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SUMMARY

Transmission lines are important devices since they can transmit large amount of
power over large distances. In the U.S., the voltage level of transmission line can vary
from 69 kV up to 765 kV. The rated current can be up to several kA. The total length of
the transmission line can also vary from several miles to several hundred miles.
Sometimes a fault may occur inside a transmission line system. Without proper
responses, the fault could potentially cause major damage (fire, explosion), power system
stability issues and even a large-scale power outage. To prevent above issues, there are
mainly two steps that the utilities need to do about this fault. First, the line with fault
needs to be isolated from the rest of the system as soon as possible (transmission line
protection). Second, the exact location of the fault needs to be identified to minimize the
time searching for the fault (transmission line fault locating).

For the first step, nowadays the transmission lines are protected by numerical relays
integrated with many legacy protection functions. The main challenges are: (a) the
coordinations and the settings for the numerical relay functions are very complex, which
increase the possibility of human error; and (b) for high impedance faults, the existing
numerical relays would fail to detect them, or these faults will be detected with a
relatively long delay. For the second step, legacy transmission line fault locating schemes
are utilized to find the location of the fault. The main challenges are: (a) for fundamental
frequency phasor based methods, the accuracy is limited due to phasor approximation
and inaccurate modeling of transmission lines; (b) for traveling wave based methods,

very high sampling rates are needed to ensure sufficient accuracy.
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To solve above problems, Dynamic State Estimation (DSE) based algorithm is
proposed. It utilizes a high-fidelity dynamic model of transmission lines and
instantaneous measurements (sampled values). The DSE based algorithm is implemented
in an object-oriented way. The device dynamic model of the component of interest is
expressed in a standard syntax referred to as State Control and Parameter Algebraic
Quadratic Companion Form (SCPAQCF). Subsequently, the method utilizes the device
SCPAQCEF object and the model of measurements to generate measurement SCPAQCF
object. Finally, the computations are directly based on the measurement SCPAQCF
object. Note that all of above applications, including EBP, EBFL and EBPI, utilize the
SCPAQCEF object.

Specifically, for protection application (Dynamic State Estimation Based Protection,
EBP), the main idea is to monitor the consistency between the measurements and the
dynamic model and quantify this consistency with the probability of goodness of fit (or
confidence level). The fault is detected by a low confidence level, which indicates
inconsistency between the measurements and the model. Simulation results prove the
advantages of the proposed EBP method such as the simplified settings and the ability to
reliably and quickly detect high impedance faults.

For fault locating application (Dynamic State Estimation Based Fault Locating,
EBFL), the main idea is to treat the fault location as a parameter of the dynamic line
model and estimate the fault location via a DSE algorithm. Simulation results prove the
advantages of the proposed EBFL method such as improved accuracy of the estimated
fault location compared to phasor based algorithms and relatively low sampling rate

compared to traveling wave based methods.
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Moreover, to ensure high fidelity models for EBP and EBFL, Dynamic State
Estimation Based Parameter Identification (EBPI) during normal operating conditions of
the transmission line is proposed to carefully validate the parameters of the interested
transmission line. The high-fidelity dynamic model can be established by (a) physically
measuring the average height of phase conductors and the average distance between

phase conductors, and (b) estimate the total length of the line as the only parameter.
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CHAPTER 1 Introduction

1.1 Problem Statement

Transmission lines are important components of modern power systems. Sometimes
a fault may happen inside transmission lines, and there are mainly two necessary steps
that the utilities should do about this fault. The first step is protection, which isolates the
fault from the rest of the electrical network as soon as possible, to ensure personnel safety,
minimize the damage to electric equipment and prevent power system stability issues.
The second step is fault locating, which identifies the exact location of the fault, to
minimize the time spend searching for the fault, reduce the overall outage time and
reduce operating costs.

To protect classic transmission lines, legacy relaying protection schemes with high
degree of sophistication have been designed. They trip the line if the calculated results
enter the relay characteristics. Due to large number of different fault conditions, the relay
characteristics need to be carefully designed with complex settings to cover all faults that
may occur inside the line. Nevertheless, the relay characteristic does not precisely depict
the entire fault zone. Additionally, complex settings and coordination among protection
functions may cause possible improper actions. As a result, these schemes cannot
guarantee 100% deopendability and security, especially when they are applied to high
impedance faults. Moreover, legacy relaying protection schemes would encounter more
challenges when dealing with complex transmission lines such as series compensated
lines, since the continuity of inductive impedance through the line is interrupted by series

capacitors.



To locate faults in two-terminal transmission lines, legacy fault locating techniques
were introduced and can be mainly classified into two groups: fundamental frequency
phasor based methods and traveling wave based methods. For the first group, the fault
locating results may not be accurate for the following reasons: (a) the methods are based
on fundamental frequency phasors; if the system experiences transients these methods are
inaccurate; (b) some of the methods utilize a sequence line model which is an
approximate model; (c¢) grounding of the line is typically neglected and this can generate
errors depending on the fault type. For the second group, the disadvantages include: (a)
traveling waves may not be reliably detected since the intensity of traveling wave highly
depends on the fault initiation time; (b) the methods require special instrumentation since
the usual CTs will filter out the high frequency content of traveling waves; (c) the
accuracy of the fault locator highly depends upon the sampling rate of the measurements.
Moreover, legacy fault locating schemes would encounter additional challenges when
dealing with three-terminal lines. For fundamental frequency phasor based methods, the
basic idea is to transform a three-terminal fault locating problem into a two-terminal fault
locating problem, which would generate additional errors. For traveling wave based
methods, the additional reflections and transmissions of the fault initiated waves at the

tap point make it difficult to determine the arrival time of the wavefronts.

1.2 Research Objectives

The objective of the proposed research is to (a) develop a reliable scheme to quickly
protect transmission lines from internal faults, with immunity to external faults; (b) for
any internal faults, develop a fault locating scheme to accurately find the location of the

fault.



To realize above objectives, a new Dynamic State Estimation (DSE) based algorithm
is proposed. The algorithm requires a device dynamic model, a model of measurements
and a dynamic state estimation process. The overall Dynamic State Estimation based
algorithm is implemented in an object-oriented way. The device dynamic model of the
component of interest is expressed in a standard syntax referred to as State Control and
Parameter Algebraic Quadratic Companion Form (SCPAQCF). Afterwards, the method
utilizes the device SCPAQCF object and the model of measurements to generate
measurement SCPAQCF object. Finally, the computations are directly based on the
measurement SCPAQCEF object.

Specifically, for the protection application (Dynamic State Estimation Based
Protection, EBP), the method finds internal faults by evaluating the consistency between
the measurements and the dynamic model of the transmission line. The proposed EBP
scheme has the following advantages: (a) it requires very few settings and no
coordination with other relays; (b) it can be easily applied to both classic and complex
transmission lines such as series compensated lines since it utilizes an object-oriented
algorithm; (c) it can detect internal high impedance faults faster and more reliably than
legacy schemes.

For the fault locating application (Dynamic State Estimation Based Fault Locating,
EBFL), the method estimates fault location as a parameter of the dynamic model of
transmission line. The proposed EBFL can be applied to both two-terminal and three-
terminal transmission lines. It has the following advantages: (a) it uses a high fidelity

physically based three phase dynamic model with explicit grounding representation; (b) it



utilizes instantaneous values instead of phasors; (c) it only requires relatively low
sampling rate; (d) it has higher accuracy than legacy fault locating schemes.

Furthermore, to build high-fidelity dynamic models for EBP and EBFL applications,
parameters of the components of interests are carefully identified during normal
operating conditions (Dynamic State Estimation Based Parameter Identification, EBPI).
These parameters are selected based on the physical structure of the transmission line,
including the total length of the transmission line, the average distance between phase
conductors and the average height of phase conductors. The dissertation proves that the
high-fidelity dynamic model can be established by physically measuring the distance and
the height parameter on the tower, and estimate the total length of the line as the only

parameter.

1.3 Thesis Outline

The outline of the remaining parts of this dissertation is as follows.

Chapter 2 presents a thorough literature survey on transmission line legacy
protection schemes and legacy fault locating schemes. For legacy protection schemes, the
dissertation first describes classic protection schemes for transmission lines and their
limitations; second, the additional challenges on complex transmission lines such as
series compensated lines are explained in detail. For legacy fault locating schemes, the
dissertation first demonstrates the fault locating schemes on two-terminal transmission
lines, including fundamental frequency phasor based methods, traveling wave based
methods and their disadvantages; second, the additional challenges on three-terminal

transmission lines are provided.



Chapter 3 presents the proposed DSE based algorithm. The DSE based algorithm is
introduced in an object-oriented way. First, a standard SCPAQCEF syntax is utilized to
represent the device dynamic model. Note that here the parameters are considered as
extended states in the DSE procedure. Second, the method utilizes the device SCPAQCF
object and the model of measurements to generate the measurement SCPAQCF object.
Finally, different methods of solving the DSE problem are introduced.

Chapter 4 presents the simulation results of transmission line EBP. A series
compensated transmission line is utlizied as an example and two different installations of
relays are considered. The proposed EBP method is compared to legacy protection
methods such as distance protection and line differential protection. The advantages of
the proposed EBP method are demonstrated.

Chapter 5 presents the simulation results of transmission line EBFL. A two-terminal
transmission line and a three-terminal transmission line are utilized as examples to find
the location of the fault. For each example, the proposed EBFL method is compared to
legacy fault locating methods such as fundamental frequency phasor based single-ended
and dual-ended algorithms. The advantages of the proposed EBFL method are
demonstrated.

Chapter 6 presents the simulation results of transmission line EBPI during normal
operating conditions. Three parameters are selected based on the physical structure of the
transmission line. Next, 7 combinations of these parameters are considered to
demonstrate the characteristics of the selected parameters. Afterwards, the characteristics
of these parameters are further explained via mathematical proofs. Finally, the way of

building a high-fidelity dynamic model for EBP and EBFL application is concluded.



Finally, Chapter 7 summarizes the research work and outlines the results and
contributions of this dissertation.

There are also four appendices in this dissertation. Appendix A describes the
SCPQDMs of transmission lines without fault, including classic transmission lines and
series compensated lines. Appendix B describes the SCPQDMs of transmission lines
integrated with fault, including two-terminal transmission lines and three-terminal
transmission lines. Appendix C describes the SCPQDMs of transmission lines with
parameters during normal operating conditions. Appendix D describes the quadratic
integration method. Appendix E validates the accuracy of multi-section transmission line

model compared to the fully distributed frequency dependent model.



CHAPTER 2 Literature Survey

This chapter provides the background information of existing technologies related to
the proposed research along with literature review of legacy schemes. Section 2.1
provides legacy protection functions of transmission lines. Section 2.2 demonstrates

legacy fault locating techniques.

2.1 Legacy Protection Functions of Transmission Lines

Legacy protection functions of transmission lines can be classified into two groups:
single-ended methods and dual-ended methods (also known as pilot protections).
Single-ended methods mainly include: (1) Overcurrent protection; (2) Distance
protection; Dual-ended methods mainly include: (3) Directional comparison pilot
protection; (4) Pilot distance protection; and (5) Line differential protection. Section 2.1.1
describes the details of legacy functions on classic transmission lines [47-48]. Section
2.1.2 shows the additional challenges on complex transmission lines [49-50] such as

series compensated lines.
Details of Legacy Functions on Classic Transmission Lines

(1) Overcurrent protection

Overcurrent protection scheme was first introduced without directional elements,
which uses three-phase currents at the location of the relay. It can be further classified
into instantaneous overcurrent protection and time overcurrent protection according to
trip delays. For instantaneous overcurrent relays, they will instantaneously trip the line if
one of the phase currents or sequence currents (negative, zero) exceeds the corresponding

current setting. For time overcurrent relays, inverse-time characteristics are utilized to



allow different tripping delays for different magnitudes of phase or sequence currents.
The main disadvantage is that it cannot identify the direction of the fault and therefore it
fails to ensure selectivity in the system with bi-directional power flow. To overcome the
above disadvantages, directional elements are added to the overcurrent relay to form
directional overcurrent protection [1-2]. It uses three phase currents and voltages at the
location of the relay. The relays will trip if (a) the overcurrent function is activated and (b)
the directional element identifies that the current direction is from the bus to the protected
line. The main disadvantages include: (a) it is sensitive to the change of source
impedance; (b) it uses same setting for all kinds of faults therefore the protection zone
will be shortened; (c) it is general impossible to coordinate directional overcurrent relays
in a network transmission system; (d) it is sensitive to fault impedances.
(2) Distance protection
Distance protection method [3-4] uses three phase currents and voltages at the

location of the relay to calculate the impedance between the fault and the relay.
Compared with directional overcurrent protection, distance protection (a) immunes to the
changes of source outputs; (b) uses different calculation methods for different fault types;
(c) can be used in a network transmission system; and (d) has some tolerance towards
fault impedances. Three-step (three zones) distance protection is usually adopted. The
tripping characteristics of zone 1, 2 and 3 are shown in Figure 2.1, where each zone is a
circle including the origin point (0,0) with the diameter of the selected setting (here for
zone 1, 2 and 3, the example settings are 80%, 120% and 260% of the positive sequence
impedance of the protected line). The disadvantages of distance protection include: (a) it

cannot protect short lines since in this case the relay characteristics is very small; (b) it



cannot protect the whole length of the line instantaneously; (c) for high impedance faults,

it will trip with large delay or even fails to trip.

Im (Impedance)
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Figure 2.1. Characteristics of distance protection

(3) Directional comparison pilot protection

The method [5] uses three-phase voltages and currents at both sides of the line. The
relay monitors the direction of the current at both terminals and will trip the line if both
directional elements operate. The directional element is the same as introduced in
directional overcurrent protection. The disadvantages include: (a) it cannot recognize
internal faults near terminals where the measured voltages of the faulted phases are near
zero; (b) it has limited sensitivity towards high impedance faults.

(4) Pilot distance protection

The method [6-7] uses three-phase voltages and currents at both sides of the line.
The relay will trip the line if at least for one terminal the calculated impedance enters
zone 1 of the corresponding distance relay. The main disadvantage is that it has limited

sensitivity towards high impedance faults.



(5) Line differential protection

The method uses three-phase currents at both sides of the line. It is based on the
assumption that the sum of two-side current phasors of any phase is zero under normal
operations, and non-zero with internal faults. Usually the alpha-plane line differential
protection [8] is adopted to test this zero sum. The relay trips only when (a) one of the
thresholds of phase current or sequence current (negative, zero) is exceeded; (b) the
phasor ratio exits the restraint region described in Figure 2.2. The main disadvantages of
line differential protection include: (a) long transmission lines exhibit large capacitance
and corresponding large capacitive current, which decreases the sensitivity of differential
protection and makes it difficult to detect high impedance faults [9]; (b) To improve
sensitivity, use of negative or zero sequence current has been applied as well as
compensation for line charging current [15, 38]. These methods and settings are based on

sequence models which are approximate and may result in less sensitivity.
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Figure 2.2. Characteristics of line differential protection
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Challenges in Series Compensated Lines

Appropriately designed, series compensated lines can increase transmission
capability, improve stability, reduce losses and damp sub-synchronous oscillations [10-
11]. However, other than above disadvantages in 2.1.1, legacy protection functions
confront additional challenges when dealing with complex transmission lines such as
series compensated lines. A series compensated transmission system is shown in Figure
2.3, with Series Capacitors (SCs) at M side of MN line. Two faults F; and F, are
considered as examples. There are two possible locations of the relay near SCs [12, 15]:
bus-side relay installation (relay II) and line-side relay installation (relay II’). Legacy
protections of the series compensated transmission line MN will experience different

limitations as follows.

Figure 2.3. Series compensated transmission system

(1) For single-ended algorithms such as overcurrent and distance protection, relay I
will incorrectly trip fault F;, because SCs reduce impedance between F; and relay 1. For
example, a distance protective relay at relay I will “see” the fault at the middle of the line
and it will incorrectly trip the line if the line is 50% compensated. To avoid this type of
mis-operation, the protection zone of overcurrent protection and distance protection will
be shortened [13] thus desensitizing the relays. Additionally, both relay II and relay IT'

with both protection schemes cannot distinguish between fault F; and F,, therefore relay
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II cannot operate during fault F, and relay II' will mis-operate during fault F;. For similar
reasons, directional element of directional overcurrent protection at relay II will wrongly
miss fault F,, because of current inversion caused by the capacitive impedance between
relay Il and F, [14]; directional element at relay II' will wrongly trip fault F;.

(2) Dual-ended algorithms would also confront limitations. Directional comparison
protection scheme will confront similar current inversion problem. For bus-side relay
installation, internal fault F, will be neglected since relay I and II have the same direction
results; for line-side relay installation, external F; will be wrongly captured since relay I
and II’ have different direction results. Pilot distance protection scheme cannot fully
protect the compensated line as well. For bus-side relay installation, the scheme cannot
trip fault F,, because relay I cannot cover the total length of the line and relay II will ‘see’
a capacitive impedance; for line-side relay installation, the scheme will mis-operate
during fault F;. Line differential protection may also fail to operate because of current

inversion [15].
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2.2 Legacy Fault Locating Techniques

Legacy fault locating techniques can be mainly classified into two groups:
fundamental frequency phasor based methods and traveling wave based methods. A brief
survey of the two classes of methods is provided for two-terminal lines with commentary
on the challenges when applied to three-terminal lines.

(1) Fundamental frequency phasor based methods

These methods use voltage and current phasors of fundamental frequency to
calculate the impedance and afterwards the distance between the fault location and the
terminals of the line [16-18]. They can be further classified into single-ended and dual-
ended algorithms. (a) Single-ended algorithms calculate the location of the fault from
voltage and current phasors at one end. The main advantage is that it does not require
communication channels from the remote end. The accuracy of these methods largely
depends on the fault type and fault impedance, as well as the line model accuracy,
presence of mutually coupled circuits, and grounding parameters of the line [19-20]. (b)
Dual-ended algorithms use voltage and current phasors at both ends of the line. They can
be further subdivided into methods that use GPS synchronized measurements or non-
synchronized measurements. These methods are in general more accurate than single
ended methods as the influence of fault impedance and mutually coupled circuits is
mitigated. [21-22]. There is a variety of algorithms depending on the available data, for
example, dual-ended voltages only, dual-ended voltages and single-ended currents, dual-
ended voltages and currents [23-25]. The main disadvantages of fundamental frequency
phasor based single-ended or dual-ended methods are: (a) the algorithms are based on

fundamental frequency phasors, so fault locating results may not be accurate if the system
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is experiencing transients; (b) some of these methods utilize a sequence line model
(positive, negative and zero sequence) which is an approximate model and therefore
increases the fault locating error; (¢) the grounding of the line is typically neglected and
this can potentially generate larger errors depending on the fault type.

(2) Traveling wave based methods

When a fault initiates in a transmission line, high frequency traveling waves are
generated and propagate away towards both terminals of the line approximately with the
speed of light. At each discontinuity, for example a bus with multiple lines, the fault, etc.,
they reflect and transmit generating more traveling waves. Traveling wave based methods
[26-27, 57] monitor the traveling time of these waves to determine the fault location.
They can be classified into two groups: single-ended algorithms and dual-ended
algorithms. (a) Single-ended algorithms use subsequent time signals at one terminal to
identify the fault location, including Type A, C, E and F fault locator [28-30]. Type A
measures the time difference between the arrival of the first wave front and its reflection;
Type C injects a high frequency impulse from one terminal and measures the time
difference between the arrival of the reflection and the injection; Type E and F are quite
similar with Type C expect that the injected impulses are generated by closing/opening
the circuit breaker at one terminal. (b) Dual-ended algorithms use the time differences
between the arrival of first wave front at both terminals to identify fault location,
including Type B and D fault locator [29, 31-32]. Type B measures the time differences
by sending stop signals from one end to another; Type D is quite similar with Type B
except using synchronized time tagging to increase accuracy. Because the traveling

waves are modulated by the frequency dependent characteristics of the line, digital signal
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processing is required to identify the actual arrival time of the wave. Different methods
are applied for this, including Wavelet Transformation (WT) [33-34]. Traveling wave
based methods have the following disadvantages. (a) The intensity of traveling waves is
greatly influenced by the fault initiation time relative to the power frequency cycle. This
generates the issue of detection reliability of the traveling waves. (b) They require special
instrumentation since the usual CTs will filter out the high frequency content of the
traveling waves. Related to this issue is the need to sample at very high rates. (c¢) The
accuracy of the fault locator is also dependent upon the sampling rate of the
measurements [35]. For example, a system with a 100 kilo-samples per second (ks/s)
sampling rate could cause up to 0.93 miles systematic error with Type D fault locator.

