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ABSTRACT

Modeling the Effects of Hurricanes on Power Distribution Systems. (August 2011)
Suraj Chanda, B.E., Osmania University

Co—Chairs of Advisory Committee: Dr. Alex Sprintson
Dr. Chanan Singh

There are many calamitous events such as earthquakes, hurricanes, tsunamis
etc. that occur suddenly and cause great loss of life, damage, or hardship. Hurri-
canes cause significant damage to power distribution systems, resulting in prolonged
customer outages and excessive delays in the reconstruction efforts. Accordingly, pre-
dicting the effects of power outages on the performance of power distribution systems
is of major importance to government agencies, utilities, and customers. Unfortu-
nately, the current tools to predict the performance of power distribution systems
during catastrophic events are limited in both the performance measures considered,
as well as in their ability to model real systems.

The main goal of this research is to develop a methodology for simulating hur-
ricanes of different intensity on power distribution systems of small and medium size
cities. Our study includes a detailed comparison between the engineering-based and
connectivity-based models of power distribution systems, as well as the impact of
power re-routing algorithms on the system reliability. Our approach is based on
fragility curves that capture the ability of the system to withstand a range of wind
speeds. In addition, we develop a multiscale approach that facilitates efficient compu-
tation of fragility curves for large cities. With this approach, hurricanes are simulated

over small zones of a city and fragility curves are obtained. These are used to estimate



v

the damage for identical zones throughout the city. To validate our techniques, two
testbeds, Micropolis and Mesopolis, were used. Micropolis is synthetic model for a
small city and Mesopolis for a big city. Obtained results have validated our approach

and have shown that they can be used to effectively predict hurricane damage.
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CHAPTER I

INTRODUCTION

A. Overview

There are many calamitous events such as earthquakes, hurricanes, tsunamis etc. that
occur suddenly and cause great loss of life, damage, or hardship. Hurricanes are one
of the deadliest disasters. They are also known as cyclones in the northern Indian
Ocean and typhoons in the western Pacific Ocean. Some of the dangerous hurricanes
in the past are Bhola Cyclone - Bangladesh (1970), Andhra Pradesh Cyclone - India
(1977), Cindy - United States (2005), Katrina - United States (2005) etc [1,2]. These
disasters have severely affected the power distribution systems of many cities causing
power outages and incurring huge capital losses. A hurricane is difficult to predict
and analyze as it affects a large area and its speed varies from time to time. A pre-
storm analysis would help in estimating of the amount of damage (e.g., broken poles)
to power distribution systems during hurricanes.

Accurate and reliable customer outage predictions will suggest the utility com-
pany, the course of actions that are necessary to fight the storm conditions. The
research work conducted as a part of this thesis proposes a methodology to study and
quantify the damage caused by hurricanes to the electrical distribution network of a
city.

By introducing efficient simulation algorithms, this thesis proposes a methodol-
ogy to study the damage caused by hurricanes to the electrical infrastructure. The
extent of damage caused to the electrical network by hurricanes of different intensity

are quantified by means of fragility curves.

The journal model is IEEE Transactions on Automatic Control.



This study has been carried out on two testbeds comprising of all infrastruc-
tural components which were laid out using a Geographic Information System (GIS)
based software package by researchers at the Department of Civil Engineering and
the Department of Electrical and Computer Engineering at Texas A&M University
(3,4].

B. Thesis Outline

The main emphasis of the research is to develop effective algorithms that simulate
hurricanes of different wind speeds and analyze the resulting fragility curves gener-
ated. This information is used to estimate the intensity of a hurricane of particular
wind speed and its effects over the power distribution system of a city. The rest of
this thesis is organized as follows:

Chapter II describes the concept of fragility curves and their applications in
estimating the resilience of a real system. The advantages of Monte Carlo method
over the Latin hypercube method is presented. It also gives a basic comparison
between regression analysis and the fragility curves.

