1 2 | 1 0 0"
3 i8S ] l& 12 v [ 4 3 1 ] 1] n i 0"
-4 231 17 13 10 7 3 H 1 | 0 n " i m
5 1960 s 23 4 (] (B s 3 4 2 1 " 0 W
6 1177 a2 [ 14 1 7 ) 3 3 | 0 i} " 0N
7 784 15 11 b f 3 2 | 0 0 0 0 0 0
H 470 13 9 & 4 2 1 0 (M) " " 0 0 0
Y YR3 n 2 9 |5 12 ) [ 3 2 | 0 0 0
10 92 a3 19 15 Il 8 3 3 2 H 0 0 )] i
Lt LU NY 27 22 17 13 10 7 5 3 2 1 0 0 !
12 237 22 IX 14 I R 5 3 2 | T 0 " H
23
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Tuble (6.4 Losses tin KW) in feeder no 21, arising from the reactive curtents, s o
function of the number of the installed capacitors at different time periods.
Euch capacitor is 0.9 MVAR.

Totl Number of Capacitar Banks
period T. 0 l 2 K 4 3 o 7
Nov, thrs)
! Y} 7 0 4 3 l 0 1 0
2 379 O 4 3 2 l 1 0 U
3 IN3 4 3 | ! 0 0 0 0
4 231 3 2 i 0 0 0 0 0
3 1960 3 4 2 2 1 0 0 0
O 1177 4 3 2 1 0 { {) 1
7 784 3 2 1 0 ] 0 U 0
b 470 2 1 0 0 0 0 ] 0
Y Yss 6 4 3 2 ! { ) it}
10 2 4 3 2 [ ] { 0 0
11 3ud 5 4 2 1 0 0 0 0
12 237 4 3 2 | 0 0 ] 1

ro
LN



Tuble (6.50)

Losses tin kW) in feeder no.220 arising from the reactive currents. as a
function vt the number of the installed capacitors at ditferent time periods.

Each capacitor is 0.9 MVAR.

Totd Number of Capacitor Banks

perd T. 1 !
Nu, thrsy

l Yt (4 b}
2 379 0.3 1]
3 385 0.2 1]
4 23] (12 ]
5 1960 03 §]
t 1177 0.2 0
7 Tnd 0.1 tl
] 470 0.1 0.1
Y EAN] 0.3 0
[} 592 0.2 0
1 Jud (.3 0
12 237 .2 {0

g%

L gl

(o))



Tuble (6,51 Losses (in KW in feeder no 23, arising trom the reactive currents, as a
function of the number of the installed capacitors at difterent Sme periods.
Each capacitor is 6,9 MV AR,

Total Number of Capaiior Banks
penod T, 0 |

No, thrs)

| b 1.1 0.1
2 374 (B3 {)
R NS (Lo 0
4 23 0.5 0
5 1960 0. i
6 1177 0.6 0
7 784 0.4 04
N 470 0.3 0.3
Y Y83 {8 0
[ 392 (1X3] 0
il g O 0]
12 237 the 0




Tuble (A.32)

Losses (in KW) in teeder no250 arising trom the reactive currents. as
function of the number of the installed capacitors at different time periods.
Each capacitor is 0.9 MVAR.

Total Number of Capaciter Banks
penid T, {h ! 2 i 3 3 f 7 ¥ u in I [
Nov thisy
1 unl A s 4 R t 2 | 1 ! 0 0 0 0
2 S74 3 4 3 2 2 | 1 l 0 i 1" 0 (
3 kb 3 2 2 | | | 0 0 ( 0 0 0 0
J 23 3 2 1 1 l 0 0 ] ] 0 t 0 0
5 1960 3 4 3 2 2 1 1 0 0 0 1] 0 0
& 1177 | 3 2 ) 1 I 0 0 0 0 0 ( ]
7 Tiad B 2 | | 1] 1 3] { ] n 1 3] i}
s 470 2 1 1 3] 3] 0 0 ! 0 )] 0 ] 0
Y QXS ' 4 3 2 2 | | 0 0N 0 1] 1 3]
] a2 4 3 2 2 1 1 0 0 0 0 §] 0 0
1l RPN 4 3 3 2 2 1 i 0 0 0 ] 0 ]
12 237 3 3 2 2 | | { ] )] 0 0 )] 0




Tuble (6.53)

Losses (in kW) in feeder no 26, arising from the reactive currents. as a
tunction of the number of the installed capacitors at ditterent time periods.

Each capacitor is 0.9 MVAR.

Toral Number of Capaciior Banks

perod T, u 1
Now thrs)

1 e 1.2 02
2 3 1 .l
3 2N 0.0 0
<4 21 0.3 0
5 1961 (IR i
o (177 0.7 i
7 784 0.3 0
b 470 04 4
v Uhi] I 0.1
10 2 0.7 0
1 394 0.y 1.1
12 237 0.7 0

206G



Tuble 16.54)

Losses (in kW) in feeder no.27. arising from the reactive currentis. as u
function of the number of the installed capacitors at different time periods.

Each capacitor is 0.9 MVAR.