(3) Additional challenges for three-terminal lines

Further, researchers have been studying fault locating methods for three-terminal
lines. The methods can also be categorized into fundamental frequency phasor based
methods and traveling wave based methods. (a) Fundamental frequency phasor based
methods. One method transforms the three-terminal line into a two-terminal equivalent
line, and then directly applies standard two-terminal line fault locating algorithms [39-40].
The method first determines the faulted branch by estimating the voltage phasor at the tap
point from terminal voltage and current phasors; the faulted branch is the one providing a
different estimated tap voltage from the other two branches. Next, the three-terminal line
is transformed into a two-terminal line with measured voltage and current phasor at one
terminal and the calculated voltage and current phasors at the tap point. Finally, usual
two-terminal methods (single-ended, dual-ended) are applied to estimate the location of

the fault. These methods can be further categorized according to data synchronization and

15



availability, including three-ended GPS synchronized data [41], non-synchronized
terminal voltages and currents [42], dual-ended synchronized measurements [43], three-
ended synchronized currents and one-terminal voltages [44], etc. The fault location error
of these methods is in general larger than that of two-terminal lines. (b) Traveling wave
based methods. They also first determine the faulted branch: the intensity of the
traveling wave obtained at the terminal of the faulted branch will be significantly higher
than those obtained at the terminals of the non-faulted branches [34]. Next, the fault
location is computed by either single-ended or three-ended algorithms, with principles
similar to two-terminal lines. It is noted that algorithmic challenges are generated by the
additional reflections and transmissions of the fault initiated waves at the tap point,

making it difficult to determine the arrival time of the wavefronts [45].
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CHAPTER 3 Proposed Research

In this chapter, the principles of the proposed Dynamic State Estimation (DSE)
based methods are addressed. The DSE requires a device dynamic model, a model of
measurements and a dynamic state estimation process. The overall DSE is implemented
in an object-oriented way. The object orientation starts with an object that represents the
device dynamic model of the component of interest. The object has a specific syntax
referred to as State Control and Parameter Algebraic Quadratic Companion Form
(SCPAQCEF). Afterwards, the method utilizes the device SCPAQCEF object and the model
of measurements to generate the measurement SCPAQCF object. Finally, the
computations are directly based on the measurement SCPAQCF object. Note that this
algorithm with the standard syntax can be used in both transmission line protection
(Dynamic State Estimation Base Protection, EBP) and fault locating (Dynamic State
Estimation Base Fault Locating, EBFL). However, the matrices corresponding to the
dynamic model would be different for different applications.

This chapter is arranged as follows. Section 3.1 provides the methods to generate the
dynamic models in SCPAQCEF standard syntax; section 3.2 describes the overall DSE

procedure.

3.1 Dynamic Model with SCPAQCF syntax

The object orientation starts with an object that represents the device dynamic model
of the transmission line of interest. The object has a specific syntax. In general, the object
of the device dynamic model is developed by first expressing the mathematical
description of the component as a set of algebraic and differential equations in terms of

the states (x), the controls (#) and the parameters (p) of the component. Subsequently we
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convert these equations into a set of algebraic and first order differential equations with
nonlinearities not greater than two. In general, this is achieved by introducing additional
variables. We refer to this as the quadratization procedure. If the model is linear or
quadratic, the quadratization procedure is not needed. Afterwards, the equations are cast
into a specific syntax, which has been named State, Control and Parameter Quadratic

Dynamic Model (SCPQDM). The syntax is:

i(t)= quxlx(t) +Ymu(t) +Ymp(t) + D % +C

el

ox(t
0= quxzx(t) + quuzu(t) +Yem2p(t) +Deqxdz % + Ceqcz

0= Y X(0)+ Y (1) + YO+ XO (Bl ) X(1) p+ u() (B ut) (3.1

+4 PO (Figgs ) PO {+{ U0 (Flgy ) X(0) (4 PO (Fi ) X(O) p+ u(®) (Fryp )p(1) t+Cs

where x(t) , u(t), p(t) represent the state, control, parameter vectors of the
component, respectively; terminal currents are represented by i(t), and terminal voltages
are usually included in x(t). Additionally, the first equation may correspond to actual
measurements i(t); the second and third equations correspond to internal constraints that

describe the relationship among states, controls and parameters of the component.
Sometimes the component of interest consists of several parts. We need to combine
them together to form an overall device SCPQDM. Next, the way to combine
interconnected models will be introduced. Figure 3.1 depicts an example of combining
three components which share the same node (marked as red). Besides including the

original device SCPQDMs of three components, two additional steps are necessary: (a)
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substitute the voltage states at the common node ( \/1(2), Vz(l), V3(1)) with one state (e.g.

\/1(2)) in all equations; (b) substitute all equations corresponding to terminal current at the

common node (i,”, i,", i,;"’) with one internal constraint equation (0=i,” +i,"” +i,",

i.e. apply KCL. After these steps, the combined component still has the same device
SCPQDM format of as shown in equation (3.1). The detailed device SCPQDMs of line
protection, fault locating and parameter identification during normal operating conditions
are provided in Appendix A, B and C, respectively. Note that a multi-section time-
domain transmission line model is adopted for all transmission line applications. This
model is a close approximation of the fully distributed transmission line model with
explicit grounding representation [46], as shown in Appendix E. The multi-section model

is computational preferable for fault locating purposes.
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Figure 3.1. Combination of interconnected components

In order to numerically solve the unknown variables of the system, the device
SCPQDM equations are integrated using the quadratic integration method [36]. Details of
quadratic integration method are derived in Appendix D. The integration converts the
model into a set of algebraic quadratic equations in terms of the state, control and
parameter variables. We refer to this model as the device State, Control and Parameter

Algebraic Quadratic Companion Form (SCPAQCF) model. Also, since the parameter
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variables are constants, additional equations that describe this property also need to be
added into the device SCPAQCF model as shown in equation (3.2) (same parameters

inside each time step) and (3.3) (same parameters between two consecutive time steps).
0=p()-p(t,) 3.2)

0=p(t)—p(t—2At) (3.3)

After above procedure, the device SCPAQCF model has the format shown in
equation (3.4) where all the matrices can be expressed by the matrices defined in device

SCPQDM.

i(t)

= Y, X(L, 1)+ Y u(t ) + Yo (L, t,) +4 X(t 1) (Fly ) (L t,)

+ut,t)" (Floy, Yu(t,t) 1 +4pt)" (Fipy )P L,) 4+ u(t,t,)" (Fly, ) X(L,t,) H(3.4)

+1P( )" (Flp ) x(Lt,) t+1 ult ) (Fiy, )P(LE,) = b (t—24t)

b(t—2At) = —N,, - x(t - 2At) N, -u(t —2At) N -p(t —2At) — M -i(t—2At) - K

Afterwards, from the device SCPAQCF object and the model of measurements, we
express all the measurements as algebraic quadratic expressions of state, control and
parameter variables. We refer to this as the measurement SCPAQCF object. The

measurement SCPAQCEF object has the following format:
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z(t,t,) = h(x(t,t,), u(t,t,).p(t.t,))

=Y, X(t,t,)+ Y, u(t. ) + Y, ptt)+4 x(tt) (K, ) x(tt,)

)T (B Jutt ) F+{ )T (B et b duc ) (B )x )b &

+p(t )" (B, ) X(L1,) F+ u(t.t,) (B )p(t.t,) p—b, (t—h)

b,(t—2At) =—N_, -x(t-2At)—-N_ u(t-2A)-N,_ -p(t—-2A)-M, -i(t-2At) - K,
Here the measurements z(t,t,) can be categorized into the following three types:

actual measurements, pseudo measurements and virtual measurements. (a) Actual
measurements are measured by actual meters such as terminal three-phase voltages and
currents, with standard deviation determined by installed meters; (b) pseudo
measurements are introduced to ensure observability of the system without actual meter
installation, such as terminal neutral voltages. These measurements are often chosen as
the best guess (eg. zeros for neutral voltages) with large standard deviations; (c) virtual
measurements correspond to internal constraints of the system such as zero sum of

currents of specific nodes.
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3.2 Dynamic State Estimation Algorithm

In this section, we will introduce the standard procedure of Dynamic State

Estimation (DSE) [51-56] to solve for the best estimate of states and parameters

xp(t,t ) =[x(t,t ),p(t,t )] from the measurements z(t,t,) and the SCPAQCF model

described in equation (3.5). Note that the control variables u(t,t_) in equation (3.5) are

typically constants during the DSE algorithm and are treated as such. The flow chart of
the DSE with parameters is provided in Figure 3.2. For some cases the value of
parameters will influence the SCPAQCF model, so the model may need to be updated
every DSE time step. An example is the application on fault locating where the fault
location is considered as a parameter and the model might need to be updated to ensure

accuracy.
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Y

Chi-square test

Figure 3.2. Flow chart of standard procedure of Dynamic State Estimation

Additionally, the effectiveness of the estimated xp(t,t. ) is validated by the
confidence level P, (t) from the chi-square test [37]. A high confidence level (near

100%) means the estimated results are trustworthy, i.e. the measurements fit the model

quite well. The confidence level P, (t) can be calculated by,
Pt =P 2£©®) =1-P({().m) (3.6)

(0 = (hp(tt, ) -2t t,) W(h(xp(t.t,)—2(t ) (3.7)
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where P({(t),m) is the probability of y* distribution given y* < {(t) with degree
of freedom m, W :diag{l/ ol,1/ 0'22,---} where O; is the measurement error standard

deviation, and h(xp(t,t )) is defined as in equation (3.5) with control variables

substituted.

The results of the chi-square test will be used differently for different applications.
For the application of protection (EBP), the confidence level is used for trip decision,
since a low confidence level implies inconsistency between measurements and model and
therefore a fault. To dependably and securely protect the component, we use the

following integral equation to decide the trip signal:

1, if TripValue(t) > K
Tripy={ " P Alu(l) = Koy (3.8)
0, if TripValue(t) <K,
. t
TrlpVaIue(t):J.t_A (1= Py (1))t (3.9)

where A7, and K, are the settings of the EBP relay. Usually they are chosen as
20 cycles and 0.5 cycles, respectively.

For the application of fault locating (EBFL), the confidence level is used for
verifying the effectiveness of estimated fault location. A high confidence level indicates a
trustworthy fault location result.

There are different ways to solve the best estimated states and parameters. The

algorithm differs according to how to handle the virtual measurements, past history
b,(t—2At) and DSE time step h. Details are provided as follows.

(a) Virtual Measurements

Unconstraint Optimization
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This method treats virtual measurements the same as all other measurements but it
assigns a small standard deviation for the measurement error. The unconstraint

optimization problem is:
MinJ = (h(xp(t,tm))—z(t,tm))T W (h(xp(t.t,)—z(t.t,)) (3.10)
The best estimated solution Xp(t,t.) is provided by the following iterative algorithm
until convergence:
xp(t,t,)" =xp(t,t,)" —(H WH) " H' W(h(xp(t,t,)")—z(t.t,)) (3.11)
where the Jacobian matrix H=0Jh(xp(t,t.,))/ oxp(t,t)

Constraint Optimization
This method treats virtual measurements as equality constraints. Note that for virtual

measurements corresponding to parameters (as shown in equation (3.2) and (3.3)), the
parameters p(t,t ) would stuck at initial values if these virtual measurements are also

treated as equality constraints. In order to proceed the DSE process, here equation (3.2)
and (3.3) are treated as measurements with small standard deviation (similar as
unconstraint method), to make the parameters gradually converge to actual values. The

constraint optimization problem is:

Min J = (h (xp(t.t,) —z.(t.t,))" W, (h(p(t.t,) - z,(Lt,))

(3.12)
Subject To: 0=9g.(xp(t,t,))

where J.(xp(t,t.)) corresponds to the expression of equality constraints inside

equation (3.5); h.(xp(t,t.)), z.(x(t,t,)) and W, are similar as h(xp(t,t.))), z(x(t,t,))

and W but without the entries corresponding to equality constraints.

25



The best estimated solution Xp(t,t ) is provided by the method of Lagrangian

multipliers given with the following iterative algorithm until convergence:

wtt) | [wtt)'] [HWH, 6T
MLt || Mt G 0

c

W, (hOp(L)) -2 L) GIMUL) | 5 5
9. (xp(L,t,)")

where the Jacobian matrices H, =dnh.(xp(t,t,))/ oxp(t.t.) ,
G, =0d9.(xp(t,t.))/oxp(t,t ), and A(t,t,) is the Lagrangian multiplier.

(b) Past history
Estimated values

This method uses estimated values from the previous DSE time step for x(t —2At),
i(t—2At), u(t—2At) , and p(t —2At) in the calculation of past history vector b, (t—2At).

Measured values
This method uses measured values for x(t—2At) , i(t—2At), u(t—2At), and
p(t—2At) in the calculation of past history vector b,(t—2At), if the corresponding

actual measurement exist. Estimated values are used for all other variables that do not
have corresponding actual measurements.

(c) DSE time step h

Two Sampling Intervals

This method performs DSE every two sampling intervals (h=2At), as shown in

Figure 3.3. For example, DSE at time {, provides past history information for DSE at

time t, +2At.
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Figure 3.3. DSE procedure with time step h=2At

One Sampling Interval

This method performs DSE per sampling interval (h=At), as shown in Figure 3.4.

For example, DSE at time t, provide past history information for DSE at time t, + At .

t 4 Measurements

tk+2 A t””>** :'O_C: g _. ._. _O_ C_) - I : bz(tk+ A t) — |

$ | DSEattime t,+2At | xup(t+2 Attt At)

'T _________ %
tit At Yo | e 0@ .- 0 0 +| b.(t) |
At _DSEattime it At _ | xup(tt+ A t,ty) |
ty ——T—>——||ooo-- e @ | %bt X |
| DSE at time t; AUSLY)
beat-—>| 1066 06 A xup(tioti-At) |
—— =T ————-+

| DSEattime ti-At | b,(ti-2 A t) |
t20to71 @ 0 0 ... 0 0 /I yup(t-At, (2 A1) |

Figure 3.4. DSE procedure with time step h=At

27



CHAPTER 4 Numerical Experiments of Transmission Line

EBP

This chapter describes the application on transmission line protection (Dynamic
State Estimation Based Protection, EBP). A series compensated transmission line is
chosen as an example to compare the performance of the proposed EBP with typical
legacy protection schemes [49]. Section 4.1 provides the example test system; section 4.2
describes all relays and their settings; section 4.3 shows event studies in which the
performances of EBP and legacy protection schemes are evaluated; section 4.4 concludes

the proposed EBP scheme.

4.1 Example Test System

In this research, we compare the performance of the proposed EBP with typical
legacy protection schemes for a series compensated power line. The compensation is
located at one terminal of the line. We consider two possible installations of the relay:
bus-side installation and line-side installation. Figure 4.1 illustrates the power line and the
two possible locations of the measurements; the rest of the network is not shown. The
line ratings are: 500kV, 83-mile long, 4330 MVA. The series capacitors are 0.148 mF
representing a 42.4% compensation.

The source impedance is shown in Table 4.1. The tower structure is provided in
Figure 4.2. The tower footing resistance is 25 ohms and the ground impedance of the
substations at the two ends of the line is one ohm. The R, L and C matrices of the
transmission line are provided in Table 4.2. The sequence parameters are shown in Table

4.3. The sampling rate is 4800 samples/second. The dynamic state estimation for each
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time step executes in a fraction of the time between two consecutive samples of

streaming data, 416 ps. The typical execution time for this system is 120 ps on a high end

personal computer.

LEGEND

FGDm3-Phase PTs P 3-Phase CTs I Buses —| I—SCS

—— Bypass switch @—Three phase source —¢3— Breakers

Rellay Fiber Optic Rf;]lay
i{a [ | Al ﬁ
@_ SCI Line under protection g~ X"
BUS S BUS
Al A2
Bus-Side Relay
Installation A3
Relay | Fiber Optic Relay
: é I
—c’\n—ql—l P
@_ SCI Line under protection g~ f-==="""
BUS S BS
Al A2
Line-Side Relay
Installation BUS

A3

Figure 4.1. Numerical example test system for EBP: series compensated line,
with bus side relay installation and line side relay installation

( 60 feet >
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Nl\\ 44 feet JNZA
° 2
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) =)
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e o
Y VY

Figure 4.2. Tower structure of the transmission line
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Table 4.1. Source impedances

Parameter

Value

Positive sequence impedance
Negative sequence impedance

Zero sequence impedance

13.59£86.99° Q

12.88£86.82° Q

5.76£82.88° Q

Table 4.2. R, L and C matrices of the line

Parameter matrices Value
0.104 0.089 0.089 0.088 0.088
0.089 0.104 0.089 0.088 0.088
Series resistance (per mile) 0.089 0.089 0.104 0.088 0.088 | Q/mile
0.088 0.088 0.088 2.357 0.087
0.088 0.088 0.088 0.087 2.357
Series inductance (per mile) 2.79 148 126 147 126
1.48 2.89 148 141 141
126 148 279 126 147 | mH/mile
1.47 141 126 5.55 136
1.26 1.41 147 1.36 5.55
Shunt capacitance (per mile) 9.01 -2.11 —0.75 -1.33 -0.50
211 955 -2.11 -0.94 —-0.94
—0.75 -2.11 9.0 —0.50 —1.33|nF/mile
-133 094 050 552 -0.58
-0.50 —0.94 —-133 —0.58 5.52
Shunt conductance (per mile) 0, . mho/mile
Table 4.3. Sequence parameters of the line
Parameter Value

Positive (Negative) sequence series impedance ( Z,)
Zero sequence series impedance ( Z, )
Positive (Negative) sequence shunt susceptance (Y, )

Zero sequence shunt susceptance (Y, )

42.53/88.34° Q

142.71£74.56° Q

0.341.£90.0° mQ

0.186.£90.0° mQ
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4.2 Settings of Relays

We assumed the line is protected with only two legacy protection functions: (a)
distance protection (at side Al), and (b) line differential protection (alpha plane). The
settings of the legacy protection functions as well as EBP are provided corresponding to

two possible locations of the relay.

(a) Bus-side relay installation, distance protection settings
The distance relay settings are summarized in Table 4.4.

Table 4.4. Distance relay settings (bus side)

Function Settings

. . 19.72£87.13° Q,0.015s delay, compensation factor
Line and Ground Distance, Zone 1 K=239/-19.48 O
. . 30.80£87.13° Q,0.15s delay, compensation factor
Line and Ground Distance, Zone 2 K=2139/-19.48 O
64.08£87.13° Q,0.5s delay, compensation factor

Line and Ground Distance, Zone 3 K=239/-19.48 O

(b) Bus-side relay installation, line differential protection (alpha plane) [14]

settings

Here the zero sequence current differential protection scheme with capacitive
charging current compensation is used. The restraint region is between 1/6 to 6, with total
angular extent 195°. The relay trip logic is activated when at least one of the following
thresholds is exceeded (a) phase current 6 kA, (b) 31y (zero-sequence) current 500 A, (c)
31, (negative-sequence) current 500 A. The relay will trip when the trip logic is activated

and the ratio falls outside the restraint region, with a delay of 0.015s.
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(c) Bus-side relay installation, EBP settings

For consistency, the intentional delay for the EBP relay is also selected as

Tyaay = 0.0158 and the reset time is 7., =0.03 s.

(d) Line-side relay installation, distance protection settings
The distance relay settings are shown in Table 4.5.

Table 4.5 Distance relay settings (line side)

Function Settings

. . 34.02£88.34° Q,0.015s delay, compensation factor
Line and Ground Distance, Zone 1 K=239./-19.48° O
} ) 53.16£88.34° Q,0.15s delay, compensation factor
Line and Ground Distance, Zone 2 K=239./-19.48° O
110.58£88.34° Q, 0.5s delay, compensation factor

Line and Ground Distance, Zone 3 K=239/-19.48° O

(e) Line-side relay installation, line differential protection settings

The settings of the line-side line differential relay are exactly the same as the bus-

side line differential relay.

(f) Line-side relay installation, EBP settings

The settings of line-side EBP relay are exactly same as bus-side EBP relay.
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4.3 Event Studies

We compare the performance of the legacy protection functions to the EBP relay

performance for three specific events described below.
Event 1: Low Impedance Phase A-G Internal Fault near Bus Al.

A phase A to ground internal fault with 0.4 Q impedance happens at 1 mile from the

side A1 and time 0.5s. The results are shown in Figure 4.3 for the period [0.45 s to 0.55 s].

73.47 kA— Current_sideA1_A (A)
- Current_sideA1 B (A) M
_—Current_sideA1_C (A) /\K/ v \//\
T T T ‘

-76.58 kA \ \

4427.0 A— Current_sideA2_A (A)
— _Current_sideA2_B (A)
P Current_sideA2_C (A)

-4301.1 A — | | [

1101.8 KV — Voltage_sideAl1_A(bus_side) (V)

—_Voltage_sideA1_B(bus_side) (V)

-/ Voltage_sideA1_C(bus_side) (V)
R N T N N

-1166.4 kV — | | [
557.4 kV — Voltage_sideA1_A(line_side) (V)

—\Voltage_sideA1_B(line_side) (V)
— / Voltage_sideA1_C(line_side) (

-552.8 kV \ w

452.7 kV —__ Voltage_sideA2_A (V)
— “Voltage_sideA2 B (V)
—| /Voltage_sideA2_C (

-452.0 kv |
0.450 s 0.550 s

Figure 4.3. Current and voltage results of a phase A to ground internal fault near
SCs

(a) Performance of Bus-side Relay Installation
Distance relay: the trace of the impedance “seen” by the relay, superimposed on its

characteristic, is shown in Figure 4.4. It can be observed that the impedance stays outside
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the tripping characteristics during the fault due to the capacitive reactance of SCs.
Therefore, the distance relay fails to detect this fault.
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Figure 4.4. Trace of impedance during a phase A to ground internal fault near SCs,
bus-side relay installation

Line differential protection relay: the phasor ratio trace of zero sequence current,
superimposed on the relay characteristic, is shown in Figure 4.5. Along the trace, the
character ‘0’ means the thresholds are not exceeded while the character ‘x’ means the
thresholds are exceeded. Prior to the fault, the ratio is near the ideal point (-1,0), and none
of the thresholds are exceeded (with the character ‘0”). During the fault, the thresholds
are gradually exceeded (transition ‘0’ to ‘x’) with the ratio already in the trip zone. The
transition (detection) occurs at 0.504 s. The line differential relay trips the line at 0.504 +

0.015s5s=0.519s.