Chapter III introduces the layout of the first testbed under consideration, Mi-
cropolis. The parameters like ratings, voltage levels, type of conductors used for
overhead lines etc., are discussed. The layout of the electrical infrastructure compo-
nents and the layout of the power distribution network of Micropolis are presented.

Chapter IV introduces the algorithms used in simulating the effect of hurricanes
on the testbed. This chapter deals with the settings where there is no routing involved.

Chapter V introduces a power re-routing algorithm which estimates the effect of
hurricanes in the presence of routing. The graph model is presented and the method

of routing implemented is discussed.



Chapter VI introduces a multiscale approach in simulating hurricanes over small
zones of a city and using the generated fragility curves to estimate the damage for
similar zones throughout the city. For this purpose a large testbed, Mesopolis is
considered. The parameters like ratings, voltage levels, type of conductors used for
overhead lines etc., are discussed. The layout of the electrical infrastructure compo-
nents and the layout of the power distribution network of Mesopolis are presented.

Chapter VII compares between engineering and connectivity models. It intro-
duces the detailed engineering model built using Power World Simulator [5]. It
presents the important parameters, constraints and conditions considered for building
this model. The comparison of the results from connectivity-based and engineering
models are analyzed.

Chapter VIII presents conclusions, and highlights possible future research in this
field.



CHAPTER II

FRAGILITY CURVES
The fragility of a structure is mathematically defined as the probability of failure of
the structure conditional on a specific parameter. We focus on fragility curves of poles,
which are one of the major components of power distribution systems. Fragility curves
for poles describe the likelihood of damage of poles made of a particular material at
different wind speeds.

The main objective of this chapter is to demonstrate a methodology for generat-
ing fragility curves for a small city using the Monte Carlo method. The methodology
is based on several simplifying assumptions. Most important assumption made is
that all the faults occurring in the system are considered as short circuit faults. This
implies that for a fault on a pole, all the lines associated with the pole are said to
be down and all the customers feeded by that line are out of power. In summary,
for analytical fragility curves, there are two ways of computing probabilities of dam-
age. The most direct and accurate means uses Monte Carlo technique to simulate
a large number of random samples and calculate probability by counting the actual
outcomes. This is a brute-force method that provides accurate values of probability
of damage, but it is very computational expensive. Another means uses a sampling
technique such as a Latin hypercube to simplify the random simulation process. It
significantly reduces the number of samples to a manageable level and approximates
the probability values by curve-fitting a small number of responses to an assumed
probability distribution. However, in this research Monte Carlo method is followed
due to the requirement of highly accurate results.

Example of fragility curve is shown in Fig. 1 [3]. This curve indicates the

probability of failure (p(f)) for a range of wind speeds for power system poles.
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Fig. 1. Example of a fragility curve
A. Regression Analysis vs Fragility Curves

Main features of Regression Analysis are as follows:

1. Models event as function of many different influences like wind load, soil mois-

ture, land use, etc.
2. Captures broad range of influences [6].
3. Based primarily on observed performance data.
4. Focuses on end point of interest like outage, customer meter out, pole damage.
5. Its a top to bottom approach.
In contrast to the above, important features of fragility curves are:

1. Model event as function of a single demand parameter (such as wind speed) and

captures only one influence on failure.

2. Generally assume conditional independence of events given single-value loading.



3. Focuse on physical damage couple with topology to estimate end point of

interest.

4. It is a bottom to top approach.



CHAPTER III

LAYOUT OF MICROPOLIS
To validate our techniques, two testbeds Micropolis and Mesopolis were developed
using GIS (ArcMap) and hydraulic modeling (EPANet) based software [4]. Develop-
ing a complete testbed with all the important infrastructural components embedded
is one of the important aspects of this research. The virtual city of Micropolis, as
represented by the layout of Fig. 2 was designed to serve as a testbed for carrying out
studies on the effects of disasters on the interdependent infrastructure components of
a city. The electrical distribution network of the city was then modeled and its cor-
responding components added to the GIS layout. The features of Micropolis testbed

are as follows:

—_

. A city of around 5000 residents.
2. It covers an area of approximately 2 square miles.