Towal Number of Capacitor Banks

penud T, 0 ! 2 3 4
No, thirsy
1 v 22 16 12 N 3
2 LA 17 I b 3 1
ki NS 10 6 4 1 |
4 231 ] 5 3 0 0
5 1960 16 11 7 3 1
[\ 1177 il 7 5 ] l
7 84 7 4 2 1] ]
S 474 6 3 2 0 0
Y Yx3 16 11 8 5 1
1) 92 12 8 3 1 ]
tl 394 14 10 7 2 1
12 237 12 N 5 i |

210



Table (6.35)  Losses (in kW) in feeder no2N, arising trom the reactive currents, s .
function of the number of the installed capacitors at ditferent time periods.
Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks
pend Tr ] 1 3 3 4 g
No, ihrs)
| Yed N 3 k] 2 ] 1]
2 579 6 3 2 | 0 0
) RhN 4 2 H 0 0 0
+ 231 3 2 1 0 0 v
5 19610 6 3 2 1 0 0
O 1177 4 2 1 0 0 1]
7 784 3 [ 0 i 1 0
hY 470 2 | ) 0 1} 1)
Y YRS O 3 2 1 ] 0
1) 392 3 3 ] () 0 0
11 394 5 3 2 0 i 0
12 237 4 2 I 0 0 0

38
=
p—



Table (6.50)

Losses (in kW) in feeder no.29, arising from the reactive currents, as
function of the number of the installed capacitors at difterent time periods,
Each capacitor is (L9 MVAR,

Total Number of Capacitor Banks

periond T, 0 | 2 3 4 5 6 7 b Yy

Nu, thrs
| /%) L U} 15 12 S 7 + 3 i 0
2 379 20 L5 12 ¥ 5 - 2 1 ¥ 1]
3 383 13 Y 7 -4 3 1 0 } () ]
4 231 I 7 6 3 2 ] { | 0 0
N 1960 19 14 12 b 3 3 2 | 0 0
6 1177 15 10 N 5 4 2 0 Y] ] 0
7 784 1 6 5 2 1 0 0 0 0 0
h 470 hi 5 4 2 ! 0 0 ) 0 0
Y YRS 20 15 12 B 5 4 2 1 0 {
10 392 15 [l Y 6 4 2 | 0 0 ¥
11 Jud 18 13 11 7 4 3 i ] 1 I
12 237 t3 11 Y 5 4 2 1 0 { 0

212



Table (6,37}

Losses (in kW) in feeder no300 wrising trom the reactive currents., as
function of the number of the installed capacitors at different time periods.

Each capacitor is 0.9 MVAR,

Tokl Number of Capacuor Banks

period T, 0 !
No, thrs)
1 e 1.2 0.3
2 3 ] 0.
3 N3 0. a1
4 AR] 0.5 1
3 {90} (1A 02
6 1177 0.7 i1
7 784 0.5 0.3
N 470 0.4 O
Y RN 1AY 0.2
(3] 2 .7 0.1
I Jud (110 U1
12 237 0.7 0.1

o

Wt



Table (6.58)

Losses (in kW) in teeder no.31, arising from the reactive currents. as i
function of the number of the installed capacitors at different time periods.
Each capacitor is 0.9 MVAR,

Totl Number of Capacitor Banks

period T, il 1 2 3 4 3 0 7
Nu, ths)
1 L) 151 16 hi 70 S0 6 24 n
2 379 13 77 38 43 29 v I 11
3 AR5 37 40 28 19 11 5 3 N
4 23 460 3 20 13 7 2 2 2
3 o Y3 7l s2 kb 26 e Y Y
O 77 Of 47 33 23 4 N N 8
7 784 Kh 25 16 10 4 4 4 4
h 470 3 Y [l ¢ 2 2 2 2
Y uNs 101 70 56 42 R Ix 1) in
0] 392 71 3l 36 26 [6 Y Y Y
I 3ud hh 03 47 35 23 14 7 7
12 237 6N 49 35 4 15 N b b

tJ

=

Hz=



Tuable (6,50

Losses (in kW) in teeder no 320 arising from the reactive currents. as a
function of the number of the instatled capacitors at ditferent time periods.
Euch capucitor is 0.9 MVAR,

Tol Number of Capacitor Banks
period T. u I 2 3 4 3 b
N, thrs) |
| Ui 47 15 a3 17 1 t 3
2 379 RN 25 17 L N 3 3
3 3NS5 21 14 N 4 2 2 2
4 Ry 17 " t 3 | I 1
3 196t K 23 15 1] h 2 2
6 177 24 16 ] O 1 3 R)
7 784 14 Y 5 2 0 i 0
8 470 12 7 3 1 1 ! ]
Y N3 34 24 17 10 6O 3 3
3] 2 23 17 1 O 3 1 |
" Jud 30 2 14 Yy 5 2 2
i2 237 4 o 1 6 3 | I

2l

N2l



Table (6.60)

Losses tin " Wi in feeder no.33, arising from the reactive currents. as a
function of the number of the installed capacitors at different time periods.
Each capacitor is 0.9 MVAR,

Tot Number of Capacitor Banks

perid T, 0 I 2 3 4 3 6 7 N
Niw thrs)
1 Yo 40 30 25 17 13 h 3 3 ]
2 379 3l 23 IN 12 8 4 2 1 1
3 NS 20 14 10 f 3 ! 1] 0 0
4 23 17 I 8 4 2 ] ] ! !
3 [960) 3 21 17 il 7 4 2 ] |
0 LL77 3 16 12 7 4 2 0 0 0
7 754 15 Y 6 3 1 0 0 0 0
Y 470 t2 7 5 2 1 0 ] 1] 0
Y PAN] 31 22 18 11 b 4 2 1 !
1) 92 24 17 [3 b 5 2 I 0 0
11 3yq th 20 [5 10 1 3 | ] 0
12 237 23 6 12 7 4 2 0 0 0

(g%

()}



Table (6.6 Losses ¢in KW in feeder no 33, arising from the reactive currents. as
function of the number of the installed capacitors at different time periods.
Each capacitor is 0.9 MVAR.