EBP relay: The results are depicted in Figure 4.6. The first two sets of traces show
the residuals and normalized residuals of three-phase currents of side A2. The confidence
level and the trip signal are given in the next two traces. The confidence level drops to
zero at time 0.5002 s. Thus the fault is detected at 0.5002 s and the line is tripped at

0.5152s.
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Summary: For event 1 and bus-side relay installation, the distance relay fails to
detect the fault; the line differential relay detects the fault at 0.504 s and trips the line at

0.519 s; the EBP relay detects the fault at 0.5002 s and trips the line at 0.5152 s.
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Figure 4.5. Trace of the ratios during a phase A to ground internal fault near SCs,
bus-side relay installation
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Figure 4.6. EBP results of a phase A to ground internal fault near SCs, bus-side
relay installation
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(b) Performance of Line-side relay installation

Distance protection relay: the trace of impedance “seen” by the relay,
superimposed on its characteristic, is shown in Figure 4.7. It can be observed that the
impedance enters zone 1 of the tripping characteristics during the fault. Thus, the distance

relay trips the line at 0.509 + 0.015 s=0.524 s.

Imaginary Part of
the Impedance (ohm)

|
l
“H400 50 0 50 100 150 200 250 300
Real Part of the Impedance (ohm)

Figure 4.7. Trace of impedance during a phase A to ground internal fault near SCs,
line-side relay installation

Line differential protection relay: the performance is the same as in Figure 4.5.

The relay detects the fault at 0.504 s and trips the line at 0.519 s.

EBP relay: The results are depicted in Figure 4.8. The detection of the fault happens

at 0.5002 s and the relay trips the line at 0.5152 s.

Summary: For event 1 and line-side relay installation, the distance relay correctly
detects the fault at 0.509 s and trips the line at 0.524 s; the line differential relay correctly
detects the fault at 0.504 s and trips the line at 0.519 s; the EBP relay detects the fault at

0.5002 s and trips the line at 0.5152 s.
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Figure 4.8. EBP results of a phase A to ground internal fault near SCs, line-side
relay installation

Event 2: Low Impedance Phase A-G External Fault at Bus Al

A phase A to ground fault with 0.9 Q impedance occurs at bus Al and time 0.5 s.

The results are shown in Figure 4.9 for the period [0.45 s to 0.55 s].

(a) Performance of Bus-side Relay Installation

Distance protection relay: the impedance “seen” by the relay, superimposed on its
characteristic, is shown in Figure 4.10. The impedance stays outside the tripping

characteristics. Thus, the distance relay correctly ignores this external fault.

Line differential protection relay: the phasor ratio trace of zero sequence current,
superimposed on the relay characteristic, is shown in Figure 4.11. Prior to the fault, the

ratio of zero sequence current is near the ideal point (-1,0), and none of the thresholds are
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exceeded (with the character ‘0’). During the fault, the ratio remains in the restraint
region, with some thresholds exceeded (with the character ‘x”). Thus, line differential

relay correctly ignores this external fault.
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Figure 4.9. Current and voltage results of a phase A to ground external fault at bus
Al
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Figure 4.11. Trace of the ratios during a phase A to ground external fault at bus Al,
bus-side relay installation

EBP relay: The results are depicted in Figure 4.12. The confidence level stays at
100% except some transients for a short period (around 1.5 ms). The trip signal remains

at zero. Thus, the EBP relay correctly ignores this external fault.

Summary: For event 2 and bus-side relay installation, legacy protection relays and

EBP relay correctly ignore the external fault.
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Figure 4.12. EBP results of a phase A to ground external fault at bus A1, bus-side
relay installation

(b) Performance of Line-side Relay Installation

Distance protection relay: the impedance “seen” by the relay, superimposed on its
characteristic, is shown in Figure 4.13. The impedance enters zone 1 of the characteristic.

Thus, the distance relay will wrongly trip the line at 0.519 + 0.015 s =0.534 s.

Line differential protection relay: the performance is the same as in Figure 4.11.

The relay will correctly ignore this external fault.

EBP relay: The results are depicted in Figure 4.14. The confidence level stays at
100% except some transients for a short period (around 1.5 ms). Thus, the EBP relay

correctly ignores this external fault.
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Summary: For event 2 and line-side relay installation, distance protection
incorrectly trips the line at 0.534 s, while line differential and the EBP relay correctly

ignore the external fault.
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Imaginary Part of the Impedance (ohm)
o

|

1

|
-150 . . .
-100 0 100 200 30

Real Part of the Impedance (ohm)

Figure 4.13. Trace of impedance during a phase A to ground internal fault near
SCs, line-side relay installation
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Figure 4.14. EBP results of a phase A to ground external fault at bus A1, line-side
relay installation

41



Event 3: High Impedance Phase A-G Internal Fault

A phase A to ground internal fault with 300 Q impedance occurs at 60 miles from

the side Al and time 0.5 s. The results are shown in Figure 4.15 for the period [0.45 s to

2403.0 A— Current_sideA1_A (A)
—\Current_sideA1_B (A)
— / Current_sideA1_C (A)

-2384.9 A —

1834.8 A— Current_sideA2_A (A)
- Current_sideA2_B (A)
—{ \ Current_sideA2_C (A)

-1802.6 A

Voltage_sideA1_A(bus_side) (V).
— )Voltage_sideA1_B(bus_side) (V)
—{ / Voltage_sideA1_C(bus_side) (

408.3 kV —~_ Voltage_sideA1_A(line_side) (V)
>Voltage_sideA1_B(Iine_side) MW%
— Volta§e<sideA1 C(line_side) (V)

arov SAAXAAXAA

413.5 kV f\VoItage_sideAZ_A (V)
—-| Voltage_sideA2_B (V)
— /Voltage_sideA2_C (V)
-422.1 kV

0.55 s].

0.450 s 0.550 s
Figure 4.15. Current and voltage results of a phase A to ground high impedance
internal fault

(a) Performance of Bus-side Relay Installation

Distance protection relay: the impedance “seen” by the relay, superimposed on its
characteristic, is shown in Figure 4.16. The impedance stays outside of the relay

characteristic. Thus, the distance relay fails to detect this fault.

Line differential protection relay: the phasor ratio trace of zero sequence current,
superimposed on the relay characteristic, is shown in Figure 4.17. Prior to the fault, the

ratio is in the restraint region, and none of the thresholds are exceeded (character ‘0’).
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During the fault, the ratio exits the restraint region at 0.504 s and the threshold asserts

(character ‘x”) at 0.520 s. The line is tripped at 0.520 + 0.015 s = 0.535 s.
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Figure 4.16. Trace of impedance during a phase A to ground high impedance
internal fault, bus-side relay installation
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Figure 4.17. Trace of ratio during a phase A to ground high impedance internal
fault, bus-side relay installation

EBP relay: The results are depicted in Figure 4.18. The confidence level drops to

near zero 0.2 ms after the fault initiation. The trip command is issued at 0.5154 s.

Summary: For event 3 and bus-side relay installation, distance relay fails to detect

the fault; differential relay and EBP relay issue a trip command at 0.535 s and 0.5154 s
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respectively.
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Figure 4.18. EBP results of a phase A to ground high impedance internal fault, bus-
side relay installation

(b) Performance of Line-side Relay Installation

Distance protection relay: the impedance “seen” by the relay, superimposed on its
characteristic, is shown in Figure 4.19. The impedance stays outside the tripping

characteristic. Thus, the distance relay fails to detect this fault.

Line differential protection relay: the performance is the same as in Figure 4.17.

The relay issues a trip at time 0.535 s.

EBP relay: The results are depicted in Figure 4.20. The EBP relay detects the fault

at 0.5002 s and issues a trip at 0.5153 s.
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Figure 4.19. Trace of impedance during a phase A to ground high impedance
internal fault, line-side relay installation
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Figure 4.20. EBP results of a phase A to ground high impedance internal fault, line-
side relay installation

Summary: For event 3 and line-side relay installation, distance protection relay
fails detect the fault; line differential relay detects the fault at 0.520 s and issues a trip at

0.535 s; EBP relay detects the fault at 0.5002 s and issues a trip at 0.5153 s.
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4.4 Summary of Proposed EBP Scheme

In this chapter the EBP method is compared to legacy protection functions for a
series compensated transmission line. The proposed EBP scheme has the following
advantages: (a) it simplifies the settings of the protection and does not need coordination
with other protection functions; (b) it detects faults faster than legacy protection schemes
(within sub-millisecond); (¢) it is immune to current inversion due to SCs; and (d) it

reliably detects high impedance faults.

46



CHAPTER S Numerical Experiments of Transmission Line

EBFL

This chapter describes the application on transmission line fault locating (Dynamic
State Estimation Based Fault Locating, EBFL).

We compare the performance of the proposed EBFL with legacy fault locating
schemes using two example test systems: a two-terminal transmission line system and a
three-terminal transmission line system. Section 5.1 provides a two-terminal transmission
line example test system; section 5.2 describes legacy fault locating schemes of two-
terminal transmission lines; section 5.3 shows event studies of two-terminal transmission
lines; section 5.4 provides a three-terminal transmission line example test system; section
5.5 describes legacy fault locating schemes of three-terminal transmission lines; section
5.6 shows event studies of three-terminal transmission lines; section 5.7 concludes the

proposed EBFL scheme.

5.1 Two-terminal Transmission Line Example Test System

The two-terminal line example test system is partially illustrated in Figure 5.1. The
full network used for the simulations is not shown. The line of interest (A1-A2) is a
500kV, 135.22 mile-long, 4330 MVA transmission line. Three phase voltage and current
measurements are installed at both terminals of the transmission line. The sequence
parameters of the transmission line are shown in Table 5.1. The tower structure and R, L
and C matrices of the transmission line are the same as those in Chapter 4 (in Figure 4.2

and Table 4.2). A number of events have been simulated and the results have been stored
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in COMTRADE files, with standard 4800 samples/second according to IEC 61850-9-

2LE standard.

LEGEND
|-GD-m3—Phase PTs (])—m3-Phase CTs —>—Breakers I Buses

EBFL

135.22 miles
Line of interest

BUS
Al

A3

Figure 5.1. 500kV, two-terminal line example test system

Table 5.1. Sequence parameters of the line

Parameter Value
Positive (Negative) sequence impedance ( Z,, ) 68.75£88.16°Q
Zero sequence impedance (Z,, ) 230.65£74.69°Q

5.2 Legacy Fault Locating Schemes of Two-terminal Transmission
Lines

We assumed that legacy fundamental frequency phasor based single-ended and dual-
ended fault locating schemes are applied to this line to estimate the fault distance m from
side Al. Note we do not consider traveling wave based methods because the sampling
rate is too low for estimating the fault location with reasonable accuracy. The two legacy
methods for comparison are as follows:

(a) Single-ended fundamental frequency phasor based method,
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m= Im(V,, /1,,)
Im(Z, )

(b) Dual-ended fundamental frequency phasor based method,

— (VAI _VAZ +ZILIA2)
(ZIL(IAI + IAZ))

where 7 is the positive (negative) sequence impedance of the line; the values of V,; and

I, (i=1,2 for side Al and side A2 respectively) are chosen according to different type

of faults, as shown in the following table.

Table 5.2. Values of V4; and 1; for different fault types

Fault Type Vi [ ai
a-n Vaia laia + Kol aio
b-n Vaip Lain + Kol aio
c-n Vaie Laic T Kolaio
a-b, a-b-n Vaia - Vaip Iaia - laip
b-c, b-c-n Vaip - Vaic Laib - laic
a-c, a-c-n Vaia - Vaic Laia - laic
a-b-c, a-b-c-n Viaia lAia

where for side Ai (i=1,2) Ve Vains Vaier laia» 1aip and 1, are voltage and current

phasors of each phase, |, ,=(l,,+1,,+1,.)/3 is the zero sequence current;

k,=(Z,,—Z,.)/Z, is the zero sequence compensation factor; and Z, is the zero

sequence impedance of the line.

49



5.3 Event Studies of Two-terminal Transmission Lines

We compare the performance of the above legacy fault locating schemes to EBFL
method with different test cases as described below. Here we will only present results for

phase A to neutral faults and phase A to B faults. Results for other fault types are similar.

Test Case 1: Bolt Phase A to N Faults

A bolt phase A to neutral fault occurred on line A1-A2, 50 miles from bus Al.
Figure 5.2 and Figure 5.3 depict the fault locating results of legacy single-ended and
dual-ended fundamental frequency phasor based methods. The fault locating results are
51.2722 miles from bus Al for the legacy single-ended method and 49.6947 miles from
bus A1 for the legacy dual-ended method.
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Figure 5.2. Fault locating results, legacy single-ended method, bolt phase A to
neutral fault, 50 miles from bus A1l
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Figure 5.3. Fault locating results, legacy dual-ended method, bolt phase A to
neutral fault, 50 miles from bus Al
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Figure 5.4 shows the fault locating results of the proposed EBFL method. The fault
is computed to be at 50.0461 miles from bus Al. Note that the average error is 0.0461
miles, which is much smaller compared to legacy methods (1.2722 miles for legacy
single-ended method and 0.3053 miles for legacy dual-ended method). Figure 5.5
demonstrates the chi-square test results of the DSE process. A 100% confidence level
proves that all the states and parameters of the system are consistent with the model, and
the fault locating results are trustworthy. Figure 5.6 provides the standard deviation of the
calculated fault location (0.0878 miles), which proves the stability of the method. From
these figures, we can see that for this fault the proposed EBFL method is more accurate
than both legacy methods.

50.4

50.2

50

49.8¢

Length from side A1 (miles)

Time after faults(s)

Figure 5.4. Fault locating results, EBFL method, bolt phase A to neutral fault, 50
miles from bus Al
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Figure 5.5. Chi-square test results, EBFL method, bolt phase A to neutral fault, 50
miles from bus A1
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To further validate the effectiveness of the proposed EBFL method, bolt phase A to
neutral faults at different fault locations are tested. Table 5.3 and Figure 5.7 provide the
fault locating error of legacy single-ended method, legacy dual-ended method and the
proposed EBFL method. It is noted that the EBFL method is more accurate than both

legacy methods.

Standard deviation
of fault location (miles)

Time after faults(s)

Figure 5.6. Standard deviation of fault location, EBFL method, bolt phase A to
neutral fault, 50 miles from bus A1
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Figure 5.7. Fault locating results comparison, bolt phase A to neutral faults,
variable fault location
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Table 5.3. Fault locating error of bolt phase A to N faults (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 0.0993 -0.4084 0.1541
10 0.1388 -0.5739 0.1457
20 0.3927 -0.5742 0.0683
30 0.662 -0.5212 0.0747
40 0.9528 -0.4278 0.0695
50 1.2722 -0.3053 0.0461
60 1.6276 -0.1653 0.0124
70 2.0259 -0.0188 -0.024
80 2.476 0.1228 -0.0475
90 2.9855 0.2488 -0.0597
100 3.5622 0.3476 -0.0535
110 42151 0.4087 -0.0276
120 4.9499 0.4206 -0.0287
130 5.8396 0.3713 -0.0939
135 7.307 0.3157 -0.0675

Test Case 2: Impedance Phase A to N Faults

10 ohm phase A to neutral faults at different fault locations are tested. The results are
provided in Table 5.4 and Figure 5.8. It is observed that the EBFL method is more

accurate than both legacy methods.

53



----- Single-ended legacy method

20 === B Hiala
|
---------- Dual-ended legacy method i
|

DSE based method

N
(&)

-
o

Absolute error (miles)

o

Actual fault location from side A1 (miles)

Figure 5.8. Fault locating results comparison, impedance phase A to neutral faults,
10 ohm fault impedance, variable fault location

Table 5.4. Fault locating error of impedance phase A to N faults (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 1.8609 -0.5535 0.1386
10 2.0251 -0.6785 0.1169
20 2.446 -0.658 0.0155
30 2.9106 -0.5855 0.0323
40 3.4327 -0.4726 0.0386
50 4.0315 -0.3307 0.0247
60 4.7295 -0.1713 0.0008
70 5.5571 -0.0575 -0.0271
80 6.5625 0.1551 -0.0382
90 7.8119 0.3 -0.0372
100 9.4179 0.4178 -0.0181
110 11.5729 0.4975 0.0215
120 14.5393 0.5277 0.0185
130 16.6275 0.4962 -0.0783
135 9.4413 0.4476 -0.0538
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Test Case 3: Bolt Phase A to B Faults

Bolt phase A to B faults at different fault locations are tested. The results are
provided in Table 5.5 and Figure 5.9. We can observe that, EBFL method is more

accurate than both legacy methods.

Table 5.5. Fault locating error of bolt phase A to B faults (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 -0.0253 0.592 0.2143
10 -0.2338 0.59 0.2668
20 -0.4283 0.6345 0.2897
30 -0.576 0.711 0.2779
40 -0.6677 0.8068 0.2402
50 -0.695 0.9083 0.186
60 -0.6492 1.0024 0.1231
70 -0.5206 1.0764 0.0599
80 -0.3003 1.1168 0.0015
90 0.0214 1.1116 -0.0464
100 0.4532 1.0482 -0.0801
110 1.0041 0.9152 -0.0964
120 1.6791 0.7012 -0.0923
130 2.4705 0.3959 -0.065
135 2.806 0.2459 -0.0473
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Figure 5.9. Fault locating results comparison, bolt phase A to B faults, variable
fault location

Test Case 4: Impedance Phase A to B Faults

10 ohm phase A to B faults at different fault locations are tested. The results are

provided in Table 5.6 and Figure 5.10. We can observe that, EBFL method is more

accurate than both legacy methods.
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Figure 5.10. Fault locating results comparison, impedance phase A to B faults, 10
ohm fault impedance, variable fault location
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Table 5.6. Fault locating error of impedance phase A to B faults (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 -0.5576 0.5316 0.1858

10 -0.9825 0.5262 0.247
20 -1.4551 0.5687 0.2771
30 -1.9307 0.6454 0.2706
40 -2.4154 0.7432 0.2365
50 -2.9212 0.8487 0.1846
60 -3.4697 0.9492 0.1241
70 -4.0982 1.0309 0.0617
80 -4.8709 1.0815 0.0316
90 -5.9041 1.0882 -0.0454
100 -7.4213 1.0384 -0.0985
110 -9.8947 0.9206 -0.0995
120 -14.5007 0.7235 -0.0985
130 -25.1046 0.4363 -0.0741
135 -34.0185 0.2941 -0.0563

5.4 Three-terminal Transmission Line Example Test System

The three-terminal line example test system is partially illustrated in Figure 5.11.
The line of interest is a S00kV, 4330 MVA three-terminal transmission line. The lengths
of branch 1 (A1-T), branch 2 (A2-T) and branch 3 (A3-T) are shown in the figure. Here
three phase voltage and current measurements are installed at all three terminals of the
transmission line (A1, A2 and A3). The rest of the network is not shown. The sequence
parameters of the transmission line are shown in Table 5.1. The tower structure and R, L

and C matrices of the transmission line are the same as those in Chapter 4 (in Figure 4.2
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and Table 4.2). A number of events have been simulated and the results have been stored
in COMTRADE files, with standard 4800 samples/second according to IEC 61850-9-

2LE standard.

LEGEND
HaDm3-Phase PTs (- 3-Phase CTs —s™— Breakers I Buses

I | %? 80 miles T 60 miles
Branch 1 Branch 2

BUS
Al Branch 3 A2
50 miles
BUS
A3

Figure 5.11. 500kV, three-terminal line example test system

5.5 Legacy Fault Locating Schemes of Three-terminal Transmission

Lines

We assumed that legacy fundamental frequency phasor based fault locating schemes
are applied to this line to estimate the location of the fault. The legacy method first
estimates the branch that the fault locates in, and next finds the location of the fault inside
that specific branch. It simply estimates the voltage phasor at tap T from the terminal
voltage and current phasors of two healthy branches; the branch with fault is the branch
which has different estimation of the voltage phasor at tap T. Afterwards, the three-
terminal line fault locating problem is equivalently transferred into a two-terminal line
fault locating problem. Similarly as in section 5.2, single-ended and dual-ended methods

can be utilized to determine the location of the fault.
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The reason we do not consider traveling wave based legacy methods is that, (a) the
sampling rate here is too low for an estimated fault location with reasonable accuracy,
and (b) traveling wave based methods have limitations in three-terminal lines since they
cannot differentiate the reflection from the tap point and from the terminal of lines.

For our proposed EBFL on three-terminal lines, one important step is to determine
the branch that the fault locates in. This is achieved by building three different models
where each model corresponds to the fault inside each branch. Three models are running
simultaneously with all available measurements and two of the fault locating results will
generally converge to unrealistic values (less than zero or larger than the whole length of

the branch) or simply diverge.

5.6 Event Studies of Three-terminal Transmission Lines

We compare the performance of the legacy fault locating schemes to EBFL method
with different test cases as described below. Here we will only present results for phase A
to neutral faults and phase A to B faults, inside branch 1. Nevertheless, the results are

similar for other fault types and fault locations.