3. Micropolis does not have its own power generation facility. So a sub-transmission

line (138 KV rating) running through the city provides power to the entire city.
4. City has one substation where the voltage is stepped down to 13.8 kV.

5. Two three phase feeders go from substation into the city. Later each one is
divided into small branches which feed the end customers. Each of them is of

13.8 kV rating.

6. Left part of the city has underground cables and in this case pad mounted
transformers (100kVA and above rating) are used. These cables are represented

with dotted lines.



Table 1. Voltage profile of customers in Micropolis

Voltage Profiles

Customer Type Voltage Ratings
Residential (Feeders 1 & 2) 120V,1 — ¢

City Churches and Schools 208V,3 — ¢

Industrial (Feeder 1) 208V,3 — ¢or3.3KV,3 — ¢
Central Business District (Feeder 2) | 208V,3 — ¢

7. Right part of the city has overhead lines supported by wooden poles. These are

represented by solid lines and the poles are represented with yellow dots.

8. City is designed down to individual household level, based on 130 year devel-
opment history. But this time line wont impact the electrical model as the

electrical components are upgraded or replaced every 40 to 50 years.

Table I shows the voltage profiles of customers in Micropolis. Table II shows the load

profiles of customers in Micropolis.

A. Layout of the Electrical Infrastructure Components of Micropolis

Due to its small size, Micropolis does not have its own power generation facility. So a
sub-transmission line running through the city provides power to the entire city. City
has one substation with two feeders going from substation into the city. Left part of
the city has underground cables which are represented with dotted lines. Right part

of the city has overhead lines supported by wooden poles which are represented by



Table II. Load profile of customers in Micropolis

Load Profiles

Customer Type Load Consumed

Residential (Feeder 1) 5 KVA

Residential (Feeder 2) 7KVA

City Churches 250 KVA

City Schools 300 KVA

Industrial (Feeder 1) 30/75/150/22 KVA

Central Business District (Feeder 2) | 30/45/150/250 KVA
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Fig. 2. Layout of the Electrical Infrastructure Components
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solid lines and the poles with yellow dots.

B. Layout of the Power Distribution Network of Micropolis
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Fig. 3. Layout of the Power Distribution Network

The layout of the electrical distribution network of Micropolis is as shown in
Fig. 3. A line can be defined as a switchable section of the network with one or
more isolating elements at its ends [7]. These isolators are assumed to be manually
operated and ensure safe tripping of a faulted line. The utility engineers depend on
personal calls in order to locate a particular fault, before isolating it physically and
carry out repair and restoration services. The substation breakers of the distribution
network, however, are assumed to be operated through over-current relays. In the
event that a short circuit fault occurs at some point in the distribution system, the

relay trips the breaker open. After a sufficient delay during which the maintenance
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personnel are assumed to have located and isolated the concerned fault, the breaker
is closed in order to restore service to the remaining parts of the network. Various
users across Micropolis have been categorized into different profiles (e.g. residential,
commercial, industrial etc.) [3], and it is assumed that the customers belonging to
each such profile have a fixed load demand (KVA) all through the year. The different
load profiles are as shown in Table II. It is further assumed that the local electric
utility maintains a constant power factor of 0.95 for all load points across the city.
Thus, all buildings connected to a given distribution transformer are modeled in the
testbed as a single load point with a fixed KW and KVAR demand associated with

it [5].



12

CHAPTER IV

ESTIMATING EFFECTS OF HURRICANES
As seen in the Fig. 4 an Integrated Fragility-based Approach is followed to estimate

the customer outages by type and location. In the Micropolis testbed there are four

Power System :
Model (connectivity-based or
engineering)

Fragility Curves from
Han (2008)

Monte Carlo simulation
over range of loads

GIS-based system
and customer data

Fig. 4. Integrated fragility based approach

types of customers. They are single family residentials (represented by a variable
‘sfr’), multi family residentials (represented by a variable ‘mfr’), commercial com-
plexes (represented by a variable ‘comm’) and industries (represented by a variable
‘in”). All the poles in the Micropolis are assumed to be made of Southern Pine wood.
So the mean and standard deviation are fixed as all the poles are of same material.
Hence the probability of failure can be easily found out by finding the cumulative
distribution function with wind speed, mean and standard deviation as parameters.