Total Number of Capacitor Banks
period T, 0 | 2 3 4 5 £ 7 b
Nu. {hrs)
| Ut 25 IS 13 Y 6 4 3 3 3
2 379 19 14 Y {] 4 3 2 2 2
3 385 13 8 5 3 2 1 | 1 |
4 231 11 7 4 3 1 l 1 | i
5 1960 19 13 Y 5 3 2 2 2 2
6 1177 15 10 6 4 2 2 2 2 2
7 784 b0 6 3 2 | 1 ] 1 |
S 470 b 5 2 i l l | l 1
9 Y85 19 13 9 6 4 3 2 2 2
10 s | 15w | 7 | 4] 2 2 20 2 2
1t 394 H 12 8 5 3 2 2 2 2
12 237 15 10 6 4 2 2 2 2 2

[£8



Table (6.62)  Losses (in kW) in teeder no36, arising from the reactive currents. as a
function ot the number of the installed capacitors at ditferent time perinds,
Euch cugucitor is 1.9 MVAR.

Totd Number of Capacitor Bunks
penod T. 0 | 2 3 4 5 6 7 N
Nn. {hrw)
| Uerd 107 NS s 0 36 23 16 {0 5
2 379 N2 (3 47 34 23 14 S 3 K
3 3NS5 52 N 26 6 {}] <+ 1 1 |
4 231 44 31 20 13 6 2 2 2 2
3 [96t) 77 ) 4+ 3t 21 13 6 3 3
6 1177 R} 43 3 20 12 6 2 2 2
7 784 3N 26 16 10 4 | ] 1 1
h 471 3R 20 12 6 2 0 f] 0 0
Y UNS A 62 46 33 2 14 N 3 3
1} 592 62 46 33 22 4 7 3 3 3
k1 3ud 73 55 40 28 19 11 3 2 2
(2 237 6l 4+ 3l 21 13 7 2 2 2

>
}—
oo



Table (6.63)

Losses tin kW) in feeder 10370 arising from the reactive currents, as o
function of the number of the installed capacitors at different time periods,

Euch capacitor is 0.9 MVAR,

Towal Number of Capacitenr Kanks
petiod T, 3 i 2 3 + s h - 8 N b
Nov thrsy
1 Yh. 27 21 I7 |3 it 7 4 2 l | "
2 374 21 17 12 “ [ 4 2 | il n N
3 XA 14 11 7 N 3 | | T i 1 n )
4 23 12 Y 3] 4 2 | ] 3l il i T
5 1960 20 6 I2 s t 4 2 1 0 0 "
6 1177 lh 12 b t - | H 0 t i 0
7 784 11 7 Al 3 l 0 0 1 0 1" 0
N 470 ] h 4 2 1 0 1 0 1l n 1]
Y YRS 21 16 12 Y & 4 2 1 it 0 3!
10 592 17 13 Y [ 4 2 t i) 1 ] 1]
i Jud v 13 11 b 5 3 | 1 " 0 1
12 237 16 12 L [ 4 2 | 0 0 I 0

| £8;
peom

wr



Tuble (6.64)

Losses ain KW in teeder no 38, arising from the reactive currents. as o
tunction of the number of the installed capacitors at ditferent time periods.

Each capacitor is 0.9 MVAR,

Tl Number of Capacitor Banks

permud T. H I 2 3 4
Ny, thrsy
1 U id 5 3 | i
2 379 Hl 6 ki §] 0
3 RN h 3 I 0 ]
4 | 6 3 0 0 0
5 1901) )] O 2 1§ 1
H 1177 b 4 | 0 L
7 N4 ) 2 {} 0 i
N 270 3 2 O §] H]
Y YNS 11 6 2 0 0
1) 02 Y 4 [ 0 0
il 34 10 5 2 0 0
12 237 Y 4 i 0 0
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Table (6,65 Switching table tor feeder no. 34, showing the status of the capaciior

switches (b tor ON and 0 tor OFF) a difterent tme periods,  The
capacitors dre installed at oniyv 8 nodes which hitve the numbers 8. 18,
19, 39, 43, 5460 and 70, This feeder carries a maximum load of 238
MW oand 147 MVAR distributed from 79 main load nodes.

. # 2 3 l 4 5 O 7 N u LI T I N T P I R l-l_}

mnde # 18 N [ IN IN I 19 1 3y MEE A R I A

pcr:iml swilch status ot the capaenor haniks
1 | ! 1 1 | I l 1 l | 1 | |
2 1 ] I l l t 1 l n i l ! 1
3 1 l j { ] 0 l 1 0 ! 1 1 l
4 1 ! 1 1 0 0 1 l 0 | ! i |
5 I ] | | i 0 1 1 0 l I | l
6 ] 1 | ] ] { l 1 i 1 1 l |
7 1 1 ] ] 0 0 1 i 0 I l ] !
8 1 I 1 l }) 0 I ] \ ] 1 i 1
Y i ] l i ] 0 i l 0 I I i I
H) 1 1 ! 1 1 b 1 | 0 l l ] I
1 1 ! 1 1 | 0 1 ] 0 | I 1 |
12 | | I 1 ] 0 I 1 0 1 1 | ]

o
[

[



Tuble (6,661

Switching table for teeder no.l showing the status of the capacitor switches

{1 for ON and 0 for OFF) at different time periods.

cap. # [

node # 32

period switch status of the capacitor bunks
\:
[ |
2 |

r

3 ]
5 i
6 l
7 i
b ]
Yy 1
10 1
11 i
12 |




Table (6,67} Switching table for feeder no.3 showing the status of the capacitor switches
{1 tor ON and 0 for OFF) at difterent time periods.