Test Case 5: Bolt Phase A to N Faults in Branch 1

Bolt phase A to neutral faults at different fault locations in Branch 1 are tested. The
results are provided in Table 5.7 and Figure 5.12. We can observe that, EBFL method is

more accurate than both legacy methods.
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Table 5.7. Fault locating error of bolt phase A to N faults, variable fault location in
Branch 1 (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 0.2303 0.0309 -0.0839
10 0.0773 0.0496 -0.1329
20 0.1623 0.1726 -0.1872
30 0.2992 0.32 -0.2606
40 0.4628 0.4735 -0.2875
50 0.6561 0.6294 -0.2599
60 0.8811 0.7847 -0.2106
70 1.1368 0.9346 -0.15
80 1.4244 1.076 -0.0757
90 1.7476 1.2053 0.0137

100 2.1047 1.3187 0.1177
110 2.4959 1.4123 0.2293
120 2.9239 1.4829 0.3333
130 3.3876 1.527 0.4051
135 3.8833 1.5412 0.4294
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Figure 5.12. Fault locating results comparison, bolt phase A to neutral faults,
variable fault location in Branch 1
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Test Case 6: Impedance Phase A to N Faults in Branch 1

10 ohm phase A to neutral faults at different fault locations in Branch 1 are tested.
The results are provided in Table 5.8 and Figure 5.13. We can observe that, EBFL

method is more accurate than both legacy methods.
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Figure 5.13. Fault locating results comparison, impedance phase A to neutral faults,
10 ohm fault impedance, variable fault location in Branch 1

Table 5.8. Fault locating error of impedance phase A to N faults, variable fault
location in Branch 1 (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 1.5564 0.1847 0.3186
10 1.269 0.2106 0.1244
20 1.1799 0.3387 0.0002
30 1.1205 0.4912 -0.1141
40 1.0644 0.6513 -0.2019
50 1.0109 0.8155 -0.2399
60 0.9558 0.9803 -0.2413
70 0.8928 1.1419 -0.2124
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Table 5.8. continued

80 0.8146 1.2965 -0.1645
90 0.7141 1.4406 -0.0919
100 0.5758 1.5702 0.0007
110 0.3826 1.6816 0.106
120 0.1113 1.7715 0.2081
130 -0.2737 1.8361 0.2824
135 -0.826 1.8723 0.3128

Test Case 7: Bolt Phase A to B Faults in Branch 1

Bolt phase A to B faults at different fault locations in Branch 1 are tested. The results
are provided in Table 5.9 and Figure 5.14. We can observe that, EBFL method is more
accurate than both legacy methods.

Table 5.9. Fault locating error of bolt phase A to B faults, variable fault location in
Branch 1 (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 -0.0307 0.567 -0.0314
10 -0.1443 0.5492 -0.0293
20 -0.2717 0.557 -0.0144
30 -0.3817 0.5851 0.008
40 -0.4733 0.6294 0.0293
50 -0.5455 0.6867 0.0467
60 -0.5973 0.753 0.06
70 -0.6274 0.8249 0.0716
80 -0.6352 0.8983 0.0827
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Table 5.9. continued

90 -0.6195 0.9695 0.0949
100 -0.5798 1.0341 0.1088
110 -0.5144 1.0888 0.1249
120 -0.4235 1.1291 0.1409
130 -0.3061 1.1513 0.1515
135 -0.1619 1.1517 0.1496
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------ Single-ended legacy method |, |
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Figure 5.14. Fault locating results comparison, bolt phase A to B faults, variable
fault location in Branch 1

Test Case 8: Impedance Phase A to B Faults in Branch 1

10 ohm phase A to B faults at different fault locations in Branch 1 are tested. The
results are provided in Table 5.10 and Figure 5.15. We can observe that, EBFL method is

more accurate than both legacy methods.
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Figure 5.15. Fault locating results comparison, impedance phase A to B faults, 10
ohm fault impedance, variable fault location in Branch 1

Table 5.10. Fault locating error of impedance phase A to B faults, variable fault
location in Branch 1 (in miles)

Fault Location Sngle-Ended Dual-Ended EBFL
1 -0.7752 0.4543 -0.1118
10 -1.0836 0.4357 -0.0986
20 -1.4742 0.4349 -0.0718
30 -1.8722 0.4547 -0.0397
40 -2.2799 0.4922 -0.0122
50 -2.7008 0.544 0.0092
60 -3.1389 0.6067 0.0252
70 -3.5994 0.6764 0.0375
80 -4.0889 0.7497 0.049
90 -4.6159 0.8222 0.0606
100 -5.1914 0.8902 0.074
110 -5.8296 0.9498 0.0887
120 -6.5491 0.9968 0.1032
130 -7.3748 1.0275 0.1126
135 -8.341 1.0377 0.1098
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5.7 Summary of Proposed EBFL Scheme

This chapter compares the performance of EBFL to legacy fault locating schemes.
The proposed EBFL has the following advantages: (a) it uses a high-fidelity multi-
section transmission line dynamic model; (b) it utilizes instantaneous values (sampled
values) instead of phasors enabling estimation of the fault location in the presence of
transients, which is very important when the fault duration is short; (c) it demonstrates
higher accuracy compared with legacy fault locating schemes; (d) the sampling rate it
requires is relatively low (in this case 4.8 kilo-samples per second) and therefore it can be

used with existing instrumentation in substations.
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CHAPTER 6 Numerical Experiments of Transmission Line

EBPI during Normal Operating Conditions

This chapter describes the application on transmission line parameter identification
(Dynamic State Estimation Based Parameter Identification, EBPI) during normal
operating conditions. The reason for the parameter identification is to make sure high-
fidelity dynamic models for transmission line EBP and EBFL applications. Section 6.1
introduced the interested parameters of transmission line EBPI; section 6.2 describes an
example transmission line test system; section 6.3 demonstrates EBPI results; section 6.4

concludes the proposed transmission line EBPI.

6.1 Parameters of Interest in Transmission Line EBPI
Traditional parameters for transmission lines could include series resistance (R, ),

series inductance (L,), shunt capacitance (C,) and shunt conductance (G,) matrices of

the transmission line per mile. However, there are extensive entries inside these matrices
and some of these entries are dependent on each other. Therefore, it is desirable to find
parameters that are independent from each other.

Here three parameters are selected based on the physical structure of the
transmission line: the total length of the line (1), the average height of the phase
conductors (h) and the average distance between phase conductors (d ), as shown in
Figure 6.1. These parameters could have approximate values based on physical
measurements. However, transmission lines always have sags, which may cause the fact
that these physically measured values may not be accurate. As shown in Figure 6.1, for

example, the average height of phase conductors may be smaller than the height of phase
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conductors measured at towers; the total length of the line may be longer than the length
that is geographically measured; the distance between phase conductors could also be
different compared to the distance between phase conductors measured at towers. Detail

SCPQDMs of transmission line EBPI are provided in Appendix C.

Total length Nl\\
of the line l A I~

distance
between phase
conductors

Average
height of
phase
conductors

h

—— Phase conductors

Average height line
of phase conductors

Neutral wires

Figure 6.1. Example tower structure of the transmission line

6.2 Transmission Line Example Test System

The transmission line example test system is partially illustrated in Figure 6.2. The
full network used for the simulations is not shown. The line of interest (A1-A2) is a
500kV, 135.22 mile-long, 4330 MVA transmission line. Three phase voltage and current
measurements are installed at both terminals of the transmission line. The tower is the
same as shown in Figure 6.1. Different combinations of the total length of the line, the
distance between phase conductors and the height of phase conductors are considered.

The simulation results (during normal operating conditions) have been stored in
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COMTRADE files, with standard 4800 samples/second according to IEC 61850-9-2LE

standard.

LEGEND
|-GD-m3 Phase PTs (I)—m3 -Phase CTs —>—Breakers I Buses

EBFL

135.22 miles

Line of interest

BUS
Al

A3

Figure 6.2. S00kV transmission line example test system

6.3 Calculation of Linearization Coefficients

From Appendix C, the models are built based on linearization near the present

parameters. This is because the mathematically relationship between the parameters (I, h
and d ) and the matrices (R,,L;,C,, and G,) series resistance, series inductance, shunt

capacitance and shunt conductance) are highly nonlinear. In this section, examples of

calculating linearization coefficients are introduced.

For height linearization coefficients aR(rb) , aL(h’), ac(rb) and aG(h’),where

R, =R™ +0".(h-h) (6.1)
L =L" +a,™ (h-h) (6.2)
C,=C"™+a " (h-h) (6.3)
G, =G +a,™ (h-h) (6.4)
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Therefore, select one h (with corresponding matrices Rl(h‘) , Ll(h) , Cl(h‘) , Gl(h‘))

and ag ",

(6.5)

(6.6)

(6.7)

(6.8)

For distance linearization coefficients BR(dO), BL(d°), BC(dO) and BG(d°),where

R, = Rl(dO) +BR(dO) '(d _do)
Ll :Ll(do) +BL(d0) (d _do)
Cl = Cl(dO) +Bc(d0) '(d _do)

G, =G +p"-(d-d,)

Therefore, select one d, (with corresponding matrices Rl(d‘)

that is near the initial value d, (with corresponding matrices Rl(d")

(c) (d) (do

)
to calculate ag "', a, ", a.

) and aG(d" ,

(6.9)

(6.10)

(6.11)

(6.12)

d d d
: Ll( )’ Cl( ), Gl( ))

d, dy d,
LW, G )

(6.13)



(d) _ 1 1 6.14

B =R (6.14)
(dy) (do)

(do) _ Cl _Cl 6.15
(dv) (do)

(do) — Gl _Gl 6.16

B =g (6.16)

For example, here we calculate the linearization coefficient at height h, =100 feet

and distance d, =40 feet. Select h =110 feet and d, =30 feet.

Matrices with &y = 100 feet, dy = 40 feet

R1(100,40) —

[0.104347590176
0.088583249026
0.088520253655
0.087708846378
0.087665381084

/1609.344

L1(100,40) —

[0.002787891873
0.001385703060
0.001162707720
0.001431639815
0.001213702381

/1609.344

0.088583249026

0.104347590176

0.088583249026

0.087706865179

0.087706865179

ohm/m

0.001385703060

0.002787891873

0.001385703060

0.001411874608

0.001411874608

H/m

0.088520253655

0.088583249026

0.104347590176

0.087665381084

0.087708846378

0.001162707720

0.001385703060

0.002787891873

0.001213702381

0.001431639815
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0.087708846378

0.087706865179

0.087665381084

2.356843656902

0.086821105107

0.001431639815

0.001411874608

0.001213702381

0.005546572070

0.001360715345

0.087665381084
0.087706865179
0.087708846378
0.086821105107

2.356843656902]

0.001213702381
0.001411874608
0.001431639815
0.001360715345

0.005546572070]



Cl(100,40) _

[0.008673213756 -0.001702280372 -0.000570448536

-0.001702280372 0.009188610795 -0.001702280372

-0.000570448536 -0.001702280372 0.008673213756

-0.001271058847 -0.001041558379 -0.000467020645

-0.000467020645 -0.001041558379 -0.001271058847

/1609.344

G,(10040) —

[0.0000  0.0000
0.0000  0.0000
0.0000  0.0000
0.0000  0.0000

0.0000  0.0000

uF/ m

0.0000
0.0000  0.0000
0.0000  0.0000
0.0000 0.0000

0.0000  0.0000

0.0000  0.0000

0.0000
0.0000
0.0000

0.0000]

Matrices with 2 = 110 feet, dy = 40 feet:

R,(110:40)

[0.103750690896
0.087987262362
0.087926935707
0.087416782473
0.087374196810

/1609.344

L, (11040

0.087987262362

0.103750690896

0.087987262362

0.087414841703

0.087414841703

ohm/m

0.087926935707

0.087987262362

0.103750690896

0.087374196810

0.087416782473
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-0.001271058847

-0.001041558379

-0.000467020645

0.005506436407

-0.000597139505

mho/m

0.087416782473

0.087414841703

0.087374196810

2.356843656902

0.086821105107

-0.000467020645
-0.001041558379
-0.001271058847
-0.000597139505

0.005506436407]

0.087374196810
0.087414841703
0.087416782473
0.086821105107

2.356843656902]



[0.002789794873
0.001387605846
0.001164609867
0.001517071845
0.001232567659

/1609.344

C, (11040

0.001387605846

0.002789794873

0.001387605846

0.001484947578

0.001484947578

H/m

[0.008718638097 -0.001646366405

-0.001646366405 0.009293927180

-0.000583065500 -0.001646366405

-0.001526953216 -0.001240030942

-0.000455366401 -0.001240030942

/1609.344

Gl(l 10,40)_

uF/m

0.001164609867

0.001387605846

0.002789794873

0.001232567659

0.001517071845

-0.000583065500

-0.001646366405

0.008718638097

-0.000455366401

-0.001526953216

[0.0000 0.0000 0.0000 0.0000 0.0000

0.0000  0.0000

0.0000  0.0000
0.0000  0.0000

0.0000  0.0000

0.0000  0.0000

0.0000 0.0000
0.0000  0.0000

0.0000  0.0000

0.0000
0.0000
0.0000

0.0000]

Matrices with iy = 100 feet, d = 30 feet

R1(100’30) _

[0.104347590176 0.088592486771

0.001517071845

0.001484947578

0.001232567659

0.005546572070

0.001360715345

-0.001526953216

-0.001240030942

-0.000455366401

0.005666947543

-0.000490141322

mho/m

0.001232567659
0.001484947578
0.001517071845
0.001360715345

0.005546572070]

-0.000455366401
-0.001240030942
-0.001526953216
-0.000490141322

0.005666947543]

0.088556927835 0.087712066960 0.087679430362
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0.088592486771
0.088556927835
0.087712066960
0.087679430362

/1609.344

L1(100’30) _

[0.002787891873
0.001478270483
0.001255249151
0.001470057663

0.001257909658

0.104347590176

0.088592486771

0.087706865178

0.087706865179

ohm/m

0.001478270483

0.002787891873

0.001478270483

0.001411874608

0.001411874608

/1609.344 H/m

C, (10030 —

[0.009012027914 -0.002110249121
-0.002110249121 0.009550679371
-0.000744939125 -0.002110249121
-0.001333986086 -0.000938850151
-0.000498877545 -0.000938850151
/1609.344

uF/ m

Gl(100,30) _

0.088592486771

0.104347590176

0.087679430362

0.087712066960

0.001255249151

0.001478270483

0.002787891873

0.001257909658

0.001470057663

-0.000744939125

-0.002110249121

0.009012027914

-0.000498877548

-0.001333986086

[0.0000 0.0000 0.0000 0.0000 0.0000

0.0000  0.0000 0.0000 0.0000

0.0000
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0.087706865178

0.087679430362

2.356843656902

0.086821105107

0.001470057663

0.001411874608

0.001257909658

0.005546572070

0.001360715345

-0.001333986086

-0.000938850151

-0.000498877545

0.005523972166

-0.000581144150

0.087706865179
0.087712066960
0.086821105107

2.356843656902]

0.001257909658
0.001411874608
0.001470057663
0.001360715345

0.005546572070]

-0.000498877545
-0.000938850151
-0.001333986086
-0.000581144150

0.005523972166]



0.0000 0.0000 0.0000 0.0000 0.0000

0.0000  0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000] mho/m

hy.do)

2

Therefore, the linearization coefficients (at hy = 100 feet, dy = 40 feet) aR(
aL(h“’d“) , ac(rb’d“) , aG(rb’d“) , BR(h‘”dO) , BL(h‘”d(’) , Bc(h"’d°) and BG(h"’d“) are calculated as
follows.

For aR(m’df’), aL(m’d") , ac(h‘"d()), aG(“"d“) , they are calculated by the value of (hy = 100

feet, dy = 40 feet) and (h= 110 feet, dy = 40 feet).

§ ) _ R () _R () _ R, (1040 _ g (00:0) _
h—h 110-100
[-5.96899280  -5.95986664 -5.93317948 -2.92063905 -2.91184274
-5.95986664  -5.96899280 -5.95986664 -2.92023476 -2.92023476
-5.93317948  -5.95986664 -5.96899280 -2.91184274 -2.92063905
-2.92063905  -2.92023476 -2.91184274 0 0
291184274  -2.92023476 -2.92063905 0 0]
/1609.344/0.3048*10°  ohm/m’
) L, M) _p, (v _ L1040 _y, (10040) _
h —h, 110-100
[0.01903000  0.01902786 0.01902147  0.85432030  0.18865278
0.01902786  0.01903000 0.01902786 0.73072970  0.73072970
0.01902147  0.01902786  0.01903000 0.18865278  0.85432030
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0.85432030

0.18865278

0.7307297  0.18865278 0 0

0.7307297  0.85432030 0 0]

/1609.344/0.3048*10° H/m>

(h.do)

Cl(hl,do) _Cl(m,do) C (110,40) _C (100,40)

1 1

o- =

[0.45424341
0.55913967
-0.12616964
-2.55894369

0.11654244

h-h, 110100
0.55913967 -0.12616964 -2.55894369 0.11654244
1.05316385  0.55913967 -1.98472563 -1.98472563
0.55913967 0.45424341  0.11654244 -2.55894369
-1.98472563  0.11654244 160511136  1.06998183

-1.98472563 -2.55894369 1.06998183 1.60511136]

/1609.344/0.3048*10° uF/m>

G0 _G (v G 1100) _ g (1000

a M) =
[0 0
0 0
0 0
0 0
0 0

h-h 110—100
0 0 0
0 0 0
0 0 0
0 0 0

0 0 0] mho/m?
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For g (%), g (%) g (%) and g (v*) they are calculated by the value of (hy =

100 feet, dy = 40 feet) and (hp = 100 feet, d = 30 feet).

— — 1 1

d, —d, 30-40

B (h),dn) _ Rl(m’d]) - Rl(m’dO) R (100’30) R (100,40)
R

[ 0 -0.9237745 -3.6674180 -0.3220582  -1.4049278

-0.9237745 0 -0.9237745 0 0
-3.6674180 -0.9237745, 0 -1.4049278  -0.3220582
-0.3220582 0 -1.4049278 0 0
-1.4049278 0 -0.3220582 0 0]

/1609.344/0.3048%10°  ohm/m”

B (hody) Ll(h()vd]) _Ll(ho,du) L, (100.30) _y (100.40)
L

— — 1 1

d —d, 30-40

[ 0 -9.2567423  -9.2541431  -3.8417848  -4.4207277

-9.2567423 0 -9.2567423 0 0
-9.2541431 -9.2567423 0 -4.4207277  -3.8417848
-3.8417848 0 -4.4207277 0 0
-4.4207277 0 -3.8417848 0 0]

/1609.344/0.3048*10° H/m’

hy . d ho.do 100,30 100,40
" () Cl( ) _Cl( ) Cl( ) _Cl( )
c

d —d, 30—40
[-3.38814158  4.07968749 174490589  0.62927239  0.31856900]
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4.07968749 -3.62068576  4.07968749 -1.02708228 -1.02708228]
1.74490589 4.07968749 -3.38814158 0.31856900 0.62927239]
0.62927239 -1.02708228 0.31856903 -0.17535759 -0.15995355]
0.31856900 -1.02708228  0.62927239 -0.15995355 -0.17535759]

/1609.344/0.3048%10°  uF/m’

Gl(rb,dl) _Gl(n,,do) G1(100’30) _G1(100,40)

d —d, 30-40

00 0 0 0] mho/m”

6.4 Simulation Results

This section provides 4 groups of results. The first group shows the results with one
parameter: the total length of the line | (model: based on Appendix C.1); the second
group shows the results with one parameter: the average distance between phase
conductors d (model: based on Appendix C.2); the third group shows the results with one
parameter: average height of phase conductors h (model: based on Appendix C.3); the
forth group shows the results with two parameters: length | and distance d (model: based
on Appendix C.4); the fifth group shows the results with two parameters: length | and
height h (model: based on Appendix C.5); the sixth group shows the results with two

parameters: distance d and height h (model: based on Appendix C.6); the seventh group
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shows the results with three parameters: length |, distance d and height h (model: based

on Appendix C.7).

Group 1: with One Parameter (Length)

Test Case 1:

Initial Length:

135.22 miles;

Initial Distance: 32 feet (9.7536 meters)

Initial Height:

100 feet (30.48 meters)

Actual Height:

Actual Length: 134.5 miles;

Actual Distance: 32 feet (9.7536 meters)

100 feet (30.48 meters)

Here the distance and the height are not estimated as a parameter. The actual length
differs from the initial length. The estimated length is:

135.4 ¢

Total length of the line (miles)

134.4
0

m
2 01
E
<
£ 0.08
|
o
2
©
£ 0.06
2
11}
ks)
° 0.04
S
kS|
3
2 002
el
5]
2
s 0
wn

135.2

135}

134.8

134.6 1

Time after faults(s)

Confidence level(%)

length result:

100

80

60

40

20

Time after faults(s)

134. 492736

absolute error (in miles): 0. 007264

Figure 6.3. Results with one parameter (length) and with actual length 134.5 miles
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Test Case 2:
Initial Length: 135.22 miles; Actual Length: 136.5 miles;
Initial Distance: 32 feet (9.7536 meters)  Actual Distance: 32 feet (9.7536 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the distance and the height are not estimated as a parameter. The actual length
differs from the initial length. The estimated length is:

136.6 | | | | 100 | | | | |
264 ‘ .‘.... AR .‘ | | | | | |
_— - | | | | |
3 l l l l 80 : : : ‘ ‘
E 1862 --f--F----- FTTT FTTT . S l l l | |
2 ‘ ‘ ‘ L3 l l l l |
£ 186 f---F---- \L 77777 \L 77777 : 777777 : S 60 I | | | |
g | | | = | | | | |
= 13581 | | | | 8 | | | | |
‘6 | | | | 5 | | | | |
| | | | |
S 1s56] | | | B
c | | | | c | | | | |
K] I I I R I I I I I
g 1384f o R - ° : : : : |
g | | | o | | | | !
1362 - ———-L-——-- R — R — R ‘ ; ; ; ; ;
l l l | ‘ ‘ ‘ | |
135 | | | | 0 | | | | |
0 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time after faults(s)
8
= L e T H ey Ry o |
~ | | | | |
- T T T T |
k) | | | | |
§ 008 -~ . . 1T T l
| | | | |
B | | | | | mmmmmmm e Parameter Identification:-----
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Figure 6.4. Results with one parameter (length) and with actual length 136.5 miles
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Test Case 3:
Initial Length: 135.22 miles; Actual Length: 138.5 miles;
Initial Distance: 32 feet (9.7536 meters)  Actual Distance: 32 feet (9.7536 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the distance and the height are not estimated as a parameter. The actual length
differs from the initial length. The estimated length is:
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Figure 6.5. Results with one parameter (length) and with actual length 138.5 miles
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Test Case 4:
Initial Length: 135.22 miles; Actual Length: 140.5 miles;
Initial Distance: 32 feet (9.7536 meters)  Actual Distance: 32 feet (9.7536 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the distance and the height are not estimated as a parameter. The actual length
differs from the initial length. The estimated length is:
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Figure 6.6. Results with one parameter (length) and with actual length 140.5 miles

81



Test Case 5:

Initial Length:

135.22 miles;

Initial Distance: 32 feet (9.7536 meters)

Initial Height:

Here the distance and the height are not estimated as a parameter. The actual length

100 feet (30.48 meters)

Actual Length: 142.5 miles;

Actual Distance: 32 feet (9.7536 meters)

Actual Height:

differs from the initial length. The estimated length is:
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Figure 6.7. Results with one parameter (length) and with actual length 142.5 miles
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Summary of Results, Group 1:

From the above simulation results, we can conclude that, for the model with one
parameter (length), the length parameter is estimated with very high accuracy, as shown
in Table 6.1. As shown in the following table, the length parameter is estimated with very

high accuracy.