Then using Monte Carlo method, several simulations are run and finally the fragility
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curves are plotted to study the effect of hurricanes on the testbed.

The distribution systems usually have a radial topology. In this scenario, though
there are three normally open switches located across the electrical distribution net-
work of Micropolis (as shown in Fig. 3), they are assumed to be non-functional for the
time being. The Micropolis electrical distribution system is assumed to be connected
to an infinite bus, so that events like a sudden loss of system load does not cause
any system stability issues. Since there is no re-routing considered in this case, the
damage is severe and once a line is out of power, customers fed by that line are out of
power permanently. This is a more general case where no complexities are involved

as the normally open switches are considered as open all the time.

A. Algorithm

Electrical simulation algorithm is developed such that it accommodates all the as-

sumptions considered. It is as follows:

1. Read the mean and standard deviation for a given type of material used for

making poles.

2. Determine which all poles are down for a particular wind speed depending on

the probability of failure of wood made of a particular material.
3. Determine all lines that are affected by the faulted poles.

4. Scan all Line numbers as found in step (3) to determine which of those are
downstream with respect to the others. Eliminate all such downstream Line
numbers from the list of (3) as they will anyways be getting isolated by the

isolation of their concerned upstream components.
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. Isolate each of the upstream Lines as identified in step (4). For each such

isolated upstream component, scan all Lines which are located downstream to
it. In this process all the down stream lines of a faulted line are automatically

isolated.

. For each isolated Line calculate the total number of customers losing power.

As there are four types of customers, individually calculate total number of

customers losing power for each type (sfr, mfr, comm and in).

Are all upstream Lines as found in step (4) isolated? If yes, go to (8). If not,
go to (5).

Store all the types of customers out of power in four different variables.

. Run the algorithm for wind speed in the range of 50mph to 200mph with spec-

ified intervals.

The number of Monte Carlo simulations to be run depends on the required

accuracy.

The above mentioned algorithm is then used to implement the methodology proposed

in this chapter for studying and quantifying the damage caused by hurricanes to

the electrical network. The following chapter discusses all relevant results obtained

from running numerous simulations on the Micropolis electrical distribution system,

corresponding to different hurricane wind speeds.
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B. Simulation Inputs and Outputs

1. Pole data and line data

Most important input to the algorithm is the pole and line information. This is fed
to the algorithm in the form of matrices. The pole info matrix contains the following

data:
1. Pole number and the lines on which the pole is located.
2. Transformer rating if there is any transformer connected to the pole.
3. Corresponding ID for the pole used for representation in GIS Arcmap.
The Line info matrix contains the following data:
1. Line number and the numbers of downstream lines to it.

2. Number of single family resdentials, multi family residentials, commercial com-

plexes and industries fed by a line.

3. Corresponding ID for the Line used for representation in GIS Arcmap.

2. Type of pole material

In this case the material used to make a pole is southern pine wood. So the mean
and standard deviation are given as inputs to calculate Normal Distribution function

to estimate the probability of failure used later in the algorithm.

3. Wind speed interval and maximum wind speed

As discussed in the algorithm, a range of wind speed is required as input. Speed

of 50mph is considered as the minimun wind speed of hurricanes in this case. So
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wind speed interval and maximum wind speed must be given as inputs to drive the

simulation.

4. Confidence interval value

Confidence interval (CI) is a particular kind of interval estimate of a population
parameter and is used to indicate the reliability of an estimate. It is an observed
interval (i.e., it is calculated from the observations), in principle different from sample
to sample, that frequently includes the parameter of interest, if the experiment is

repeated. In this case confidence interval value of 95 percent is used.