cap. # l 2 3 4 3 6 7 8 ¥

node # 4 RAY 29 24 27 I8 IN IS | lo

period switch status of the capacitor banks
I l | | I i I | I i
2 ! I l I | 1 I | I
3 | | I | | | | 0 |
+4 l | 1 0 1 | 1 ¥ |
3 ! ! ! L | | t | |
6 ] 1 1 i | 1 l 0 |
7 1 1 1 () | | ! 0 (}
8 | ! [ { | | | 0 0l
v l 1 | 1 ! 1 I ! I
1) 1 | | l | ! I 0 I
Ll | [ | ! ! ! | 0 |
12 | I 1 1 I | | 0 I

g
2
ot



Tuble (6.68)  Switching table for teeder no.d showing the status of the capacitor switches
t1 tor ON and 0 for OFFy at ditterent time periods,

cap. # ] 2 3 4 5 6 7 N Y 1T

i node # 0022 | 38 | 48 [ 48] 51| 51 51 51 51
period switch status of the capacitor banks

| ] | l 1 | 1 l t l 1

2 i ! 1 ] | | l [ ! ]

3 I ! I ! { ! I [ ] ()

4 | [ ! l t t 1 t | 0

5 i l f l [ t I [ ] 0

6 | 1 | I 0 [ i | i 0

7 l l 1 l 0 1 ! I 0 0

N ] | ] | 0 1 [ l 0 ]

Y ] | ! | 1 1 1 1 | )

10 l 1 l l 0 1 1 1 I 0

11 l l | 1 1 ! 1 1 l 1

12 | I | 1 I 1 1 1 [ |




Table (6,691 Switching tble for feeder nu.6 showing the status of the capacitor switches
(L for ON and 0 tor OFF) at ditterent time periods.

cap. # I 2 3 4 5 )

node # 37 37 Kh Kh) 3

period switch status of the capacitor banks
1 l ! | I !
2 I 1 | l I
3 I 1 ! I |
4 I | I | l
5 | l ! ! |
6 l i | I (t
7 l I ! | 0
N | i i [ )
9 | l 1 | |
L0 l l | 1 [
Ll | 1 | 1 |
(2 i [ | I I




Tuble 6,70y Swiching table for teeder no.7 showing the status ot the cupuciior switches
(1 for ON and O for OFF) at difterent time periods.

cap. # l 2 3 4 5 6

node # + 4 5 10 L0 L0

period switch status of the capacitor banks
l
| I I I l | |
2 | I ! | ! |
3 | I | | I i
4 | ! | | | h
5 ! | l | l 0
f ] l §] 1 ! {)
7 I 0 I l ! )
8 1 }] {) [ | 0
) | I l i L {}
10 | l ! 1 ! 0
11 l l 1 [ 1 1
12 ! I 1 [ l 1

&S]
{0
o



Tuble (671 Switching table for feeder no9 showing the status of the capacitor switches
(! for ON and U for OFF) at difterent time periods,

cap. # l 2 3 4 3 6 7 N 4 I
node # 121 1 [ v 27 37 RUAN IRV AN BT AR B
period switch status of the capacitor banks B

l I l | | | I [ | ! !

2 | 1 ! | | I | I I I

3 l l I (} i 1 1 ! f) |

+ I I l 0 I l ! I 0 ! 7

5 l l 1 0 l I | I 0 l

6 1} ! 1 0 I l ] | 0 |

7 0 I i 0 I I 1 n {0 |

b 0 [ 1 () I | I no| oo |

Y l | ! 0 | I | | ) I

to I 1 1 0 i l I I ( I

11 | | 1 I I I | I ] |




Table (6.72)  Switching table for feeder no 10 showing the status of the capacitor
switches (1 for ON and } for OFF) at ditferent time periods.

cap. # | 2 3
node # 14 14 20
period switch stutus of the capavcitor banks
1 | | 1

2 | | 1

3 l I !

4 I I 1

5 ! l 1

6 1 | 1

! l |

N ! | l

Y [ 1 |
10 t 1 !
I t 1 [
12 ! 1 |

ro
1J
o




Table (6,731 Swiwching table for feeder no.ll showine the sttus of the capacitor
. = - . N l-b - . I
switches (1 for ON and 0 for OFF) at ditferent time periods.

cap. # l 2 3 +4 5 ¢ 7

node # 23 23 23 23 RN M RN

period switch status of the capacitor banks
)
! ! I | | ! | I
2 l | | I I l I
3 l I | ! I ! !
4 ! I ! ] | l I
5 ! l ! 1 ! l !
6 ! | 1 I l I I
7 i I 1 0 | | !
8 ! I 1 () | ! |
Y ! [ 1 l I I I
1)) ! l 1 l I I I
il t l 1 l ! I I
(2 t [ 1 [ ] I |

b
o

W



Tuble (6.74)

Switching tble for teeder no. 12 showing the status of the capacitor

switches (1 for ON and O tor OFF) at different time periuds.

cap. # ] 2 3

node # 25 25 27

perivogd switch status of the capacttor bunks
L
| 1 1 l
2 I I |
3 | l |
4 ! | l
5 ] | I
6 1 ! |
7 1 ! 1
8 ! 1 l
Y 1 1 l
10 | 1 1
11 | I 1
12 1 | |




Table (6.73

Switching table for feeder no 13 showing the status ot the capacitor

switches (1 tor ON and 0 tor OFF) at different time periods.

cap. # l 2 3
node # 20 R S0
period switch status ot the capacitor banks
L 1 i !
2 l | |
3 t 1 |
4 1 ! I
5 I 1 !
f 1 1 |
7 | 1 |
S I | 1
Y I | i
[0 1 | I
I ] 1 |
12 1 | |

o
)

b



Table (6.760  Switching table for feeder no.17 showing the status of the capacitor
switches (1 for ON und O tor OFF) at different time periods,

cap. # [ 2 3

node # 6 6 !

period switch stutus of the capucitor bunks
l | l !
2 I 1 I
3 | I !
4 1 I [
5 1 I |
6 | ] 1
7 i [ 1
8 [ [ 1
Y L l 1
11} 1 | l
11 1 [ 1
12 1 | 1

1o
[



Table (6.57) Switching tble for feeder no.l9 showing the status of the capacitor
switches (1 for ON and 0 for OFF) at ditterent time perivods,

cap. # | 234 s e |78 el o
node # 12 22 2120 12 012 02 22|20 2
period switch status of the capacitor banks

[ l | l l | [ | | ! | | |

19
—_—

rl
R
—_—
—
—

"

6 [ l | | ! | | | | I 1 |
7 ( | | I ! ] l 0 } l l 1
] [ 1 | | I ] l 0 0 1 1 !
Y t l l 1 | | ! | | I | |
0 t i l | | [ ] l | | | |
H { | l | | | | ! l | I l
12 ! l [ | | l ] i I | | !