Table 6.1. Conlusion of results, group 1

Actual length  Estimated length Error Standard Error
Case number ] ] . o )

(miles) (miles) (miles) deviation (milesy ~ Percentage
1 134.5 134.492736 -0.007264 0.090 - 0.0054%
2 136.5 136.491768 - 0.008232 0.090 - 0.0060%
3 138.5 138.491166 - 0.008834 0.090 - 0.0064%
4 140.5 140.489971 -0.010029 0.090 -0.0071%
5 142.5 142.489340 -0.010660 0.090 - 0.0075%

83



Group 2: with One Parameter (Inter-phase Distance)

Test Case 1:
Initial Length: 136.5 miles; Actual Length: 136.5 miles;
Initial Distance: 40 feet (12.192 meters)  Actual Distance: 40 feet (12.192 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the length and the height are not estimated as a parameter, and the actual values
are exactly the same as the initial values. The estimated distance between the phase
conductors is:
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Figure 6.8. Results with one parameter (distance) and with actual distance 40 feet

84



Test Case 2:

Initial Length: 136.5 miles; Actual Length: 136.5 miles;

Initial Distance: 40 feet (12.192 meters)  Actual Distance: 38 feet (11.5824 meters)
Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the length and the height are not estimated as a parameter. The actual distance
differs from the initial distance. The estimated distance between the phase conductors is:
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Figure 6.9. Results with one parameter (distance) and with actual distance 38 feet
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Test Case 3:

Initial Length: 136.5 miles; Actual Length: 136.5 miles;

Initial Distance: 40 feet (12.192 meters)  Actual Distance: 36 feet (10.9728 meters)
Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the length and the height are not estimated as a parameter. The actual distance
differs from the initial distance. The estimated distance between the phase conductors is:
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Figure 6.10. Results with one parameter (distance) and with actual distance 36 feet
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Test Case 4:

Initial Length: 136.5 miles; Actual Length: 136.5 miles;

Initial Distance: 40 feet (12.192 meters)  Actual Distance: 34 feet (10.3632 meters)
Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

Here the length and the height are not estimated as a parameter. The actual distance
differs from the initial distance. The estimated distance between the phase conductors is:
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Figure 6.11. Results with one parameter (distance) and with actual distance 34 feet
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Test Case 5:

Initial Length:

136.5 miles;

Initial Distance: 40 feet (12.192 meters)

Initial Height:

Here the length and the height are not estimated as a parameter. The actual distance

100 feet (30.48 meters)

Actual Length:

Actual Height:

136.5 miles;

Actual Distance: 32 feet (9.7536 meters)

100 feet (30.48 meters)

differs from the initial distance. The estimated distance between the phase conductors is:
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Figure 6.12. Results with one parameter (distance) and with actual distance 32 feet
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Summary of Results, Group 2:
From the above simulation results, we can conclude that, for the model with one

parameter (distance), the distance parameter is estimated with very high accuracy, as

shown in Table 6.2.
Table 6.2. Conlusion of results, group 2
Case number Actual distance Estimated distance Error Standard Error
(feet) (feet) (feet) deviation (feet) ~ Percentage

1 40 39.949261 - 0.050739 0.135 -0.127%
2 38 37.960941 - 0.039059 0.130 -0.103%
3 36 35.959176 - 0.040824 0.121 -0.113%
4 34 33.955704 - 0.044296 0.118 -0.130%
5 32 31.952396 - 0.047604 0.109 - 0.149%
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Group 3: with One Parameter (Height)

Test Case 1:

Initial Length: 136.5 miles;

Initial Distance: 30 feet (9.144 meters)

Initial Height: 100 feet (30.48 meters)

Actual Length:

136.5 miles;

Actual Distance: 30 feet (9.144 meters)

Actual Height:

100 feet (30.48 meters)

The actual height (100 feet) is exactly the same as the initial height value. The
estimated height of the phase conductors is:
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Confidence level(%)

100

60

40

20

result: 23. 147288
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Figure 6.13. Results with one parameter (height) and with actual height 100 feet

We can see that, still the error for this estimation is large, even we have a perfect

initial guess.
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Test Case 2:

Initial Length:

Initial Distance: 30 feet (9.144 meters)

Initial Height:

Standard Deviation of Estimated Height (meters)

Average Height of phase conductors (meters)

136.5 miles; Actual Length:

100 feet (30.48 meters)  Actual Height:

136.5 miles;

Actual Distance: 30 feet (9.144 meters)

85 feet (30.48 meters)

The actual height (85 feet) differs from the initial height value. The estimated height
of the phase conductors is:
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Results with one parameter (height) and with actual height 85 feet

We can see that, still the error for this estimation is large.
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Summary of Results, Group 3:
From the above simulation results, we can conclude that, for the model with one

parameter (height), the height parameter is estimated with very large errors, as shown in

Table 6.3.
Table 6.3. Conlusion of results, group 3
Actual height  Estimated height Error Standard Error
Case number o
(feet) (feet) (feet) deviation (feet) percentage
1 100 75.942546 - 24.057454 0.663 -24.057%
2 85 75.850092 - 9.149908 0.663 -10.765%
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Group 4: with Two Parameters (Length and Distance)

Test Case 1:
Initial Length: 135.22 miles; Actual Length: 135.22 miles;
Initial Distance: 40 feet (12.192 meters)  Actual Distance: 40 feet (12.192 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)

170 ® 50
g
__ 165 2
g 160 g %0
€
< g
2 155 o 30|
2 8
= 1501 g
c 5
£ 145 g 207
k5 §
35 140 5
e 5 10}
I
135
;
130 z ol
Time (s)
100 : M—————— - 8 os; ‘ ‘ ‘
| | £ | | |
80 : : : ? M | | |
= | | | 3 0.6 | | |
é | | | ‘8 | | |
o] | | | ‘(-U‘ 05 | | |
s 00 l l E l l l
[0] | | | | | |
% | | | !:'2 0.4 | | |
| | | | | |
% 40 | | | 5 0.3 | | |
| | | = | | |
8 I I I ® I I I
I I s 0.2 | | |
20 | | | 8 I | |
| | g o | | |
| | | % | | |
| I | =1 | | |
0 o} 0
0 0.5 1 1.5 & 0 0.5 1 1.5
Time after faults(s) Time after faults(s)
8 l
g .
B 0.8 NNy - Parameter Identification:-------
el
3 | ‘ : length result: 164. 671457
| [ [ - . R
g 0.6 ! ! ! absolute error (in miles):|29. 451457
i l l T revususmsmrmsmrares S
‘6 0.4 | | I
5 | | : distance result: 11.693279
k&, ! ! ! . \ -
3 ! ! ! absolute error (in feet):]28. 306721
8 0.2 | | |
; | | e T
'§ | | |
® 0 | | |
0 0 0.5 1 1.5
Time after faults(s)

Figure 6.15. Results with two parameters (length and distance) and with actual
length 135.22 miles and distance 40 feet

From the results here we can observe that both length and distance are not accurate.
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Test Case 2:
Initial Length: 135.22 miles; Actual Length: 136.5 miles;
Initial Distance: 40 feet (12.192 meters)  Actual Distance: 40 feet (12.192 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)
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Figure 6.16. Results with two parameters (length and distance) and with actual
length 136.5 miles and distance 40 feet

From the results here we can observe that both length and distance are not accurate.
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Test Case 3:
Initial Length: 135.22 miles; Actual Length: 136.5 miles;
Initial Distance: 40 feet (12.192 meters)  Actual Distance: 32 feet (9.7536 meters)

Initial Height: 100 feet (30.48 meters)  Actual Height: 100 feet (30.48 meters)
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Figure 6.17. Results with two parameters (length and distance) and with actual
length 136.5 miles and distance 32 feet

From the results here we can observe that both length and distance are not accurate.
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Summary of Results, Group 4:

From the above simulation results, we can conclude that, for the model with two
parameters (length and distance), both the length parameter and the distance parameter

are estimated with large errors, as shown in Table 6.4.

Table 6.4. Conlusion of results, group 4

Case Actual Actual Estimated Estimated Length Distance
number length (miles) distance (feet) length (miles) distance (feet) error (miles) error (feet)
1 135.22 40 164.671457 11.693279 -29.451457 -28.306721
2 136.5 40 167.256981 10.921092 -30.756981 -29.078908
3 136.5 32 151.671489 17.127624 -15.171489 - 14.872376
Case Length standard Distance standard Length error Distance error
number deviation (miles) deviation (feet) percentage percentage
1 0.712 0.787 -21.780 % -70.767 %
2 0.715 0.772 -22.533% -72.697 %
3 0.687 0.791 -11.115% -46.476 %
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Group 5: with Two Parameters (Length and Height)

To save space, the simulation results are omitted. The results are similar as the
combination of the results of group 1 and group 3. For the model with two parameters
(length and height), the estimated length parameter is quite accurate; the estimated height

parameter is with large errors.

Group 6: with Two Parameters (Distance and Height)

To save space, the simulation results are omitted. The results are similar as the
combination of the results of group 2 and group 3. For the model with two parameters
(length and height), the estimated distance parameter is quite accurate; the estimated

height parameter is with large errors.

Group 7: with Three Parameters (Length, Distance and Height)

To save space, the simulation results are omitted. The results are similar as the
combination of the results of group 1, group 2 and group 3. For the model with three
parameters (length, distance and height), all estimated parameters (length, distance and

height) are with large errors.

Summary of Results from Above 7 Groups

From above 7 groups of selected estimated parameters, the absolute error

percentages of estimated parameters are summarized in Table 6.5. From the table, we can
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observe that the estimation of one parameter (length or distance) has a very good

accuracy. However, there exist two following issues:

(a) The estimation of height parameter (with or without other parameters such as

length and distance, as shown in group 3, group 5, group 6 and group 7) has a large error;

(b) The estimation of length parameter and distance parameter together (with or

without the other parameter height, as shown in group 4 and group 7) has a large error.

Table 6.5. Conlusion of results, 7 groups

Absolute Error percentage

Group

Number Length Distance Height
1 <0.001 % (Good accuracy) N/A N/A
2 N/A <0.15 % (Good accuracy) N/A
3 N/A N/A > 20 % (Large error)
4 >20% (Large error) > 70 % (Large error) N/A
5 <0.001 % (Good accuracy) N/A > 20 % (Large error)
6 N/A <0.15 % (Good accuracy) > 20 % (Large error)
7 > 20 % (Large error) > 70 % (Large error) > 20 % (Large error)

The reasons of the above large errors are: (1) limited sensitivity of the height
parameter; (2) distance parameter and length parameter are dependent on each other.

Details proofs are provided in section 6.5.

Also, notice that the measured distance between phase conductors has much less
error than the total length of the line. Therefore, for the EBPI of the transmission line, the
height of the phase conductors and the distance between phase conductors are selected as

measured values, and the length of the transmission line can be accurately estimated.
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6.5 Proofs of Limited Sensitivity of Height Parameter and Linear
Dependence of Distance/Length Parameters

System Simplification for Analysis

Detail three-phase and neutral matrices are utilized in EBPI to represent the physical
laws that the transmission line should satisfy. Here some approximations are introduced

to simplify the proving process.

These approximations are:

(a) Since we are estimating parameters during normal operations, we assume
symmetrical three phase voltages, currents and parameters. Here we use phasors and
positive-sequence network to do the analysis.

(b) The line to ground/ line to line capacitance is neglected;

(c) The currents and voltages inside neutral lines are neglected;

Therefore, the transmission line positive-sequence equivalent circuit is shown in the
following Figure 2, where vi and V; are positive-sequence voltage phasors at the left and
the right side, i is the positive-sequence current phasor through the transmission line, R
and L are the positive-sequence resistance and inductance of the line. Also, assume that

three parameters: length, distance and height are considered.

R L
V1 | A NNV V2

Figure 6.18. Transmission line simplified positive-sequence equivalent circuit
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The physical laws can be expressed as,

=R+ joL

=(R+joL,)-|

={R" a4 (h-h )+ 5" (d-d,)

+jo[ LM+ MY (h=hy )+ B (d=d,) |}

:{[ R _ g (W) p g (h) g jw(Ll(n,,dU) LY —ﬂL(m’d(’)doﬂ

+(0(R(m,do>+J-C(,(){Lm,do))-m(ﬂRm,do)+ ja),BL(””d“))-d}-l

(6.1)

where | as the total length of the line, Ry and L; as the actual positive-sequence
resistance and inductance per mile (with height h and distance d), Rl(h”d“) and Ll(h“’d") as
the original positive-sequence resistance and inductance per mile (with height hy and
distance dp), aR(“’d") and aL(””d“) are positive sequence height linearization coefficients
of resistance and inductance; A" and B ™* are positive sequence distance

linearization coefficients of resistance and inductance.

The typical values of R(h’ , jolL, () (m’d"), jwaL(m’dO), ,BR(h‘)’dU) and ja)/)’L(””d”

can be calculated from the corresponding matrices. For example, select hp = 100 feet and

do = 40 feet shown in section 6.3. Recall these matrices are:

Rl(ho’d(]) —

[0.104347590176 0.088583249026 0.088520253655 0.087708846378 0.087665381084

0.088583249026 0.104347590176 0.088583249026 0.087706865179 0.087706865179
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0.088520253655 0.088583249026  0.104347590176 0087665381084 0.087708846378
0.087708846378  0.087706865179  0.087665381084 2.356843656902 0.086821105107
0.087665381084  0.087706865179  0.087708846378 0.086821105107  2.356843656902]
/1609.344  ohm/m

L) =

[0.002787891873  0.001385703060 0.001162707720 0.001431639815 0.001213702381
0.001385703060 0.002787891873  0.001385703060 0.001411874608 0.001411874608
0.001162707720 0.001385703060 0.002787891873 0.001213702381 0.001431639815
0.001431639815 0.001411874608 0.001213702381 0.005546572070 0.001360715345
0.001213702381 0.001411874608 0.001431639815 0.001360715345 0.005546572070]
/1609.344 H/m

o, b =

[-5.96899280 -5.95986664  -5.93317948  -2.92063905  -2.91184274

-5.95986664  -5.96899280  -5.95986664  -2.92023476  -2.92023476

-5.93317948  -5.95986664  -5.96899280  -2.91184274  -2.92063905

-2.92063905 292023476  -2.91184274 0 0

291184274 -2.92023476  -2.92063905 0 0]

/1609.344/0.3048*10” ohm/m’

o, () —

[0.01903000  0.01902786  0.01902147  0.85432030  0.18865278

0.01902786  0.01903000  0.01902786  0.73072970  0.73072970
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0.01902147  0.01902786 0.01903000 0.18865278 0.85432030
0.85432030  0.7307297 0.18865278 0 0
0.18865278  0.7307297 0.85432030 0 0]

/1609.344/0.3048*10°° H/m>

ﬁR(hn’dn) —

[ 0 -0.9237745 -3.6674180 -0.3220582 -1.4049278
-0.9237745 0 -0.9237745 0 0
-3.6674180 -0.9237745, 0 -1.4049278 -0.3220582
-0.3220582 0 -1.4049278 0 0
-1.4049278 0 -0.3220582 0 0]

/1609.344/0.3048*10ohm/m>

ﬁL(ho,do) —

[ 0-9.2567423 -9.2541431 -3.8417848 -4.4207277
-9.2567423 0 -9.2567423 0 0
-9.2541431 -9.2567423 0 -4.4207277 -3.8417848
-3.8417848 0 -4.4207277 0 0
-4.4207277 0 -3.8417848 0 0]

/1609.344/0.3048*10°° H/m®

From the above matrices, we can calculate the value of R(O) , ja)Ll(O) , O, jOO
By and jop, :
R ~0.015785/1609.344 =9.8086x10™° ohm/m
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joL"” = j1207x0.0014765/1609.344 = j3.4588x10™* ohm/m

o =—0.018022/1609.344 / 0.3048%x10~° = —3.6740x10™'° ohm/ m?’

jowa, = j1207rx0.00000427/1609.344 /0.3048x10~° = j3.2817x10~"" ohm/ 7’
B, =1.8383/1609.344/0.3048x10~° =3.7476x10™ ohm/ m’

jawp, = j1207rx9.2559/1609.344/0.3048x10™° = j7.1135x10~> ohm/ n7’

Therefore, equation (6.1) can be rewritten by substituting above values,

Vi—v
i
,do ,dy ,dy ; ,do ,dy 20y
:{[Rm ) g M) g )-d0+Ja)(L1(”’ ) g Wy g )do)]

+(aR(m,do>+ja,aLw,do)).th(ﬂR(m,dn)Jr jwﬂL<m,dO>)_d}.|

=[(9.:8086x107° +3.6740x10™* x100x0.3048 —3.7476x 10" x 40x 0.3048
+]3.4588x107 - j3.2817x10™" x100x0.3048 - 7.1135x107 x40x0.3048)  (6.2)
+(-3.6740x10™" + j3.2817x10™)- h+(3.7476x10™ + j7.135%107) -d ||
=(9.3629x107° - j5.2140x10™* ) +(-3.6740x10™ + 3.2817x10™" )- h
+(3.7476x10™ + j7.1135x10°* ) -d

=[(5.2148x10™)e ™7 +(3.6886x107°) €™ -h+(7.1135x10* )™ -d | |

where h, d and | are in meters.
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Explanation of Limited Sensitivity of Height Parameter

Recall equation (6.2),

Vi—V,

=[(5.2148x10™ )& ™™ +(3.6886x107"° )&/ -h+(7.1135x107°) e .dl |

As we can observe from above, the height parameter h does not influence much the
physical laws of the transmission line. Even the height parameter changes 1000 meters,
which is too large to be realistic, the overall influence on the physical laws would still be
neglectable. Therefore, the height parameter has neglectable influence on the physical
laws of the transmission line. Also, it has limited sensitivity and could not be accurately
estimated via the proposed EBPI process.

Explanation of Linear Dependence of Distance/Length Parameters

Recall equation (6.2),

VI_V2:

[(5:2148x10) & ™7 +(3.6886x107°) €™ -h+(7.1135x10 )™ -d |

By neglecting the influence of parameter h (the coefficient before h is less than
l/l 0’ of the other coefficients) and approximating —88.971° = —-90° and 89.970° = 90°,

we have

Vi—V,
[

= j[-5.2148x10™ +7.1135x10~ -d | (6.3)

As we can observe from above, if the length of the line | increases, the distance
parameter d will decrease to maintain the physical laws (this is consistent with the results

in section 6.4, group 4). Also, there are infinite combinations of parameter | and d that
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can satisfy the above equation. In other words, the parameter | and d are linearly

dependent on each other and cannot be accurately estimated together.
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6.6 Summary

This chapter introduces EBPI of transmission lines. Three parameters are selected
based on the physical structure of the transmission line: the total length of the line, the
average height of the phase conductors and the average distance between phase
conductors. From the simulation results and the proofs, it can be concluded that: (a) the
height parameter has limited sensitivity; and (b) the distance parameter and the length
parameter are dependent on each other. Therefore, the preferable way for the parameter
identification of transmission lines is to (a) physically measure the distance between
phase conductors and the height of phase conductors; (b) generate series resistance, series
inductance, shunt conductance and shunt capacitance matrices based on the above
distance and height; and (c) estimate the length parameter of the line as the only
parameter. This provides the high-fidelity three-phase physically based models for

transmission lines.
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CHAPTER 7 Conclusions and Future Work Direction

7.1 Conclusion

The contributions of this dissertation are as follows. (1) A new transmission line
Dynamic State Estimation Based Protection (EBP) scheme has been proposed. The new
scheme is secure, reliable, more sensitive and faster than legacy protection functions. (2)
A new transmission line Dynamic State Estimation Based Fault Locating (EBFL)
scheme has been proposed. The new scheme is more accurate than traditional fault
locating schemes. (3) A new transmission line Dynamic State Estimation Based
Parameter Identification (EBPI) scheme during normal operating conditions has been
proposed. The new scheme enables high-fidelity dynamic models for EBP and EBFL
applications. (4) Accurate transmission line modeling by the introduction of SCPAQCF
standard is accomplished, including EBP, EBFL and EBPI applications. Next, each
contribution is explained in detail.

The proposed EBP method has been compared to legacy protection functions for a
series compensated transmission line (with two possible installations of relays). The
proposed EBP scheme has the following advantages: (a) it simplifies the settings of the
protection and does not need coordination with other protection functions; (b) it detects
faults faster than legacy protection schemes (within sub-millisecond); (c) it is immune to
current inversion due to SCs; and (d) it reliably detects high impedance faults.