5. Outputs

After the algorithm is run for a set of Monte Carlo simulations over a range of wind
speeds, the outputs are four matrices of single family residentials (sfr), multi-family
residentials (mfr), commercial complexes (comm) and industries(in) that have the
information regarding the number of entities of a particular type losing power for all

the wind speeds. This information is used to develop fragility curves.

C. Results

1. Effect of hurricanes over single family residentials

The Fig. 5 shows the fragility curve plotted for the case where routing is absent. On
observation, the number of houses losing power increases along with the wind speed.
Around a high wind speed of 150 mph, the curve saturates. At this speed, all the
single family residentials in the city are out of power. Confidence interval of 95%
is plotted for the fragility curves. This shows that for wind speeds of 150 mph and

above all single family residentials will be out of power.



Fragilty curve showing number of single family residentials losing power for a given vind speed
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Fig. 5. Fragility curve showing number of single family residential losing power for a

given wind speed in the absence of routing

2. Effect of hurricanes over multi-family residentials

The Fig. 6 shows the fragility curve plotted for the case where routing is absent. On

observation, the number of houses losing power increases along with the wind speed.

Around a high wind speed of 130 mph, the curve saturates. At this speed, all the

multi-family residentials in the city are out of power. Confidence interval of 95% is

plotted for the fragility curves. This shows that for wind speeds of 130 mph and

above all multi-family residentials will be out of power.

3. Effect of hurricanes over commercial complexes

The Fig. 7 shows the fragility curve plotted for the case where routing is absent. On

observation, the number of commercial complexes losing power increases along with

the wind speed. Around a high wind speed of 135 mph, the curve saturates. At this
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Fraglty curve showing number of mult family residentials losing power for a given wind speed

T T T T T T T

:

=3 ji
~t,
THo
1 1

LN

Number of multi family residentials losing power

:

k7 [l ] W [E] 10 180 8 0 P2
Wind Speed, (mph)

Fig. 6. Fragility curve showing number of multi-family residential losing power for a

given wind speed in the absence of routing

speed, all the commercial complexes in the city are out of power. Confidence interval
of 95% is plotted for the fragility curves. This shows that for wind speeds of 140 mph

and above all commercial complexes will be out of power.

4. FEffect of hurricanes over industries

The Fig. 8, shows the fragility curve plotted for the case where routing is absent.
On observation, the number of industries losing power increases along with the wind
speed. Around a wind speed of 120 mph, the curve saturates. At this speed, all the
industries in the city are out of power. Confidence interval of 95% is plotted for the
fragility curves. This shows that for wind speeds of 150 mph and above all industries

will be out of power.
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Fragilty curve showing number of commercial complexes losing power for a given vind speed
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Fig. 7. Fragility curve showing number of commercial complexes losing power for a

given wind speed in the absence of routing
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Fragiity curve showing number of industries losing power for a given wind speed
é [—mean T T T T =_-L T T
‘U -
£
8 .
m]]
£
0]
2y
=
]
3J
T
% s
10
[}
Q
Es
z
0
640 0 il 100 10 1] 160 120 20 m
Wind Speed, (mph)

Fig. 8. Fragility curve showing number of industries losing power for a given wind

speed in the absence of routing
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CHAPTER V

POWER RE-ROUTING
In this scenario, the three normally open switches located across the electrical dis-
tribution network of Micropolis (as shown in Fig. 3) are functional. The Micropolis
electrical distribution system is assumed to be connected to an infinite bus, so that
events like a sudden loss of system load do not cause any system stability issues. This
is a more complex scenario compared to previous one as one has to decide a method
of using the normally open switches effectively so that at a particular time routing
of power should be done to all the possible parts of the city. For this problem, graph

solution is applied and discussed in this chapter.

A. Routing Power Using Normally Open Switches

An algorithm is developed which enables routing in a hurricane hit scenario by using

all the available normally open switches in the city.