2

Lo
N



Table (6.7%)

Switching table for feeder no27 showing the status of the capacitor
switches (1 for ON and 0 for OFF) at difterent time pariods.

R4

cap.

l

node #

R

period switch status of the capacitor bunks
3
I i
2 I
3 !
4 1 |
5 |
B 6 ]
7 [
8 1
Y l
) l
11 1 .
12 |

iJ
a2

Wie



Table (6.9 Switching twble tfor teeder no29 showing the status of the Capacitor
switches (1 for ON and 0 for OFF) i different time periods,

cup. # 1

node # 23

pcnjnd switch status of the capacitor banks
i I
2 I
3 L
4 !
5 |
) l
7 l
8 i
Y 1
10 1
11 |
12 |

o

LT

N



Tuble (6.5

Switching tble for feeder no.31 showing the status of the capacitor
switches (1 for ON und 0 tor OFF) at different time periods.

cap. # | 2 3 4 3 )

node # 21 24 24 33 41 41

period switch status of the cupacitor bunks
L
| | | 1 I I i
2 | l | 1 I I
3 l ! 0 l | I
4 | I 6 ! l !
5 t 1 () I ! !
6 I 1 1 0 1 |
7 I | ) 1 1 0
by | 1 {) l 1 0
9 | I I I | I
10 | l | 0 ! |
I l ! | 1 1 |
12 | ! 0 0 | |

{J
L)

o



Table (6.81) Switching wble tor feeder nv.32 showing the status of the vapacttor
switches (1 for ON and 0 for OFFY at different time periods,

cap. # | 2 3 4 ]
node # i1 L1 11 N
pcjfnd switch status of the capacitor banks
| ! I ! 1
2 I | i I
3 ! | I |
4 i l l |
5 ] ! ! I
) 1 ] ) -I‘ |
7 1 ] 1 ]
8 1 ! | 0
Y 1 1 ! !
o 1 | ! I
I 1 ! I I
12 1 | i [

48]

-3



Table t6.82)

Switching table for teeder no.33 showing the staws of the capacitor

switches (1 for ON and O tor OFF) at different time periods.

cap. # ! 2 3

node # 6 44 3

pcriind switch status ot the capacitor bunks
I l [ !
2 1 | !
3 [ l |
4 | 1 ! N
5 1 l t
6 1 | i
7 | [ [
8 ! l !
Y 1 1 i
10 i 1 |
il l l I
i2 ! l !

t.2

Ui

(4 %)



Tuble (6831 Switching wble for feeder 1035 showing the status of the capavitor
switches (1 for ON and 0 for OFF) at Jifferent time periods.

cup. # l 2
node # 4 70 O
pcnjnd switch status of the capacitor banks
] | i
2 I I
3 I !
4 ! |
5 1 l
6 l |
7 I l
8 I l
Y | l
10 I [
I ] I
2 ] !

[ o]
(e

W



Tuble (6.84)

Switching table for feeder no36 showing the status of the capucitor
switches (1 tor ON and 0 for OFF) at different time periods.

cup. # i 2 3 4 5 6

node # 29 R 51 69 77 77

period switch status of the capacitor bunks
l I I ] | l I
2 | ! 1 l [ I
3 I ! 1 i { |
4 | ] | { ] |
5 | l ! | 1 l
fH I | I_ ! l l
7 | [ ) ! i |
8 ! ! { 1 ! 1
Y ! I | | l t
10 1 | | ! | I
11 1 l 1 I 1 l
i 1 I 1 I 1 1

1

W

-



Table (6.85)  Switching table for teeder no.37 showing the status of the Chapacitor
switches (b for ON and 0 for OFF) at different time periods.

cap. # | 2

node # a0 3

peTud switch status of the capacitor bunks
l ! I
2 I |
3 | !
4 ! I
5 1 !
6 1 |
7 | |
8 l I
Y l |
Lo ! |
I I |
12 I I

I



Table th.80)

Switching tuble fur feeder no.38 showing the status of the cupacitor
switches (1 for ON and O for OFF} at different time periods.

cup. & l

node # 33

pcji,“d switch status of the cupacitor bunks
I l
2 1
3 l
4 |
5 1
6 {
7 1
8 1
9 1
o 1
1 1
12 1

o

=

Lo



FEEDER 3
15M7, ESSEX TS

Fig.(6.71)

Schematic diagram of tfeeder No.3.

S:SUBSTATION

A:FIRST LOAD

B:LAST LOAD

AB=2.9 km
SA=5.3 km

5

P



Tuble (6.90) shows the number of nodes at each of the 38 feeders comprising
the distribution system ot the city of Windsor. the maximum active and reactive load.
the number of the sensitive nodes and the recommended capacitor ratings to be
installed at each feeder. It will be seen that the total installed capacitor rating is
always less than the maximum inductive reactive power. This is in order to yield a
maximum dollar saving. For example in feeder no.3 (Table (6.90)) the installed
capacitor rating is about 83% of the reactive load. while in feeder no. 38 it is only
21.4%.