For the proposed transmission line fault locating (EBFL) method is compared to
legacy fault locating schemes via a two-terminal transmission line and a three-terminal
transmission line, respectively. The proposed EBFL has the following advantages: (a) it

uses a high-fidelity multi-section transmission line dynamic model; (b) it utilizes
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instantaneous values (sampled values) instead of phasors enabling estimation of the fault

location in the presence of transients, which is very important when the fault duration is

short; (c) it demonstrates higher accuracy compared with legacy fault locating schemes;

(d) the sampling rate it requires is relatively low (in this case 4.8 kilo-samples per second)
and therefore it can be used with existing instrumentation in substations.

Third, for transmission line EBPI during normal operating conditions, three
parameters are selected based on the physical structure of the transmission line: the total
length of the line, the average height of the phase conductors and the average distance
between phase conductors. It can be concluded that, the preferable way for the parameter
identification of transmission lines is to (a) physically measure the distance between
phase conductors and the height of phase conductors; (b) generate series resistance, series
inductance, shunt conductance and shunt capacitance matrices based on the measured
distance and height; and (c) estimate the length parameter of the line as the only
parameter. This provides the high-fidelity three-phase physically based models for
transmission lines.

Finally, accurate transmission line modeling by the introduction of SCPAQCF
standard has been accomplished. For EBP application, the modeling of transmission line
without fault in SCPAQCF syntax has been completed and demonstrated. For EBFL
application, the modeling of transmission line with fault in SCPAQCF syntax has been
completed and demonstrated. For EBPI application, the modeling of transmission line
with parameters during normal operating conditions in SCPAQCF syntax has been

completed and demonstrated.
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7.2 Future Work Directions

The dissertation focuses on detecting faults in transmission lines and protecting
transmission lines. The method is based on DSE. The thesis also addressed the related
problems of fault locating and line parameter identification. The presented research can
be extended to additional related problems. Details are provided as follows.

First, the research can be extended to DC devices. In recent years, DC devices have
demonstrated their advantages in certain applications. For example, the new High
Voltage Direct Current (HVDC) transmission lines have fully-controlled power flow, are
free of line to ground charging current, and are more economic beneficial when applied
to long distance power transmission. However, most popular line protection and fault
locating methods are based on AC systems and cannot be directly applied to HVDC lines.
The proposed EBP/EBFL methods can be applied to solve the protection and fault
locating problem in HVDC lines.

Second, the present research does not addrees the issue of instrumentation errors
which can compromise the operation of the EBP relay. Power system operates with high
voltages and currents. In order to measure the voltages and currents of devices,
instrumentation transformers such as CTs and VTs are utilized to transform the primary
voltages/currents (several kA, several hundred kV) to a relatively low level (5A, 69V).
The introduction of CTs and VTs brings both random and systematic errors. In practice,
these errors always sacrifice the sensitivity of the protective relays and the accuracy of
fault locating results. Therefore, for protection and fault locating applications, it will be
advantageous to accurately model CTs and VTs and then integrate these models into the

EBP/EBFL to improve the performance of the proposed EBP/EBFL method.
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Third, I want to further investigate characteristics of different DSE methods. There
exist many DSE methods, including but not limited to Unconstraint Weighted Least
Square (UWLS), Constraint Weighted Least Square (CWLS), Extended Kalman Filter
(EKF), Ensemble Kalman Filter (EnKF), Unscented Kalman Filter (UKF) and Particle
Filter (PF). Some of them may be computational efficient with fair accuracy and are
suitable for time-sensitive applications (such as protection). Others may have better
accuracy or convergence properties with relatively higher computational burden and are
suitable for highly nonlinear applications (such as fault locating and parameter
identification). Full investigation of their characteristics will benefit their applications in

related research topics.
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APPENDICES

Appendix A. SCPQDM of Transmission Lines for EBP

This Appendix describes SCPQDMs of transmission lines for EBP application
(without faults). For classic transmission lines (as shown in Figure A.1), a multi-section
model is applied, where each section is a m-equivalent model, and the section number is
chosen in such a way that the traveling length of electro-magnetic wave during one
sampling interval is comparable to the length of each section. Also, for series
compensated lines (as shown in Figure A.2), the overall SCPQDM of them can be
generated by combining the SCPQDMs of the series capacitors (SCs) and the classic
transmission line. The SCPQDM of m-equivalent model for each section and the

SCPQDM of SCs are introduced respectively.

T O O e ® i, o (®)]
|o—>— -« > | a—o:ccop o
|HF Section| ™ * ™ | Section | ™ *"""* ™ Section ‘_‘|
o——p 1 - 2 F—e oo 0—p| n e
|.—> *~—p— e . P <—0|
| v(® v uM) v Vo1 (1)

o i @O L0 w® O i)
R | —0cco0—p |t—o

| Section [ * ™ | Section| ™ *"*"* ™ Section | * |
| 1 - 2 @ cocoo—po| n | o |
Iv - - - 0 00— P ——e

Ve v ) ® % (0 wt) v e,

Figure A.2. Series compensated multi-section transmission line model without fault
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The variables in Figure A.1 and Figure A.2 are defined as follows. i, (t) and i, (t)

are three phase and neutral current vectors at each terminal of transmission line section k;

v (t) and v, (t) are three phase and neutral voltage vectors at each terminal of
transmission line section K; i, (t) and iy, () are three phase current vectors at each
terminal of SCs; vy, (t) and vg.,(t) are three phase voltage vectors at each terminal of

SCs.
Next, the detailed SCPQDMs are introduced, including (a) section K, two-terminal

transmission line model without fault, and (b) the model of SCs.
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A.1 Section k, Two-terminal Transmission Line Model without Fault

The model of section k is described in Figure A.3.

Matrix R Matrix L .

aka() == m===lika(®) .bka()
ka() L} ! IW"’ 1 k+la(t)
k,b I H | g k+1b
( ) ( ) ! : !NY\(\:LLK,C(t) Ibkc( )V (t)
kC H ] H 1. k+1,c
(t) akn() L () wp®,
Vien R R I o ok b o e ok ol o S
R R
T | . T |
E=HE ES=HES
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vl WLl I L S s I
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Figure A.3. Section k, transmission line model without fault

where R, L, G and C are series resistance, series inductance, shunt conductance
and shunt capacitance of each section; all states and through variables are defined in
Table A.1 and Table A.2, respectively.

Table A.1. States of section k, transmission line model without fault

Index Variable Descri]htion

0 Via®) phase A voltage, left terminal

1 Vip(®) phase B voltage, left terminal

2 Ve ) phase C voltage, left terminal

3 Vi (D phase N voltage, left terminal

4 Vk+1,a(t) phase A voltage, right terminal

5 Vi (D) phase B voltage, right terminal

6 Vierc(D phase C voltage, right terminal

7 Viern® phase N voltage, right terminal

8 iua®) phase A current through inductance
9 I ® phase B current through inductance
10 iLk,c ® phase C current through inductance
11 iLk,n(t) phase N current through inductance
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Table A.2. Through variables of section k, transmission line model without fault

Index Variable Description
0 Iy 2 (D) phase A current, left terminal
1 Iy (D) phase B current, left terminal
2 () phase C current, left terminal
3 iak,n(t) phase N current, left terminal
4 ibk,a(t) phase A current, left terminal
5 Iy p (D) phase B current, left terminal
6 e (1) phase C current, left terminal
7 ibkﬂn(t) phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;

recall the definitions of i, (t), v, (1), iy (t) and v,,,(t): three phase and neutral current

and voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t) Iaka(t) ibk,a(t)

Vi (D) VoD |, @ |, NGO I (D)
v ()= V, ®) s Vin(®) = v (t) i ()= i (t) g ()= i (t) , iy (D)= i (t) .

V(D) V() nl® aen® ()

The transmission line section K model can be formulated in compact form as follows:

dv, (1)

i,®)=G-v,()+C- +i, (1) (A.1)

dv
i ®=G-v, 0 +C- T @ (A2)

di,, (©)

0=-v,O)+v,O+R-i, O+L- dt

(A.3)

The matrices corresponding to the SCPQDM of transmission line section K are:

x®) =[v,(®) v, O i, (t)]T ; p)=null 5 u(t) =null ; i) =[i, t) ibk(t)]T;

116




G 0 I, C 00
quxlz{o G _14:|;Deqxd1:|:0 C 0i|;quu1:nU”;quplznu”;ceqc]:‘];

Y_,=[-1, I, R|;D =null; C_., =0:

e

=[0 0 L]; Y, =nul;Y,

eqxd2 p2 eqe2 =

Yoo =N Yo =00l Yoo =null; Copy =0l (B ) =null; (B, ) =null;

<F‘;q”p3> = null; <F;q><“3> = null ;<Fei>qup3> = null ;<F;QXD3> =null;

where 1, is the identity matrix with the dimension of 4.
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A.2 Model of Series Capacitors (SCs)

The model of SCs described in Figure A 4.

where C,; is the capacitance per phase; all states and through variables are defined in

Side 1

VSCLa(t) ISI:],a(t)

V&l,b (t) st:].,b(t)i

V&:l,c(t) ﬂ(t)i

Side 2

i t
CO SI:2,a( ) sz,a(t)

C, lgap(d)
0*96427[)7\/X2.’2,b(t)

G iges (1)
Hi

V&: 2,c (t)

Figure A.4. Series capacitors model

Table A.3 and Table A.4, respectively.

Table A.3. States of the series capacitors

Index Variable Descri]htion
0 Vg, 2(D phase A voltage, left terminal
1 V$l,b(t) phase B voltage, left terminal
2 Vi o (t) phase C voltage, left terminal
3 Vg oD phase A voltage, right terminal
4 ng,b(t) phase B voltage, right terminal
5 Ve, (D) phase C voltage, right terminal

Table A.4. Through variables of the series capacitors

Index Variable Descriﬁ)tion
0 g2 phase A current, left terminal
1 i) phase B current, left terminal
2 gy (D) phase C current, left terminal
3 g2t phase A current, right terminal
4 i p(t) phase B current, right terminal
5 g () phase C current, right terminal
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Recall the definitions of iy, (t) and ig,(t): three phase current vectors at each

terminal of SCs; vy, (t) and vg.,(t): three phase voltage vectors at each terminal of SCs.

That means,

VSCl,a(t) VSCZ,a(t) i&l,a(t) iSI:Z,a(t)
Vsm(t): Vsm,b(t) s Vscz(t): Vscz,b(t) > isc1(t): isc1,b(t) > iscz(t): iscz,b(t) .
V&l,c(t) VSCZ,c(t) iSCl,c(t) iSCZ,c(t)

The series capacitors model can be formulated in compact form as follows:
ig, (1) =Cq v (1) =Cq - vy, (1) (A4)
i, (1) =—Cqx - vg (1) +Cq - v, (1) (A.S5)
The matrices corresponding to the SCPQDM of SCs are:

x(t) =[vg, (V) vscz(t)]T; p®) =null; ut)=null; i(t) =[ig, 1) im(t)]T;

Ce Co
Yo =0 Doy = C C ;qum:null : quplznull ; Cqa =0 Y, =0
S S
D =05 Yo, =nUll 5 Y, =null; Cpp, =05 Y, =null 5 Y, =null 5 Y, =null ;

Copes =Nl 5 (Flo ) =null 5 (Flyys ) =null 5 (Flps)=null 5 (Flyy, ) =null ;(Fl,, ) =null ;
(Flyps ) =Nl ;

where Cq. =diag[C, C, GC,].
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Appendix B. SCPQDMs of Transmission Lines for EBFL

This Appendix describes SCPQDMs of transmission lines for EBFL application,
including a two-terminal transmission line integrated with a fault and a three-terminal
transmission line integrated with a fault. For two-terminal transmission lines with a
fault (as shown in Figure B.1), similar as in Appendix A, multi-section models are
adopted for both the left and the right side part, with mand n sections respectively, where
each section represents a m-equivalent short line model. For three-terminal transmission
lines with a fault (as shown in Figure B.2), the model consists of three parts: a two-
terminal transmission line model with a fault (same as the model introduced in Figure B.1)
and two multi-section transmission line models without faults (same as the classic
transmission line model introduced in Appendix A), with section number m+n, p, and g,
respectively. All section numbers are chosen in such a way that the traveling length of
electro-magnetic wave during one sampling interval is comparable to the length of each

section. The overall model can be obtained by combining the models of all sections.

Multi section model, /eft part of
fault location (m sections)

FAT(S N el (3 WY MY (3 N A (3

Multi section model, right part
of fault location (n sections)

L0 i, L0 i

I
i
I
I
I
I
I
0 ¢ s 0P —a—e |
I
I
I
I
I
I

I

I

I

I

| ~— L—0coo 0—p| - >

I : . . y B - ; . s .

| ™| Section Section|™ ™ Section "t *™ Section

| —>»— 1 [—® ¢ o c0—p— m - R - 1 [—® ¢ o co—p| n e
: [ PRSP — - .f » Lo ccco—p| -
R e I e e O R S O )

Figure B.1. Model of two-terminal faulted line
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Multi-section transmission line model
without fault, Branch 2 (length: /;)
Two-terminal transmission line model i O i) ()
with fault, Branch 1 (length: /;) - R | o
-~ L e IR (s B . o] .
T A T N I BT . (IR) /4. > s e
OIS O N A ORI SN
- | _ > R | .
: »- v ﬁJI—» . - () (2) t (2) (t
- - : e e . - ) Y (t) V) ( ) vp p+1
| Section [ Section = - ———
ol 1 e r < : Mu!tl-sectlon transmission line model
| . IRy L ) without fault, Branch 3 (length: /5)
i ] oo . G . () . (3) . ()
| vl(lL) (t) vml(lL) (t)lorlvl(lR) (t) vn+1(lR) (tjl lal( )(t) lbl (t) laq (t) lbq (t)
| | | | - [—® ¢ oo 06— - °
| m sections, left part | | m sections, right part - 4 .. ..., |,
| L : Section [ ** " * ™ Section
__________ P > 1 e s 0| q -
> e -
I AR (9 B (G BRI (3

Figure B.2. Model of three-terminal line with fault

The variables in Figure B.1 and Figure B.2 are defined as follows. iak(lL)(t) and
ibk(“')(t) are three phase and neutral current vectors at each terminal of section k, two-

terminal transmission line model with fault, left part; iak(lR)(t) and ibk(lR)(t) are three
phase and neutral current vectors at each terminal of section K, two-terminal transmission
line model with fault, right part; vk(”') (t) and "k+1(1L) (t) are three phase and neutral
voltage vectors at each terminal of section K, two-terminal transmission line model with

fault, left part; vk(lR) (t) and ka(IR) (t) are three phase and neutral voltage vectors at each
terminal of section K, two-terminal transmission line model with fault, right part; iak(j)(t)
and ibk(j)(t) (j =2, 3) are three phase and neutral current vectors at each terminal of
section K, two-terminal transmission line model without fault (branch 2 and 3); vak(j)(t)
and vbk(j)(t) (j=2, 3) are three phase and neutral voltage vectors at each terminal of
section K, two-terminal transmission line model without fault (branch 2 and 3); I, (t) is
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the distance between the left terminal of the line and the fault; |, is the total length of the
two-terminal transmission line with fault; |, and |, are the total length of branch 2 and 3,

respectively.

For different fault types, the model of the fault is different. Therefore, the way of
combining models between the left part and the right part inside the two-terminal multi-
section transmission line model is different. Specifically, the currents between the

aforementioned left and the right part would satisfy:
0=T iy, () + T i, (1) (B.1)
where T, is a matrix whose value and dimension correspond to different fault types,

as shown in Table. B.1.

Table B.1. Values and dimension of matrix T, for different fault type

Fault Type Value of matrix T, Dimension of matrix T,

1o o0 1

A-N 01 00 3x4
10 0 0]
[1 0 0 0]

B-N 01 01 3x4
L O 0_
1o 0 o

C-N 01 00 3x4
L O -
_ o o]

A-B 0 01 0 3x4

0
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Table B.1. continued

00 0
B-C 01 10 34
10 1 0]

C-A 0100 3x4
AB-N Lo 2x4
] 00 1 0] X
BC-N 011 2x4
] 100 0] X
CA-N Lo 2x4
i 010 0 %
ABC Lol 2x4

000 1 %
ABC-N (111 1] 1x4

Next, the detailed SCPQDMs of each parts are introduced, including (a) section K,
two-terminal transmission line model with fault, left part; (b) section K, two-terminal
transmission line model with fault, right part; (c) section K, two-terminal transmission line

model without fault.
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B.1 Section &, Two-terminal Transmission Line Model with Fault, Left Part

The m-equivalent model for section K inside the left part of two-terminal transmission
line with fault is described in Figure B.3.

R-1,(ty/mL-1 (t)/m

(L) (o aiL)(t) Py e ibk,a(l;)(t) v D)
k,a L i (1L)(t) : I Vi (lL)(t) i (]L)(t) k+l,a
Vo () PV AR by p (D)
k.b . (L) 1 4 1 W i (U kelb
v (L) (t)lakc‘ ® ./\A/\/_lm| Lo (® Lo c AL) (IL)(t)
k.c .y | [ 1. (L) t . Virie
v (”—)(t)lakk ® I,\A/\/_Wl Lk»,c ® Ly n - ®) v (1L) (t)
k.n :-_ L __: :__- == .;l____.'l_____: iLk,n(lL)(t)r-m-.--: :__-.___..; k+1,n
| (== ! << | == !
I =
AR o
I 1 _LI Model of sectionk, i i
- ) -
i i i I leftside part | i ! |
I I ! | H '
I I ! I I H
NLLLLL W LLLLL 7777777 [ (s S o
Gl (®/m €l (t)/m G l,(t)y/m C-1,(t)y/m

Figure B. 3. Section k, two-terminal transmission line model with fault, left part

where R, L, G, and C, are series resistance, series inductance, shunt conductance

and shunt capacitance per mile; all states, parameters and through variables are defined in

Table B.2, Table B.3 and Table B.4, respectively.

Table B.2. States of section &, two-terminal transmission line model with fault, left

part
Index Variable Descri]btion
0 ija(“') ) phase A voltage, left terminal
1 Vk,b(“') t) phase B voltage, left terminal
2 Vk’c(“') (t) phase C voltage, left terminal
3 Vk,n(“‘) (t) phase N voltage, left terminal
4 v, H,a(lL) ) phase A voltage, right terminal
5 Vi, H,b(lL) ) phase B voltage, right terminal
6 VkH’c(lL) () phase C voltage, right terminal
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Table B.2. continued

7 V, +1,n(1L) (t) phase N voltage, right terminal
8 il_k,a(“‘) () phase A current through inductance
9 il_k,b(“') t) phase B current through inductance
10 iLk,C(lL)(t) phase C current through inductance
11 iLk,n(lL)(t) phase N current through inductance
004 Introduced state for quadratization, phase A voltage times
12 Yica  (®) I, (t), left terminal
(10 Introduced state for quadratization, phase B voltage times
13 Yoo (1) I, (t), left terminal
(10 Introduced state for quadratization, phase C voltage times
14 Yae (D) I, (t), left terminal
(L) Introduced state for quadratization, phase N voltage times
15 Yaen (D) I, (1), left terminal
) ¢ Introduced state for quadratization, phase A voltage times
16 ko ® I, (t), right terminal
1 ¢ Introduced state for quadratization, phase B voltage times
17 iwepo © [, (t), right terminal
(D) ¢ Introduced state for quadratization, phase C voltage times
I8 Mo © I, (), right terminal
(1) ¢ Introduced state for quadratization, phase N voltage times
19 Vst © I, (t), right terminal
(11 Introduced state for quadratization, phase A current through
20 Yia  © inductance times | (t)
(10 Introduced state for quadratization, phase B current through
21 Yuo (®) inductance times | (t)
(1) Introduced state for quadratization, phase C current through
22 Yie (O inductance times |, (t)
(L) Introduced state for quadratization, phase N current through
23 yLk,n (t)

inductance times | (t)

Table B.3. Parameters of section k%, two-terminal transmission line model with fault,

Index
0

Variable
)

left part

Description
Length between the fault and left terminal of the line
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Table B.4. Through variables of section k&, two-terminal transmission line model
with fault, left part

Index Variable Description
0 [ ak,a(“') ) phase A current, left terminal
1 iak,b(lu t) phase B current, left terminal
2 [ ak’c(lL)(t) phase C current, left terminal
3 [ ak’n(lL) (t) phase N current, left terminal
4 ibk,a(lL) ) phase A current, left terminal
5 ibk,b(lL) (t) phase B current, left terminal
6 ibk,c(“‘) ®) phase C current, left terminal
7 ibk,n(lL) t) phase N current, left terminal

Define iLk(lL) (t) as the three phase and neutral current through the series inductance;

yvk(lL)(t), yv(kH)(IL)(t), and yLk(lL) (t) are introduced states for quadratization; recall the

definitions of iak(lL) 1), Vk(lL) ), ibk(lL) (t) and v, H(lL) (t): three phase and neutral current

and voltage vectors at each terminal of section k. That means,

v VMO i ]
Vi () Vs (1) i (1)
v () Vi () i )|

Vi (1) Vi () | i (0 |

Vk(lL)(t) = > Vk+1(lL) ()= ) iLk(lL)(t) =

126




- K (L) ey |
Yaea (O s )(t)
1L
(IL) fey _ yvk,b(lL)(t) (1L) t) = yV(k+1),b )
vk (t) - (lL) ’ yV(k+l) ( )_ (“_)
ka,C (t) y\/(k+])jc (t)
(L)
L yvk,n (t)_ i yv(k+1),n(1L) (t)_
Iak,a(lL)(t)_
i
09 (1) = lap (D) 0 (1) =
ak . (1L) t > bk
Iak,c ( )
Iak,n(lL)(t)_

ibk,a(1 Y (t)

_ibk,n(]L) (t)_

, M=

o (1)
ibk,c(1 Y (t)

Yoo (0

yLk,b(l Y (t)

Yoo (1)
L yLk,n(lL) (t)_

The transmission line section K model can be formulated in compact form as follows:

iak(lL)(t) = %

lL (t)——

(1L) (t)

v(k+1) " (t)

C dyvk " (t)
dt

dyv(k+1)(1L) )

dt

0=—v," ) +v,," <t)+% 04ty +

= vk(lL) ®- Vk(
0= yv(k+1)(1L)(t) - vk+1(1L) (t) '

0= yLk(lL)(t)_iLk(lL) (t)-1;

lL (t)

L dyLk ")

dt

Yyl )

I (0

®

_iLk(]L)(t)

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

The matrices corresponding to the SCPQDM of section K, two-terminal transmission

line model with fault, left part are:

)
x0=[w"0 »Ho Lo o ¥,o sYol;

i =170 Z0] ;5 pO=1,0);
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_[0 0 I, G/m 0 o] _[0 00 C/m 0 0]
- ’ eqxdl ’

* oo -1, 0 G/m 0 000 0 C/mo
Yoo=[-1, I, 0 0 0 R/m|; Dy, =[0 0 0 0 0 L/m|;
0001 0 0
Yo =0 0 0 0 I, 0| F.:f.,=-1 othersare0, fori=1~12;
000 0 0 I

S

Yo =null; Y,

o o =null; Co =05 Y, =null; Y,

a2 p2 = null ; Ceq

=05 Yy =null;

Yoy =NUIL; oy =05 (Rl ) =null; (Rl ) =null s (Bl h=null s (B, ) =null ;

<F;qup3> =null;

where I, is the identity matrix with the dimension of 4.
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B.2 Section k, Two-terminal Transmission Line Model with Fault, Right Part

The m-equivalent model for section K inside the right part of two-terminal

transmission line with fault is described in Figure B.4.