1. Algorithm

This section presents a power routing algorithm by including the normally open
switches available in the city. This algorithm is an extension of the one discussed
in previous section. It considers the impedance values of the lines as weights and uses
a matlab command to build a biograph model of the system. Then shortest path is
found using the information of normally open switches present in the city. Initially
all the normally open switches are assigned a high value. The sequence of steps are

as follows:

1. Read the mean and standard deviation for a given type of material used for
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making poles.

. Determine which all poles are down for a particular wind speed depending on

the probability of failure of wood made of a particular material.

. Determine all lines that are affected by the faulted poles.

Determine the faulted nodes from the faulted line numbers obtained from (3).

. For each wind speed, form an array that stores all the faulted nodes.

Using these faulted nodes from (5) determine the number of normally open

switches to be closed for maximum power routing.

Develop a graph for the system under consideration and find the shortest path
for routing. In this case all the weights of closed normally open switches are

replaced with zeros.

Store the line numbers which are routed and subtract them from lines obtained

from (3).

Scan all line numbers as found in step (3) to determine which of those are
downstream with respect to the others. Eliminate all such downstream line
numbers from the list of (3) as they will be getting isolated by the isolation of

their concerned upstream components.

Isolate each of the upstream lines as identified in step (9). For each such isolated
upstream component, scan all Lines which are located downstream to it. In this

process all the down stream lines of a faulted line are automatically isolated.
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For each isolated Line calculate the total number of customers losing power.
As there are four types of customers, individually calculate total number of

customers losing power for each type (sfr, mfr, comm and in).

Are all upstream Lines as found in step (9) isolated? If yes, go to (8). If not,
go to (13).

Store all the types of customers out of power in four different variables.

Run the algorithm for wind speed range 50mph to 200mph with specified inter-

vals.

The number of Monte Carlo simulations to be run depends on the required

accuracy.

2. Graphical representation of Micropolis

A graph model is analyzed for Micropolis testbed. This section presents the parame-

ters used for building the graph model and their derivation. Later this graph model is

used to find the shortest path and route power to faulted sections of the city using the

three normally open switches present in the city. Assigning weights is the most crucial

part of a graph. These weights are assigned depending on the impedance values of

the lines in the system. Table 11T shows the ampacity for different sizes of conductors

considered. These values are used to calculate the impedances. The following cases

show the calculation of impedance for different types of overhead lines in Micropolis.

1.

Three phase single circuit overhead lines: In the electrical distribution network
of Micropolis, it is assumed that all three phase single circuit overhead lines
present have the same conductor configuration as shown in the below figure

and the primitive impedance matrix ‘Zy," for this configuration is calculated
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Table III. Conductor sizing in Micropolis

Overhead Lines

Conductor Size | Ampacity (Amps)
6AWG? 110 A
2 AWG 195 A
3/0 AWG 350 A
4/0 AWG 410 A
266.8 kemil® 475 A
397.5 kemil 615 A

as below:

Zba  Rbb Rbe  Rbn
Zprim - (5 1 )
RZea Rcb  Ree  Ren

Zna  “nb  “nc  “nn

2 = 1; + 0.0953 4 j * 0.12134 x log, ((1/GMR;) + 7.934) Q/mi (5.2)
27 = 0.0953 + j * 0.12134 % log, ((1/GMD) + 7.934) Q/mi (5.3)

Equation 5.2 is used to compute the diagonal elements of matrix Z,,iy, whereas
Equation 5.3 is used to calculate the off diagonal elements. In equation 5.2, ‘r;’
is the conductor resistance in ohms/mile and ‘GM R;’ is the conductor geometric
mean radius in feet. If we assume all the conductors are ideally transposed, the

GMD (Geometric Mean Distance) in Equation 5.3 for all off-diagonal terms of
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iEarth Suriace|

Fig. 9. Three phase single circuit overhead line conductor configuration

matrix Zp, involving any two phase conductors is equal to v/dap * dpc * doa.