Table (6.91) represents the net dollar saving in every feeder after including the
extra saving by combining the non-switchable capacitors. The net dollar saving to the
power utility amounts to $167.845 per year with a total of 100.8 MVAR rating of
installed compensating capacitors. This annual dollar saving is expected to increase
in the future years as the cost of purchasing or generating the energy is projected to
incrcase at a much higher rate than the amortized cost of the installed capacitors which
remains at a steady value (7% rate was assumed). Also if the cost of the kWh is more
than 2.15¢. which is the case in most Canadian and United S'ates power utilities.
higher savings will accrue. This is a considerable net dollar gain for a relatively small
power utility. The energy saved is about 1.2 MW-Year worth about $225,500 per
year. It this energy which has been saved using the reactive power compensation is
sold to the consumer at a more realistic price of typically 8¢ per kWh, the retrieved
dollar value of the saved energy is $841.088 per year. This will only apply if there
is & power rationing by the generation utility (Ontario Hydro) due to unexpected
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excess demand over the supply available. The ol maximum reactive power in the
system can be obwined from Tuble (6,90 which amounts o 2423 MVAR,
Essentially only 4+1.6% of the reactive power is compensated. A compensation of the
remainder is not cost effective in that it will not render a net dollar saving alter tking
into account the cost of acquiring and installing the cupacitors.

6.5.Combining Reconfiguration With Capacitor Applications

The main teatures of the proposed method is illustrated in Fig.(6.73) and can
be summarized in the following

1. Read all system data.

tJ

Apply the optimal reconfiguration technique.

3. Calculate the system losses.

4. Apply compensating capacitors, in the optimally reconfigured system. at
sensitive nodes.

5. Calculate the system losses

6. Add the loss reductions after recontiguration. (step 3} and those alter capacitor

application, (step 5).

This algorithm provides a loss reduction in a distribution system which is more
cost etfective than any other known algorithm,

The algorithm has been applied o PUC network in Kingston and to WUC in
the city c‘mt'-Windsnr. The number of the nodes in both systems were too large to be

included in a single data file, and therefore it had to be aggregated,

Qo
Ny
N
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Table (6.8 Exra saving arised from combining the 0.9 MV AR capacitor unis in
a bigger single capacitor.

Combination Extra Saving Per Year (Dollarsy |
IXOU MVAR=18 MVAR J2
3X09 MVAR=2.7 MVAR RN
4X09 MVAR=36 MVAR 1.704
SXOY MVAR=45 MVAR 2.260
6X0Y MVAR=34 MVAR 2806
7X0.9 MVAR=6.3 MVAR 3.374
8X09 MVAR=7.2 MVAR 3.940




60 _ Ty 76 09 8¢ 801 z 0z or 5z 61
81 z 01 Iz tL T3 0 0 K i 61 81
s b I'8 88l 08 og L'T I o1l L'st £l Ll
o z 9L 99| T 3 0 0 0 0 0 91
9zl 8 L'vl €T 6L e 0 0 80 980 6l Sl
L't z 8 81 99 3 0 0 0 0 0 P
9'¢ 1 8§ Tl 6% € LT 3 PE'S ol 59 €l
r's ¥ LY P I8 T3 LT z S0l 11T 95 zl
0 0 8l 6 19 i3 €9 z 1 €1z VL 1
60 1 6 TRl 62 6z LT z €9 HCl 9z 0l
) 0 'S ¥l w 8T 06 3 50l e 09 6
o0 i v 6 61 LT 0 0 97 99°g 9y 8
0 0 ¥l 6T I+ 9z 'S £ ) S0z Ll L
0 0 ¥l 74 v 5T 5 £ 8 61 St 9
{} 0 0 () () | 0 O +He o' 8 S
0 0 £ 9T oF € 06 9 9911 1992 85 ¥
0 0 €1 59T i w '8 ¥ 186 L8712 b ¢
0 0 L LT 91 i 0 0 1671 ¢ q z
0 0 90 zl €T 0z 60 1 9y 01 RE _
AVAIWN | Spou | aVAW MW sapou AVAIWN | sapou | 4VAW MW Sopou
'dv) "Suas avol | avol | Joou #d "dv2 "SUds avol | avo1 | Joou #d

a1 dusjddns sapou 0 13quiny a1 SUIMOYS "OLRIUQD "JOSPUIA JO A113 U] JO WISAS uonnquisip 1apasj g¢  ((06°9) 9JqeL

NUYAW ul stopdeded
Funesuadod pajjIsuL 341 PUL SIPOU 2A[ISUIS JO JAQUINU YV AN PUE AN UI SPBO] Y] “IaP3dJ YIea Ul Speo|




Table (6.90y Net dollar saving at every feeder and the wtal net annual saving after
including the extra saving arised from fixed capacitor combination for

WL'C network.

=y
Feader Suving Fead Saving Feaeder | Saving Feader Saviny
Nu, 3 No S Noy b Ni, b
1 533 I 1IN6S 21 0 3 13N
2 ] 12 1039 22 0 2 AR27 7
3 8214 13 1320 23 0 AR loos )
4 15867 14 ] 24 0 4 BRRIRY
N 0 {5 0 25 0 33 450
6 3373 16 1 26 1 e SUid
7 16427 17 1603 27 213 37 24
8 {) 18 i) R 0 K 225
Y 5862 o Ys I Y 194
1) 1426 20 0 30 0 TOTAL 167545




The system was aggregated by keeping the total switches unchanged but
combining many load points at one location and taking into zccount some ot the
excess of the load current 10 compensate of the losses that may be ignored when
ageregation tukes place. The amount of this excess lies within 1 to 1.3% of the
aggregated load power and these values were based on a previous experience gained
from studying both systems. The PUC network in Kingston has mainly residential and
commercial loads. which are expected to follow a similar load variation with time.
Therefore only a single application of the reconfiguration technique was suftticient per
year to determine the optimal configuration required to minimize the losses.