R-(l,-1,®)/m L-(,-1,®)/m

i Rt =L 2o2 i alR(t)
vk,a(lR) ® -aka‘ ® FW\FW: >Ry .bk Vs a(lR ®
(R) ¢ akL () I h liy, (O i ‘(t) (1R) ¢
Vip (D) ! TR (R vk+1b ( )
(IR) t akclR (® ! :' :lgk,b ® ibkc (t)
VK’C(IR)( )i (IR)(t) i :l : : (IR)(t) i lR ( ) Viu C (t)
Lk,c n lR
Ve O VA e e,
Lk,n
e et |||
I ! | =1
. L |
| t [-L! Model of sectionk, | i T
| H | rightside part | H i
| B - ! H .
I K ! I I :
LI S e T [  Crrees |
G-(I,-1,®)/m ¢ (I, =1,(t)/m G-(I,-1,®)/m ¢ (I, -1,®)

Figure B.4. Section k, two-terminal transmission line model with fault, right part

where R, L, G, and C, are series resistance, series inductance, shunt conductance

and shunt capacitance per mile; all states and through variables are defined in Table B.5

Table B.6 and Table B.7, respectively.

Table B.5. States of section &, two-terminal transmission line model with fault, right

part
Index Variable Descri]htion
0 ija(lR) t) phase A voltage, left terminal
1 Vk’b(lR) t) phase B voltage, left terminal
2 Vk’C(IR) (t) phase C voltage, left terminal
3 Vk,n(lR) (t) phase N voltage, left terminal
4 v, H’a(lR) (9] phase A voltage, right terminal
5 VkH,b(lR) ) phase B voltage, right terminal
6 VkH’c(lR) (3] phase C voltage, right terminal
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Table B.5. continued

7 V, H’n(lR) () phase N voltage, right terminal
8 i,_k’a(lR) (t) phase A current through inductance
9 i,_k,b(lR) (t) phase B current through inductance
10 iLk,C(lR) () phase C current through inductance
11 iLk’n(lR) (t) phase N current through inductance
1R ¢ Introduced state for quadratization, phase A voltage times
12 Yica  (©) I, (t), left terminal
(IR Introduced state for quadratization, phase B voltage times
13 Yao (0 I, (t), left terminal
(IR Introduced state for quadratization, phase C voltage times
14 Yae (D) I, (t), left terminal
(IR) Introduced state for quadratization, phase N voltage times
15 Yaen (1) I, (1), left terminal
(R ¢ Introduced state for quadratization, phase A voltage times
16 Wikt © I, (t), right terminal
(R ¢ Introduced state for quadratization, phase B voltage times
17 ey ® [, (t), right terminal
(R ¢ Introduced state for quadratization, phase C voltage times
I8 Ve © I, (), right terminal
(1R) ¢ Introduced state for quadratization, phase N voltage times
19 Vst © I, (t), right terminal
(R Introduced state for quadratization, phase A current through
20 Ya O inductance times | (t)
(IR Introduced state for quadratization, phase B current through
21 Yaw  ®) inductance times | (t)
(IR) Introduced state for quadratization, phase C current through
22 Yie () inductance times |, (t)
(IR) Introduced state for quadratization, phase N current through
23 yLk,n (t)

inductance times | (t)

Table B.6. Parameters of section k&, two-terminal transmission line model with fault,

Index
0

Variable
)

right part
Description
Length between the fault and left terminal of the line
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Table B.7. Through variables of section k, two-terminal transmission line model
with fault, right part

Index Variable Description
0 [ ak’a(lR) ) phase A current, left terminal
1 iak,b(lR) t) phase B current, left terminal
2 [ ak’c(lR) () phase C current, left terminal
3 [ ak,n(lR) (t) phase N current, left terminal
4 ibk,a(m) ) phase A current, left terminal
5 ibk,b(lR) () phase B current, left terminal
6 ibk,c(lR) (9] phase C current, left terminal
7 ibk,n(lR) t) phase N current, left terminal

Define iLk(lR) (t) as the three phase and neutral current through the series inductance;

yvk(lR) 1), yv(k+1)(1R)(t), and yLk(lR) (t) are introduced states for quadratization; recall the

definitions of iak(lR) t), Vk(lR) 1), ibk(lR) (t) and v, +1(IR) (t) : three phase and neutral current

and voltage vectors at each terminal of section k. That means,

Y M) AR e ()]
IR .
(IR) /4y _ Vi (1) (IR) /4y _ Vo () | (IR) /4y _ in (1)
Vi (t) - (IR) > Vi (t) - (IR) > Ik (t) . (IR) ’
Vk,C (t) Vk+1,c (t) I Lk,c (t)
Vi ()| VP | M)
- - i (IR) /47 | _ _
yvk,a(lR) (t) yv(k+l),a (t) yLk,a(lR) (t)
(1R)
(IR) gy _ yvk,b(lR)(t) (IR) () = Yoo (D) (IR) g _ yLk,b(lR)(t)
YVk (t) - (IR) > yV(k+1) ( ) - (IR) ’ yl—k (t) - (IR) ’
ka,C (t) yV(kJrl),C (t) yLk,C (t)
R R
—ka’n(l )(t)— yv(k+1) n(lR)(t) _y'-k:”(l )(t)_
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o (D) o (1)
. 1R - R
(IR) 4y _ Iak,b( (t) (IR) o _ Ibk,b(l (1)
ak (t)_ . (]R) s bk (t)_ . (IR) °
Iak,c (t) Ibk,c (t)
fyen (1) e (1)

The transmission line section k model can be formulated in compact form as follows:

IR lR
lak“R)(t)=GlT"1-vk“R)(t)—9 LR+ lnl ®_C dy“‘dt +i, ") (B.7)

dt n
G-l G Rty ¢ Dy
s (IR) t)y=—L 1. (IR) t)——L. (1R) t 1 l k+1 _ '*'1 _' (1R) t B.8
| P ®) n Vi (@) n Yuiken) O+ n ™ n ™ t) ( )
Ll di,"®t) L dy, "™t
0__ (IR) tY+v (IR) t + 1 i lRt (lR)t+ 17 Mk 1. Lk B.9
)+, (1) —n () Yoo @ - 3 T (B.9)
=y, PO -v 1, 1) (B.10)
0=, =V, "®1, ®) (B.11)
0=y, "®-i,"®1, @1 (B.12)

The matrices corresponding to the SCPQDM of section K, two-terminal transmission

line model with fault, right part are:

xO=[w¥0 VRO PO A0 Ko KPo]

i0=[5,""® "] p0=1,0);

v G-l /n 0 1, -G,/n 0 0]
-l 0 G-l/n -I, 0 -G/n 0|

C -l /n 0 0 -C,/n 0 0
Deqxd1: 5
0 cl/no o0 -C/m 0

=[-1, 1, R-l,/n 0 0 —R/n|;D,,,=[0 0 L-I/n 0 0 —L/n];

egx2
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0 00 7, 0 O
Yo =0 0 0 0 I, 0| F.:f.,=-1 othersare0, fori=1~12;
0 00 0 0 1,
Yequ =NUll5 Yo, =null 5 Coy =05 Yo, =null; Y, =null; Co, =05 Y, =null;

Yoy =NUIT 5 Copiy =05 (Rl ) =null; (Rl ) =nulls (Bl h=null s (B, ) =null ;

<F;qup3> =null;

where 1, is the identity matrix with the dimension of 4.

133



B.3 Section &k, Two-terminal Transmission Line Model without Fault

The model of section K, two-terminal transmission line model without fault is exactly

the same as introduced in Appendix A, section A.1.
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Appendix C: SCPQDMs of Transmission Lines with Parameters during

Normal Operating Conditions

This Appendix describes SCPQDMs of transmission lines with parameters during
normal operating conditions, for parameter identification application. As introduced in
chapter 6, for an example tower structure provided in Figure C.1 the parameters of
transmission lines include total length of the transmission line |, average distance
between phase conductors d and average height of phase conductors h. Based on the
combination among different parameters, here we are introducing 7 different kinds of
models, including: (a) the model with the total length of the line as the only parameter; (b)
the model with the average distance between phase conductors as the only parameter; (c)
the model with the average height of phase conductors as the only parameter; (d) the
model with the total length of the line and the average distance between phase conductors
as two parameters; (e¢) the model with the total length of the line and the average height
of phase conductors as two parameters; (f) the model with the average distance between
phase conductors and the average height of phase conductors as two parameters; and (g)
the model with the total length of the line, the average distance between phase conductors
and the average height of phase conductors as three parameters.

For the above 7 models, here multi-section transmission models are applied, where
each section is a m-equivalent model. The section number is chosen in such a way that the
traveling length of electro-magnetic wave during one sampling interval is comparable to
the length of each section, as shown in Figure C.2. Any of the above 7 SCPQDMs can be
formed by combining SCPQDMs of all sections together. Next, the SCPQDM:s of section

k, for all above 7 models are introduced respectively.

135



i
Total length / o™
of the line A /

distance
between phase

Average conductors
hei
eight of <
phase
conductors _ | = Phase conductors
77777 Average height line

of phase conductors

——— Neutral wires

i i) oo (D)

oo 0—pp—

co0—p—

Figure C.2. Multi-section transmission line model with parameters during normal
operating conditions
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C.1 Section k, Transmission Line Model with the Total Length of the Line as

the Only Parameter

The model of section k is described in Figure C.3.

R, -I(t)/n L,-1(t)/n, i
aka() [N |1--( ) Lka(t) bka()
ka(t) ) ! IWI? i t k+1a(t)
t ak (t) ! : 'NYY\!LLk,b(t) bkb() t
ka() ! . o~ Vk+1b()
( ) ! : !WYY\:h-k»c(t) Ibkc( ) ( )
kC() akn() ! : i :r (t bkn(t) k+lc
Vin () FEE=1, '___._____,:____I :_f\_f\_f\:\jg-k,n e r"““"‘é cen (D)
| FIRENE | HIRERE
| L ! | AR
| 1 1) | el
I I =1 | i !
I I — | i L
| [N | | 11 |
| [N | | 11 |
| 11 | | [N |
| [N | | [N I
| l | \ | 1 !
l;_/_/_/_/'/4(;/_/_/_;/_1//// S S S S S S /r/_/_//_/_/_/ill/{/—/_/i_/_/_///
G I(t)/n € I(t)/n G,-1(t)/n C-I(t)/n

Figure C.3. Section £ model with the total length of the line as the only parameter

where R, L, G, and C, are series resistance, series inductance, shunt conductance
and shunt capacitance per mile; all states and through variables are defined in Table C.1,

Table C.2 and Table C.3, respectively; | (t) is the total length of the line.

Table C.1. States of section k£ model with the total length of the line as the only

parameter
Index Variable DescriﬁJtion
0 Vo phase A voltage, left terminal
1 Vi phase B voltage, left terminal
2 Vi phase C voltage, left terminal
3 Vin (D phase N voltage, left terminal
4 Vierra (D phase A voltage, right terminal
5 Vk+1,b(t) phase B voltage, right terminal
6 Ve (D phase C voltage, right terminal
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Table C.1. continued

7 Vi (D) phase N voltage, right terminal
8 iLk,a(t) phase A current through inductance
9 iLk,b(t) phase B current through inductance
10 0] phase C current through inductance
11 iLk,n(t) phase N current through inductance
12 () Introduced state for quadratizatiog, phase A voltage times
' [(t), left terminal
13 ) Introduced state for quadratizatiog, phase B voltage times
| [(t), left terminal
14 Yo o() Introduced state for quadratizatiog, phase C voltage times
’ [(t), left terminal
15 Yo (D) Introduced state for quadratizatioq, phase N voltage times
" [(t), left terminal
16 Yo ® Introduced state for quadr‘atization,. phase A voltage times
' I(t), right terminal
17 Yo (t) Introduced state for quadr.atization,. phase B voltage times
o [(t), right terminal
18 Yo () Introduced state for quadr‘atization,' phase C voltage times
’ I(t), right terminal
19 Yogice (t) Introduced state for quadr.atization,. phase N voltage times
e [(t), right terminal
20 Yiea(®) Introduced state for. quadratizat%on, phase A current through
' inductance times |(t)
21 Vi) Introduced state for. quadratizat?on, phase B current through
’ inductance times |(t)
o0 Yoo (D) Introduced state for. quadratizat?on, phase C current through
* inductance times |(t)
Introduced state for quadratization, phase N current through
23 Yien ()

inductance times | (t)

Table C.2. Parameters of section kX model with the total length of the line as the only

Index
0

Variable
I(t)

parameter

Description
Total length of the line
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Table C.3. Through variables of section £ model with the total length of the line as
the only parameter

Index Variable Description
0 iak,a(t) phase A current, left terminal
1 iak,b(t) phase B current, left terminal
2 (D) phase C current, left terminal
3 aen phase N current, left terminal
4 Iy 2 (D phase A current, left terminal
5 Iy o () phase B current, left terminal
6 ibk,c 9 phase C current, left terminal
7 I (£ phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;

yu O, Yy (t) , and y,(t) are introduced states for quadratization; recall the

definitions of i, (t), v, (t), i, (t) and v,,,(t) : three phase and neutral current and

voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)
| Yo ) | Vkaib ® . _ i
Vk(t) B Vk,c (t) ’ Vk+1 (t) - Vk+1,c (t) ’ lLk (t) - iLk,c (t) ’
Vk,n(t) Vk+1,n (t) iLk,n (t)
YVica(®) Vigena®)| Yuea®
Yo (D) Yoy (t) Yikn (D
w (D)= ’ ) k(D= > Yu()= ’ 5
WOy o YOy ol O
Yuen (D yv(k+1),n(t)j Yikn (D)
o (D) Tk.a (D)
. _ lan® | . _ T (1)
i, (D)= i (D O o (1) .
Iakn(t) ibk,n(t)
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The transmission line section K model can be formulated in compact form as follows:

=2y, 0+ 2 )
dy, e,y (1)

i (D)= E V(k+1) O+— ?T_iLk ® (C.2)

0= v+ O+ Ly, @+ 1 HuO (€3)

0=y, t)—v, @O (C.4)

0= yv(k+1)(t)_vk+1(t)'|(t) (CS)

0=y, (O—iy®-11) (C.6)

The matrices corresponding to the SCPQDM of section K, transmission line model

with the total length of the line as the only parameter are:
. T
*O=[n® r® i® 2u® Pu® 0] ;

i) =[i® i ®]; pO=1();

foo 1, G/n 0 0] o0 0 c/n 0 o]
o o0 -1, G/n o " lo oo o0 C/nof

=]

Yoo=[-1, I, 0 0 0 R/n|; D, ,,=[0 0 0 0 0 L /n];

egx
0001 0 0
Yo =/0 0 0 0 I, 0 3 Fpe © foqup; =—1, othersare 0, for i=1~12;
000 0 0 I,
Yequ =NUll; Yo, =null s Copy =05 Yoo, =null 5 Y, =null; Co, =0; Y, =null;

Y =0l Copy =0 (Bl ) =null; (B ) =nuil; (Bl =null s (Fpy ) =null s (Fiy ) = nul

where 1, is the identity matrix with the dimension of 4.
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C.2 Section k, Transmission Line Model with the Average Distance between

Phase Conductors as the Only Parameter

The model of section k is described in Figure C.4.

i L-l/n . ]

v = gy Mo LG, s ®
k,a Iak,l(t) : : :W“Lk’b(t) Ibk,b(t) k+la

Vk,b (t) - rt f 4 1 - Ba™ Vk+1,b (t)

vty sV L L e ® RGN
« iy | ! I H P k+1,c

C t Iak’n‘(t) : ! :W:LLk,n(t) Ibk‘,n(t)v o)
Vk,n( ) o =T l__'——'-l____' I_____:V r=+==--1 r-=-r- - k+1,n

[ -—————————————

G,-l/n C l/n G,-l/n C,l/n

Figure C.4. Section k model with average distance between phase conductors as the
only parameter

where R, L, G, and C, are series resistance, series inductance, shunt conductance
and shunt capacitance per mile; | is the total length of the line; d(t) is the average

distance between phase conductors.

In addition, linearize the above R,, L,, G, and C, matrices around the initial value

of the average distance between phase conductors d, (the value of the above matrices

with distance d, are RI(O), L](O), GI(O) and CI(O)).

R =R”+B.-(d(t)-d,) (C.7)
L, =L"+p_-(d(t)-d,) (C.8)
C,=C" +p.-(d(t)-d,) (C.9)
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G, =G, +B;(d(t)-d,) (C.10)

All states and through variables are defined in Table C.4, Table C.5 and Table C.6,

respectively.

Table C.4. States of section X model with average distance between phase
conductors as the only parameter

Index  Variable Description
0 Vi phase A voltage, left terminal
1 Vk,b(t) phase B voltage, left terminal
2 Vie (t) phase C voltage, left terminal
3 Vin() phase N voltage, left terminal
4 Vieura® phase A voltage, right terminal
5 Vkﬂ,b(t) phase B voltage, right terminal
6 Vi) phase C voltage, right terminal
7 Viern(D phase N voltage, right terminal
8 ina®) phase A current through inductance
9 U] phase B current through inductance
10 iLk,c t) phase C current through inductance
11 N Q) phase N current through inductance
12 ® Introduced state for quadratization, phase A voltage times
Yica d(t), left terminal
¢ Introduced state for quadratization, phase B voltage times
13 Yaen(®) d(t), left terminal
¢ Introduced state for quadratization, phase C voltage times
14 Yaee® d(t), left terminal
¢ Introduced state for quadratization, phase N voltage times
15 Yan(®) d(t), left terminal
®) Introduced state for quadratization, phase A voltage times
16 Ve d(t), right terminal
®) Introduced state for quadratization, phase B voltage times
17 Wopo d(t), right terminal
®) Introduced state for quadratization, phase C voltage times
18 s d(t), right terminal
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Table C.4. continued

() Introduced state for quadratization, phase N voltage times
19 igisy d(t), right terminal
R Introduced state for quadratization, phase A current through
20 Yica® inductance times d (t)
¢ Introduced state for quadratization, phase B current through
21 Yoo ) inductance times d (t)
Introduced state for quadratization, phase C current through
22 Yike(®) : :
inductance times d (t)
Introduced state for quadratization, phase N current through
23 Yuen (D) : :
inductance times d (t)

Table C.5. Parameters of section kX model with average distance between phase
conductors as the only parameter

Index Variable Description

0 d(t) Average distance between phase conductors

Table C.6. Through variables of section £ model average distance between phase
conductors as the only parameter

Index Variable Description
0 o) phase A current, left terminal
1 () phase B current, left terminal
2 iak,c () phase C current, left terminal
3 iak,n(t) phase N current, left terminal
4 ibk,a(t) phase A current, left terminal
5 Iy o () phase B current, left terminal
6 . (D) phase C current, left terminal
7 I (0 phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;

AOR yv(kﬂ)(t), and y,(t) are introduced states for quadratization; recall the
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definitions of i, (t), v, (t), i, (t) and v,,, (1) : three phase and neutral current and

voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)
| V(D) Ve ® | e ®
WO o] Oy o O o)
Vk,n(t) Vk+1,n(t) iLk,n(t)
Yaeal® Yagna® | RO
Yo () Yo b (t) Yo
vk )= , ’ v(k+1 t)= > Lk t)= , »
YOy o YOy o O o
Yicn (D) yv(k+1),n(t)J Yikn(®
iak,a(t) ibk,a(t)
o (@ (D)
lak(t) - iak,c (t) ’ lbk (t) - ibk,c (t) .
iak,n(t) ibk,n(t)

The transmission line section K model can be formulated in compact form as follows:

(Gl(O) - ﬁedo ) l

B o (G BA) dv® Bl dv®

i (D)= Vi (O + m Yu(®O+ n ot n ot +i, (D(C.11)
G,” —Bgd, ! C” —B.d, !
S nBGd°) b ) B B XD 4 c12)

“Vis (t) +T : yv(k+1) (t) + ot

0=—v,()+v,, (t)+w-iLk(t)+B—rf-yLk(t)+ (" _nﬁ ) Tu® B Hu® .13
0=y, ®-v,®-d® (C.14)

0= ¥y (D) = ¥y (D)D) (C.15)

0=y, t)—i,(t)-d(t) (C.16)
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The matrices corresponding to the SCPQDM of section K, transmission line model

with average distance between phase conductors as the only parameter are:

XO=[1® Yt ® i® 2O Py ® 3] 1 i0=[ip® iy 0]s pO=0V):

(6"~ p.d,)I |
(67 -poa,)! 0 LB g
v - n n _
egxl 2
G -pg.d )l
0 (6" ~4ec:) a0 Py
L n n i
o _
(6" -ped) 0 o B g
Deqxd1: : (0 Y n 5
0 ) o o B g
L n n
(RI(O _ﬂRdo)l /N
Yoo =| -1, I, . 00 =)
(LI(O)_ﬂLdO)l A
D_,,=/0 0 0 0 —/—|;
eqxd 2 n n
00017 0 0
Yu [0 0 0 0 I, 0 ; Fg,:fq=-1 othersare, fori=1~12;
000 0 0 I,
Yequ =NUll; Yo, =null s Copy =05 Yoo, =null 5 Y, =null; Co, =0; Y, =null;

Yoy =NUIL; Cy =05 (Fly ) =null s (i, ) =null; (L, ) =null; (L) =null ;
(Flpps ) =null

equp3

where 1, is the identity matrix with the dimension of 4.
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C.3 Section k, Transmission Line Model with the Average Height of Phase

Conductors as the Only Parameter

The model of section k is described in Figure C.5.

i L-l/n . ]
Vea(t) 28 IR e L) e ®,
o Iak’lL(t) : : :NY\/\'ILKb(t) Ibk,b(t) kila
Vo) 2K e RISV
V (t) Iak’c‘() ! : !NY\/\lLLk,c(t) Ibk‘,c(t)v (t)
k,c . t 1 } ’ g e
lacg O | Lo i, o (t i (1)
R . S VS L VAN (3

[ -—————————————

G,-l/n C l/n G,-l/n C,l/n

Figure C.5. Section £ model with average height of phase conductors as the only
parameter

where R, L, G, and C, are series resistance, series inductance, shunt conductance
and shunt capacitance per mile; | is the total length of the line; h(t) is the average height

of phase conductors.