GMD for all off-diagonal terms involving a phase conductor and the neutral

is equal to /day, * dp, * doy, (Refer Fig. 9). Using Kron reduction, the [4X4]
primitive impedance matrix is then reduced to a [3X3] phase impedance matrix

‘Zabe as shown below:

Zaa Zab Zac

Zape = Lo Loy Lpe (54)
an Zcb ch

Zij = zij — (2in * Znj) [ Znn (5.5)

The elements of matrix Z,,. can be calculated by using Equation 5.5, where

the terms to the right hand side of the equation refer to those of the matrix



26

Zmim- A sequence impedance transformation is then performed once Z,p. has
been calculated in order to obtain the [3X3] sequence impedance matrix ‘Zpo’

as shown below:

Zog = [A7Y % Zype x A (5.6)
11 1

A=11 a* a (5.7)
1 a a

In Equation 5.7, the operator ‘a’ represents the complex quantity e/*(*7/3) The
calculated sequence impedance matrix has the following diagonal structure,
where ‘Z,” represents the zero sequence impedance of the concerned overhead

line and ‘Z;’ the positive sequence impedance.

Zy 0 0
Zo2 = 0 Z; O (5.8)
0 0 Z

To calculate the sequence capacitance values for three phase overhead lines, the

first step is to form the [4X4] potential coefficient matrix ‘ Py’ as shown below:

Paa  Pab  Pac Pan

DPoa DPob  Pbc  DPbn
Ppat = (59)

Pca Pcb Pcc  Pen

Pna Pnb Pnc Pnn

pii = (1/(2x m* €,)) x log,(2 * h;/r;) km/nF (5.10)

pij = (1/(2x 7 &,)) * log,(D;;/d;;) km/nF (5.11)
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The Equation 5.10 is used to compute the diagonal elements of matrix Py,
while the Equation 5.11 is used to calculate the off-diagonal elements. In Equa-
tion 5.10, ‘h;’ represents the average height above ground (feet) of conductor ‘i’
(see Fig. 9); where as ‘r;” is the conductor radius in feet. In Equation 5.11, ‘D;;’
is the distance between the conductor ‘i’ and the image below earth surface of
the conductor ‘j” in feet, and ‘d;;” is the distance in feet between the conductors
‘i’ and ‘j’ (see Fig. 9). ‘€,’ is the permittivity of free space and is equal to 8.854
nF /km. Using the Kron reduction formula in Equation 5.5, the [4X4] potential

)

coefficient matrix is then reduced to a [3X3] matrix ‘P,..;’. By inverting matrix

4

P,.q we obtain the capacitance matrix ‘Creq’. Thus, Creq = [Preq) ' nF/km.
The sequence capacitance values are calculated by performing a sequence ad-
mittance transformation on the matrix C,.4, using the same procedure as was

outlined through equations Eq 5.6 , Eq 5.7. Thus,

0012 = [Ail] * Cred x A (512)

Table IV shows the calculated values of sequence impedance and capacitance
values associated with the different three phase overhead lines present in the

electrical distribution network of Micropolis.

. Single phase overhead lines: All single phase overhead lines of Micropolis are
assumed to have the same conductor configuration as shown in the below Fig.
10. The value of the conductor resistance (€2/km) is obtained from standard

tables. The inductance per conductor and the capacitance across the conductors
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Table IV. Sequence impedance and capacitance values for three phase single circuit

overhead lines

Conductor Size |  Z;(€2/km) Zp(2/Km) Ci(nF/Km) | Cy(nF/Km)

6 AWG 264 +75%0.51 | 3.0341 + 75+ 1.8 8.66 4.64

2 AWG 1.04 4+ 7047 | 1.5173 + 7% 1.49 9.33 4.90

3/0 AWG 041 + 5 *%0.44 | 0.7597 + j = 1.17 10.1 5.19

4/0 AWG 0.32 +75%0.43 | 0.6285 + 7 x 1.12 10.35 5.27

4266.8 kemil 0.26 +j5*x42 | 0.5171 + 5 % 1.08 10.58 5.35

397.5 kemil | 0.17 4 7 % 0.40 | 0.3702 4+ 7 % 1.02 11.03 5.51
of Fig. 10 are calculated as