In order to reduce the number of nodes in the WUC network. each node was
arranged to have almost an equal percentage combination of residential. commercial
and industrial load types. It was expected that all the loads would also have similar
load vanation with time and one application of system reconfiguration would suftice.
For other distribution systems this assumption may not be applicable. However. 12

optimal configurations can still be made for the 12 periods in the year.

6.5.1.The Distribution_System of PUC of the City of Kingston

Figure (6.74) shows a single line diagram of the original (PUC) distribution
network before reconfiguration. Figure (6.75) shows the optimally reconfigured
network. An illustrative example of these results is highlighted in node No. 7 which
is transferred tfrom feeder I to teeder IV. This is because the route (IV-23). (23-21).
(21-22). (22-9) and (9-7) has the lowest resistance for the power flowing via node

No.7.



CAPACITOR
APPLICATION

CALCULATE
LOSSES

Fig.(6.73)  Algorithm of reconfiguration with capacitor application combination.
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The power in the new configuration route is less than that of the original route
(I-1). (1-2}, (2-3). (4-3), (5-6) and (6.7). In this configuration the load connected at
node No. 7 contributes the lowest loss to the total system.

Table (6.92) shows the resultant power and energy losses before and after the
recontiguration of the PUC system in different periods throughout the year. It can be
seen from Table (6.92) that the total energy loss decreases from 11.462.40 MWH to
9.108.99 MWH per year. This yield a reduction of 2.353.41 MWH per year. This
reduction in the losses amounts to 20.5% of the original energy losses.

Compensating capacitors were then applied to the recontigured system. Figure
(6.76) shows the dollar value of the annual energy loss reduction (curve a). the
amortized annual cost of multiple 0.9 MVAR units of capacitors including cost of
capital and cost of installation (curve b) and the net annual dollar saving after
subtracting the cost of the capacitors (curve c). It can be seen from Fig.(6.76) that
although 29 capacitor units of 0.9 MVAR in the network give the largest loss
reduction. connecting more than 16 such capacitors is not a cost eftective proposition.
This is because the gain from larger than 16 capacitor units is less than the cost of the
extra units connected in the network. Typically. 16 capacitors of 0.9 MVAR each
(14.4 MVAR) that are used to obtain maximum dollar savings represent only 18.2%
of the total system reactive power. The remaining reactive power can not be

compensated for in a cost effective manner.
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Table 16.492) Power and energy loss betore and after system recontiguration tor the
ditterent periods tor PUC Kingston distribution network.

period T, Lusses Losses Energy Loss Lnerey Laoss
No. (hrsy (MW) {NW) (MWIHD (NWED
Before After Before Recont. | After Recont,
Recont. Recont,
I V64 2.0358 6208 196251 [.302.45
2 379 1.7370 1.3780 1.005.72 797.86
3 383 [.1164 09814 420.X1 37784
4 231 1.O783 0.8475 24913 193,77 B
5 196() L1448 (LSYYR 2.243.38 1.763.61
6 1477 (LU336 0.7476 [.122.39 87993
7 784 0.7015 0.5465 54998 428406
8 470 0.6015 0ARTS 28271 Ji0.75
Y U8S 1.7370 1.3780 1.710.95 1.357.33
10 Y2 20348 1.6208 1.204.60 Y5951
1 3u4 L.O7RS (1.8475 424.93 33392
12 237 L1640 (US4 27587 232.52
TOTAL i 11,462,440 9. 10899
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Following compensation of the reactive power. the system maximum demand
decreases from 200 to 195 MVA and the average power fuctor improves from (0L92 1o
0,94, The losses at the peak load are reduced by 0.229 MW and the reduction in the
total losses 1s 1331.2 MWH per year. This leads to an interesting tinding in that
becuuse the change in the total load due to the reactive compensation by applying
capacitors is relatively small. it is recommended tirst to reconfigure the system and
then to apply compensating capacitors, This is because experience has shown that
small changes in the load level. at tew loads. does not affect the results of applying
the reconfiguration technique. Also if the recontiguration technique is applied first,
and then capacitors were placed at the sensitive nodes, a further reconfiguration is not
necessary as the same results would be obtained as those after the first
reconfiguration.Table (6.12) shows the status of the capacitor switches which are
installed at the sensitive nodes during the ditferent periods in the year. For example
capacitor No. 1 at node 8 is connected throughout the year, but capacitor No. 8 at
node 10 should be turned OFF during periods 7 (Fall/Spring, Weekend. high load of
the day) and 8 (Fall/Spring. Weekend, low load of the day) to attain minimum losses.

6.5.2.The Distribution System of WUC of the City of Windsor

Figure (6.1) shows a schematic diagram of the 6 substations of the distribution
system of the city of Windsor with the possible links amongst them. Figures (6.77)
and (6.78) show the reduced network in Windsor before and after attaining an optimal

reconfiguration. respectively.
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For example, switch A which ties teeder 15M7 in substation Essex TS (13) w
teeder 33M1 in Walker TS (35) is closed as load “u” has a route with a lower
resistance from 53MI1 (0.670 Q) than that of 13M7 (1.736 Q). Another example is
switch R that ties teeder 24M6 from Malden TS 24 to feeder 24M5 ut the same
substation should be closed us the resistive route for the load at node 't from 24M3
is less than that from 24M6. Table (6.94) shows the losses before and afier system
reconfiguration of the distribution system of the city of Windsor for different periods
of the year. It can be seen from Table (6.94) that the energy losses decreased by
4.898.8 MWH per year which is a 8.1% reduction by reconfiguring the system. It
should be noted that the percentage reduction in losses in the Windsor distribution
system by reconfiguration is smaller than that of Kingston (24.1%). as the load in
Windsor is more evenly distributed than that of Kingston. Figure (6.79) shows the
net annual dollar saving in the Windsor network subsequent to applying compensating
capacitors {curve c¢) to the recontigured system. the amortized annual cost of applying
the compensating capacitors including the cost of capital and cost of installation (curve
b) and the cost of the annual energy loss reduction (curve a). It can be seen from
Fig.(6.79) that the maximum dollar savings can be attained by applying Y8 of 0.9
MVAR capacitor units. These give 88.2 MVAR to compensate for 33.2% of the
system reactive power. The balance of the reactive power in the system is not cost
effective to be compensated. The losses at the peak power have been reduced by