Ly =0.2xlog,(GMD/GMR)mH/km
Cyn =1/(36 xlog,(D/r)) uF /km (5.13)

In Equation 5.13, ‘GMR’ is the conductor’s geometric mean radius expressed

in feet, ‘r’ is the physical radius of the conductor expressed in feet and ‘D’ is

the distance of separation between the conductors in feet [8]. By assuming that

both the phase and the neutral conductors have the same cross-section area and

number of strands, the term ‘GMD’ in Equation 5.13 is approximately equal

to the distance of separation between the two conductors [9].

Table V' shows

the calculated resistance, inductance and capacitance values associated with

the different single phase overhead lines present in the electrical distribution

network of Micropolis.



Fig. 10. Single phase overhead line conductor configuration
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Table V. Resistance, inductance and capacitance values for single phase overhead lines

Conductor Size | R(Q2/km) | L(mH/Km) | C(nF/Km)
6 AWG 2.6411 1.2876 4.5362
2 AWG 1.0433 1.1972 4.9062
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. Three phase double circuit overhead line: In a double circuit configuration, the
distribution feeders of Micropolis run for some distance from the substation,
before going into their respective service areas. The concerned configuration is
as shown in below Fig. 11. The sequence impedance and capacitance values
for this configuration is calculated by following the similar steps as described in

Section 1.

¥ L L 3 x J
I 1-a 1-b 1-c
& 2-b
2-c 2-a
6
/ -I — = \
M n
36"
,

Fig. 11. Three phase double circuit overhead line conductor configuration

The primitive impedance matrix ‘Z,,;,, for this situation would be of the order
[7X7] as observed from the above Fig. 11 [10,11]. Using the Kron reduction

formula in Eq 5.5, the primitive impedance matrix is then reduced to a [6X6]



31

phase impedance matrix ‘Zg.12". The matrix Zg,. 12 has the below structure:

Zla la Zla 1b Zla lc | lez 2a Zla,2b Zla 2¢
Zlb la Zlb 1b Zlb lc ’ Zlb 2a Zlb,2b Zlb 2c
Zicra Zieaw Zicpe | Ziez2a Ziegy  Liege
Laben2 = — — S — — — (5.14)
ZQa,la ZQa,lb ZQa,lc | Z2a72a Z?a,Zb ZQa,2c

Zov1a Zowiw Zowie | Zovoa Loy Loboe

Zcha Z2clb Z2clc ’ ZQc2a Z2(:,2b ZZCQC

The matrix Zu. 12 is then partitioned into four [3X3] matrices as shown in Eq
5.14 . The phase impedance matrix of line 1 in Fig. 11 is obtained by the parti-
tioning of the first three rows and columns, while the phase impedance matrix
for line 2 is obtained by the partitioning of the last three rows and columns.
The mutual coupling between the two lines is represented by the other two par-
titioned matrices [12]. To the given line the sequence impedance components
is obtained by performing a sequence impedance transformation on the parti-
tioned phase impedance matrix corresponding to that line, as given in equations
5.6 , 5.7. In the similar way for calculating the sequence capacitance values for
the configuration of Fig. 11, we first form the [7X7] potential coefficient ma-
trix ‘P’ as mentioned in Section 1. Using the Kron reduction formula in Eq
5.5, the matrix P,y is then reduced to a [6X6] matrix ‘P,..q12’. Thereafter, the
capacitance matrix ‘Ceq,12” is obtained by inverting the matrix P,.q12. Thus,
Cred12 = [Prea12) ' (nF/km). The [6X6] capacitance matrix Cheqiz is then
partitioned in order to yield four [3X3] matrices. By performing a sequence

admittance transformation on the [3X3] capacitance matrix corresponding to
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Table VI. Sequence impedance and capacitance values for three phase double circuit

overhead line

Conductor Size | Z;(§2/km) Zp(©2/Km) C}(nF/Km)
Line 1 | 397.5 kcmil 0.1752 + j 