1.183 MW. while the energy saved is 8610 MWH per year.
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Table (6.94) Power and energy loss betore and after system recontiguration tfor the
ditterent pertods tor WUC Windsor distribution network.

period T, Losses Losses Energy Loss Energy Loss
No, thrs) (MW) (MW) {MWHD (MWD
Betore Adter Before Recont. | Atter Recont.
Recont. Recont,
| vhd u. 7006 v.0570 Y3518 S.73004
2 579 7.8007 7.1902 +.516.01 410313
3 383 5.377R 4.8681 207046 [.874.23
4 231 46214 +4.1573 1.067.54 0L, 34
5 1960 74271 68278 14.557.10 [3.382.43
6 1177 3.8392 5.3241 (1.8\.)6.2\' 0.266.45
7 784 4.0575 3.6321 380X 284758
h 470 34670 3.0866 [.629.48 145009
Y Y8s 79766 R.3410 8.8341.95 821589
10 392 84766 7.8498 SO18.15 4.6047.08
11 394 4.9925 4.5051 [.67.03 E775.00
12 237 4.9925 4.5051 1.183.21 1.067.71
TOTAL 60.280.27 3538148

to
(o)
[N




Table (6.93) gives a summary of the optimal results obtained atter applying the
algorithim of loss reduction on both Kingston and Windsor networks. Table (6.95)
<hows that the saving obtained for optimal recontiguration on the Windsor network
is $105.355 per veur and after applying compensating capacitors using multiple units
of 0.9 MVAR. an additional $114.843 can be saved per year. Many of the 900 kVAR
cupacitors at certain sensitive nodes are not subjected o any switching throughout the
year. Therefore it is suggested to aggregate those capacitors in larger units. becuuse
the cost of the larger aggregate capacitors is lower than multiple capacitors tor the
sume MVAR. It larger rated capacitors are used. as a combination of a group of fixed
0.9 MVAR capucitors, the saving trom the compensating capacitor application can

reach $136.250 per year in the reconfi sured Windsor network.
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Table (6.95) Summary of annual savings using reconfiguration and reactive puwer
compensation in both Kingston and Windsor distribution networks,

Kingston Distribution Network Styvear
Annual saving due to reconfiguration 30,349
Annual saving due to using capacitors of moltiples of 0.9 {8157
MVAR
Annual suving due to using capacitors of 0.9, 1.8, 2.7, 3.6. 4.5, 21.632
S4.63and 7.2 MVAR
Total annual saving with multiple of (1.9 MVAR banks 63.506
(reconfiguration and capacitor application)
Total annual saving with aggregated capacitor banks 71,981
(reconfiguration and capacitor application)

Windsor Distribution Network
Annual saving due to recontiguration 105355
Annual saving due to using capacitors of multiple of 0.9 114.843
MVAR
Annual saving due to using capacitors of 0.9, 1.8, 2.7. 3.6, 4.5. 136.250)
54063 and 7.2 MVAR
Total annual saving with multiple of 0.9 MVAR banks 220,198
{reconfiguration and capacitor application)
Total annual suving with aggregated capacitor banks 241.605
(reconfiguration and capacitor application)
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CHAPTER 7

CONCLUSIONS AND FURTHER RESEARCH

7.1.Conclusiuons

. Power system losses can be reduced by reconfiguration and compensation

capacitor applications.

2. A heuristic method tor system reconfiguration presented by Merlin and Back.
and then modified by Shirmobhammadi and Hong with additional subroutines
by Wagner et al. is employed for system reconfiguration, and a new technique
for capacitor application based on identifying the most sensitive nodes on the

power system to the reactive power injection is presented.

3. Load variation during the year can be summarized using 12 difterent load

levels covering seasonally, weekly and daily variations.

4, A list of conversion factors is implen:ented to estimate the load curve variations

throughout the year using only the overall peak value of the load.
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6.

9.

10.

Optimal system recontiguration followed by optimal capacitor application gives

the least losses.

All the cost reduction due to reconfiguration can be saved as there are no

expenses for system reconfiguration, because the exisung switches are used.

The method presented in this work is applied to the Public Utility Commission
at the city of Kingston. Ontario and to the city of Windsor (Windsor Utilities
Commission). Only 33% of the reactive power in Kingston and 41% of that

in Windsor is compensated. To compensate the balance is not cost etfective.

Capacitor costs (capital and labour cost) are taken into account.

Three types of loads (commercial, residential and industrial) are considered.

Switching tables of capacitors (ON and OFF) for the Kingston and the Windsor

networks are provided to prevent over and under-compensation when the load

level changes. This is to keep the losses at a minimum level throughout the

year.
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7.2.Further Research

1. Capacitor application on distribution systems having unbalanced loads.,

1J

Cupacitn application tor voltuge improvement.

3. Combination ot capucitor application with voltage improvement.

4. More extensive combination ot reconfiguration with capacitor application when
many load types having different load profiles are involved.

3. Combining the loss reduction technique with voltage regulation taking into

account the tap changing in the distribution transformers.
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