In addition, linearize the above R,, L,, G, and C, matrices around the initial value

of the average height of phase conductors h, (the value of the above matrices with height
h, are R, L, G and C").
R, =R +a. (h(t)-h) (C.17)

L =L" +a_-(h(t)-h) (C.18)
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C,=C"+a.-(h(t)-h) (C.19)
G, =G, +a;-(h(t)-h) (C.20)

All states and through variables are defined in Table C.7, Table C.8 and Table C.9,

respectively.

Table C.7. States of section k model with average height of phase conductors as the
only parameter

Index Variable Description
0 Vo phase A voltage, left terminal
1 Vi) phase B voltage, left terminal
2 Vi (D phase C voltage, left terminal
3 Vin(D) phase N voltage, left terminal
4 Virra® phase A voltage, right terminal
5 Virin(®) phase B voltage, right terminal
6 Vi) phase C voltage, right terminal
7 Viern (D phase N voltage, right terminal
8 o) phase A current through inductance
9 il_k,b ) phase B current through inductance
10 e ®) phase C current through inductance
11 iLk,n(t) phase N current through inductance
Introduced state for quadratization, phase A voltage times
12 Yual®) h(t), left terminal
Introduced state for quadratization, phase B voltage times
13 YD) h(t), left terminal
Introduced state for quadratization, phase C voltage times
14 Yaee® h(t), left terminal
Introduced state for quadratization, phase N voltage times
15 Yan(D) h(t), left terminal
Introduced state for quadratization, phase A voltage times
16 Yirya® h(t), right terminal
Introduced state for quadratization, phase B voltage times
17 Yienn® h(t), right terminal
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Table C.7. continued

12 y ®) Introduced state for quadratization, phase C voltage times
v(ke).c h(t), right terminal
19 y () Introduced state for quadratization, phase N voltage times
v(k+1).n h(t), right terminal
Introduced state for quadratization, phase A current through
20 Yia® inductance times h(t)
51 VoD Introduced state for quadratization, phase B current through
Lkb inductance times h(t)
Introduced state for quadratization, phase C current through
22 Ve inductance times h(t)
Introduced state for quadratization, phase N current through
23 Yuen(®) inductance times h(t)

Table C.8. Parameters of section X model with average height of phase conductors
as the only parameter

Index Variable Description
0 d(t) Average distance between phase conductors

Table C.9. Through variables of section k£ model with average height of phase
conductors as the only parameter

Index Variable Description

0 iak,a(t) phase A current, left terminal
1 Iy (D) phase B current, left terminal
2 () phase C current, left terminal
3 aen () phase N current, left terminal
4 Iy 2 (D phase A current, left terminal
5 Iy o () phase B current, left terminal
6 . () phase C current, left terminal
7 ibk,n(t) phase N current, left terminal
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Define i, (t) as the three phase and neutral current through the series inductance;

Yu O, yv(kﬂ)(t), and y,(t) are introduced states for quadratization; recall the

definitions of i, (t), v, (1), i, (t) and v,,, (1) : three phase and neutral current and

voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)
_ Vi (D) _ Vo |, _ e (®)
Vk(t) - Vk,c(t) ’ Vk“ (t) - Vk+1,c (t) ’ lLk (t) - iLk,c (t) ’
Vk,n(t) Vk+1,n(t) iLk,n(t)
Yeeal® Vina®)| YVia(t)
Yuep (D) Yo ) Y ()
t)= ’ ) (D= > Y= ’ ’
YOy o YOy o O o
Yuen (D yv(kﬂ)’n(t) Yikan(®
iak,a(t) ibk,a(t)
. lan(®) | I p ()
iy ()= i ’ | iy (D)= i ’ o
Iakn(t) Ibkn(t)

The transmission line section k model can be formulated in compact form as follows:

(GI(O) _aeh)) l

iak H=

(O 0! vt ad da® oy
. Lk )

ol
v, (O)+—=y, O+
VO +—=yu® o

(G —agh,|!

(C@_%myﬁMAD+%Lmem

i, ()= -vk+1(t)+a—ri‘|~yv(k+l)(t)+ " - & —-i, (1) (C.22)
R —agh )l L —ah)l g

0 :_Vk(t)+vk+1(t)+( : uRm) Ay (t)+a_r|:|'3’|_k(t)+( 1 nqub) ' dllgt(t) +a_l:|. dyakt(t) (C.23)

0=y, 1)—v (1) ht) (C.24)

0= Yok (t)—v,,, (t)-h(t) (C.25)
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0=y, ()i ®)-h(t) (C.26)
The matrices corresponding to the SCPQDM of section K, transmission line model

with average distance between phase conductors as the only parameter are:

xO=[n® ¥ ® ib® 2a® R ® ru®] 1 iO=[i,® HLO]:

(Gl(O)_aGho)l agl |
- n ) L= 0
PO=hO; Yo = o :
(Gl _aeho)l agl
0 I, 0 = 0
L n n |
(€9 —ach)I |
(6" -ach) 0 0o %l o o
n n
D = 3
eqxd1 9
" —ach )l
0 (6" -ach) 0 o %
L n n i
(Rl(O) _aRhO)I agl
Yoo =|-1, 1, - 0 0 TR;
(L -ah,) ol
Dy, =|0 0 - 0 0 TL;
000 1, 0 0
Yo =0 0 0 0 I, 0] F.:f.,=-1 othersare0, fori=1~12;
000 0 0 I,
Yo =nuUll; Y, =null; C, =05 Y, =null; Y, =null; C,=0; Y, =null;

Yop; =null; Cy; =0 <F;qxx3> =null ; <F;quu3> =null ; <F;qpp3> =null ; <F;qxu3> =null ;

<F;qup3> =null;

where I, is the identity matrix with the dimension of 4.
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C.4 Section k, Transmission Line Model with the Total Length of the Line

and the Average Distance between Phase Conductors as Two Parameters

The model of section k is described in Figure C.6.

) . aka( ) 1'__(_)_.: I;‘K\If(\fzf/\r:;ka(t) _ibl;,a(t)
W g L e gD
) 20 Lo BN
i 1 IO I T ®
Vi (©) ()_.____ e e S A S SRR

T > =
- > .

C,-I(t)/n

()/n

Gll()/n

CI()

Vk+1,a (t)
Vk+1,b (t)
k+l,c (t)

Vk+l,n (t)

Figure C.6. Section £ model with the total length of the line and the average

distance between phase conductors as two parameters

where R, L, G, and C, are series resistance, series inductance, shunt conductance

and shunt capacitance per mile; | (t) is the total length of the line; d(t) is the average

distance between phase conductors.

In addition, linearize the above R,, L,, G, and C, matrices around the initial value

of the average distance between phase conductors d, (the value of the above matrices

with distance d, are R, L, " and C'").

R, = (0)+BR'(d(t)_d0)
L =L+, -(d(1)-0,)
C,=C" +p.-(d(t)-d,)
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G, =G, +B(d(t)-d,) (C.30)
All states and through variables are defined in Table C.10, Table C.11 and Table

C.12, respectively.

Table C.10. States of section £ model with the total length of the line and the
average distance between phase conductors as two parameters

Index Variable Description

0 Vi phase A voltage, left terminal

1 Vk,b(t) phase B voltage, left terminal

2 Vie (t) phase C voltage, left terminal

3 Vin(D) phase N voltage, left terminal

4 Vieura® phase A voltage, right terminal

5 Vi) phase B voltage, right terminal

6 Vi) phase C voltage, right terminal

7 Viern (D phase N voltage, right terminal

8 ina®) phase A current through inductance

9 U] phase B current through inductance

10 iLk,c t) phase C current through inductance

11 N Q) phase N current through inductance

12 ® Introduced state for quadratization, phase A voltage times
Yica [(t), left terminal

13 ® Introduced state for quadratization, phase B voltage times
Yoo I(t), left terminal

14 v () Introduced state for quadratization, phase C voltage times

e [(t), left terminal

15 ®) Introduced state for quadratization, phase N voltage times
Yucn I(t), left terminal

16 y ) Introduced state for quadratization, phase A voltage times
Uk+l).a [(t), right terminal

17 y ® Introduced state for quadratization, phase B voltage times
W(k+1).0 [(t), right terminal

18 y ) Introduced state for quadratization, phase C voltage times
v(ke).c [(t), right terminal
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Table C.10. continued

Introduced state for quadratization, phase N voltage times

19 Yot n(®) [(t), right terminal
20 Yia(®) Introduced state for. quadratizat%on, phase A current through
’ inductance times |(t)
o1 Yio (D) Introduced state for. quadratizat?on, phase B current through
. inductance times | (t)
2 Vi () Introduced state for. quadratizat?on, phase C current through
© inductance times |(t)
” Yoo (t) Introduced state for. quadratizat@on, phase N current through
n inductance times | (t)
Introduced state for quadratization, phase A voltage times
24 Zica®) I(t) times d(t), left terminal
Introduced state for quadratization, phase B voltage times
25 Zicn (D) I(t) times d(t), left terminal
Introduced state for quadratization, phase C voltage times
26 Zue(®) I(t) times d(t), left terminal
Introduced state for quadratization, phase N voltage times
27 Zun(®) I(t) times d(t), left terminal
Introduced state for quadratization, phase A voltage times
28 Zall) I(t) times d(t), right terminal
2 ®) Introduced state for quadratization, phase B voltage times
Akt I(t) times d(t), right terminal
30 z ®) Introduced state for quadratization, phase C voltage times
(k+l).c I(t) times d(t), right terminal
31 7 () Introduced state for quadratization, phase N voltage times
(k+1).n I(t) times d(t), right terminal
Introduced state for quadratization, phase A current through
32 Zia® inductance times |(t) times d(t)
Introduced state for quadratization, phase B current through
33 Zin(® inductance times |(t) times d(t)
34 2. () Introduced state for quadratization, phase C current through
Lk inductance times |(t) times d(t)
Introduced state for quadratization, phase N current through
35 Zy (1)

inductance times |(t) times d(t)
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Table C.11. Parameters of section £ model with the total length of the line and the
average distance between phase conductors as two parameters

Index Variable Description
0 [(t) Total length of the line
0 d(t) Average distance between phase conductors

Table C.12. Through variables of section £ model with the total length of the line
and the average distance between phase conductors as two parameters

Index Variable Description
0 iak,a(t) phase A current, left terminal
1 Iy (D) phase B current, left terminal
2 I () phase C current, left terminal
3 iak,n(t) phase N current, left terminal
4 ibk,a(t) phase A current, left terminal
5 imb(t) phase B current, left terminal
6 e (1) phase C current, left terminal
7 ibkﬂn(t) phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;
Va5 Yoy O 5 20O 5 20O 5 24,y @) 5 and 7, (1) are introduced states for

quadratization; recall the definitions of i, (t), v, (t), i, (t) and v,,,(t): three phase and

neutral current and voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)

ka t Vk+lb t o iLkb t
Vk(t): V’ Et; > Vk+1(t): v ’ Et; s lLk(t)= | ’ Et; 5

VoD Ve n(® en®
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Yeea® VgD RO
Yo () Yo b (t) Yo
vk )= , ’ v(k+1 t)= > Lk t)= , »
YOy o YOy o O o
) _yv(k+1),n(t)J Yuen (D
Zyalt) Ziena®)] Zua®)
_ Zyp(1) _ zV(kJrl),b(t) _ Z, (1)
e T P e EWCI
kan(t) _zv(k+1),n(t)_ ZLk,n(t)
iak,a(t) ibk,a(t)
o e®] L e®
iy ()= i o(D s ()= o (1) .
iak,n(t) ibk,n(t)

The transmission line section k model can be formulated in compact form as follows:

=SBy By 00 OB DO B 10 ) e
)= ;Bed" Vuen (t)+'3ﬁ-zv<kﬂ) o dy“gt” 0 +'% dl“(gt” Y o)
0=—v, () +v,, 1) +% Y () +B_I’T -z, (D) + LI(O) ;B"do . dyl(_ikt(t) +B—r']‘~ dzakt(t) (C.33)
0=y, O—-v ()1 (C.34)

0= ¥, 00D =Vt 1) (C.35)

0=y, ()i, (1)) (C.36)

0=2, ()~ ()-d(V (€37)

0=2,40) (0 =Y,y (0D (€38)

0=z, (t)—y,(t)-d(t) (C.39)
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The matrices corresponding to the SCPQDM of section K, transmission line model
with the total length of the line and the average distance between phase conductors as
parameters are:

T
;

XO=[n® v® iL® P® Py ® Pe® 2® 24 ® 0]

i) =[i, @ i, ®]; p®O=[It) dO];

(0) _
00 1, G A4 0 0o o9 0
n n
qux]_ G(O d >
00 -1, 0 L Pl 0 0 L3 0
n n
" - p.d B
0 00 — Lo 0 0 == 0 o0
n n .
Deqxd1: C(O —ﬂd ﬂ s
0 00 0 ! €0 0 0 = 0
n n
R" - p.d
quxz—{—g L, ooo B A /]R},
n n
L -pd
Deqxdzz{o 0000 L —Adh 4, ﬁL},
n n
00 07, 0 0 0 0 O]
o 00 0 7, 0 0 0 o0
0O 00 0 0 1, 0 0 O
Yx3: >
& o000 0 0 o0 1, 0 O
o 00 0 0 0 o0 1, O
0000 0 0 0 0 I,
Fop t foqupy =—1 othersare 0, for i =1~12;
Fop  Toqoyy =—1 othersare 0, for i=13~24
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Yequ =NUll; Yo, =null s Copy =05 Yoo, =null 5 Y, =null; Co, =0; Y, =null;

Yoy = NUIL; e =0 (Rl ) = null s (Flyyys) = null s (L) = null s (Rl ) = null

(Flyps ) =null

where I, is the identity matrix with the dimension of 4.

157



C.5 Section k, Transmission Line Model with the Total Length of the Line

and the Average Height of Phase Conductors as Two Parameters

The model of section k is described in Figure C.7.

RN Lo/ -
-2, I t
Via® a“(t) PV :W=¢ka(t) ibéagtg
v ('[) | () | ! |W:L|_k,b() biep
o () R i o (1) ON
(t ) i L vonagtke b
e ak”() : ; :NY\/\:LLK“(U 'L()
Vien(®) IR R LA i SR o o b W ik e B
et | oo
I ]! I i el !
| ARl < T
I T l IR
IR IR
I I ! I ' I
h I [
: 11 ! : i !
Yad :.;/__/_/_/j/"-/-/-/-;/-l Ve Y aad Yad Y ////'//-/-/-/_/-//}’ {/--/i-/-/-/ Yad
G 1(O/n Ci(t)/n G (D C.i(t)/n

Vk+1,a (t)
Vk+1,b (t)
k+l,c (t)

Vk+l,n (t)

Figure C.7. Section k model with the total length of the line and the average height

of phase conductors as two parameters

where R, L, G, and C, are series resistance, series inductance, shunt conductance

and shunt capacitance per mile; |(t) is the total length of the line; h(t) is the average

height of phase conductors.

In addition, linearize the above R,, L,, G, and C, matrices around the initial value

of the average height of phase conductors h, (the value of the above matrices with height

h, are R, L, G and C").
R, =R +a, (h(t)-h)
L =L" +a_-(h(t)-h)

C,=C" +a.-(h(t)-h)
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G, =G/"” +as-(h(t)-h) (C.43)

All states and through variables are defined in Table C.13, Table C.14 and Table

C.15, respectively.

Table C.13. States of section £ model with the total length of the line and the
average height of phase conductors as two parameters

Index Variable Description

0 Vi phase A voltage, left terminal

1 Vk,b(t) phase B voltage, left terminal

2 Vie (t) phase C voltage, left terminal

3 Vin(D) phase N voltage, left terminal

4 Vieura® phase A voltage, right terminal

5 Vi) phase B voltage, right terminal

6 Vi) phase C voltage, right terminal

7 Viern (D phase N voltage, right terminal

8 ina®) phase A current through inductance

9 U] phase B current through inductance

10 iLk,c t) phase C current through inductance

11 N Q) phase N current through inductance

12 ® Introduced state for quadratization, phase A voltage times
Yica [(t), left terminal

13 ® Introduced state for quadratization, phase B voltage times
Yoo I(t), left terminal

14 v () Introduced state for quadratization, phase C voltage times

e [(t), left terminal

15 ®) Introduced state for quadratization, phase N voltage times
Yucn I(t), left terminal

16 y ) Introduced state for quadratization, phase A voltage times
Uk+l).a [(t), right terminal

17 y ® Introduced state for quadratization, phase B voltage times
Uk+1).0 [(t), right terminal

18 y ) Introduced state for quadratization, phase C voltage times
v(ke).c [(t), right terminal
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Table C.13. continued

Introduced state for quadratization, phase N voltage times

t
13 Yogrn (V) [(t), right terminal
20 ) Introduced state for quadratization, phase A current through
Yica inductance times |(t)
o1 v () Introduced state for quadratization, phase B current through
Lkb inductance times |(t)
2 Voo (t) Introduced state for quadratization, phase C current through
Lk.c inductance times |(t)
” y. Introduced state for quadratization, phase N current through
Lk.n inductance times |(t)
R Introduced state for quadratization, phase A voltage times
24 Zica(®) [(t) times h(t), left terminal
¢ Introduced state for quadratization, phase B voltage times
25 Zicol®) I(t) times h(t), left terminal
¢ Introduced state for quadratization, phase C voltage times
26 Zue(®) I(t) times h(t), left terminal
¢ Introduced state for quadratization, phase N voltage times
27 Zun(®) I(t) times h(t), left terminal
®) Introduced state for quadratization, phase A voltage times
28 Afketa I(t) times h(t), right terminal
®) Introduced state for quadratization, phase B voltage times
29 Afkrnd I(t) times h(t), right terminal
®) Introduced state for quadratization, phase C voltage times
30 A I(t) times h(t), right terminal
() Introduced state for quadratization, phase N voltage times
31 Akt I(t) times h(t), right terminal
¢ Introduced state for quadratization, phase A current through
32 Zia® inductance times |(t) times h(t)
; Introduced state for quadratization, phase B current through
33 Zin(® inductance times I(t) times h(t)
_— Introduced state for quadratization, phase C current through
34 e(®) inductance times |(t) times h(t)
Introduced state for quadratization, phase N current through
35 Zy (1)

inductance times I(t) times h(t)
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Table C.14. Parameters of section kX model with the total length of the line and the
average height of phase conductors as two parameters

Index Variable Description
0 [(t) Total length of the line
0 h(t) Average height of phase conductors

Table C.15. Through variables of section £ model with the total length of the line
and the average height of phase conductors as two parameters

Index Variable Description
0 iak,a(t) phase A current, left terminal
1 Iy (D) phase B current, left terminal
2 I () phase C current, left terminal
3 iak,n(t) phase N current, left terminal
4 ibk,a(t) phase A current, left terminal
5 imb(t) phase B current, left terminal
6 e (1) phase C current, left terminal
7 ibkﬂn(t) phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;
Va5 Yoy O 5 20O 5 20O 5 24,y @) 5 and 7, (1) are introduced states for

quadratization; recall the definitions of i, (t), v, (t), i, (t) and v,,,(t): three phase and

neutral current and voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)

ka t Vk+lb t o iLkb t
Vk(t): V’ Et; > Vk+1(t): v ’ Et; s lLk(t)= | ’ Et; 5

VoD VLS en®
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Yaeal® Yagena® | RO
Yuep (D) Yoty (t) Yo
t)= ’ , NOE , Y ()= ’ )
Yu (O y\,k’c(t) Yos )( ) yv(k+1),c(t) M) yLk,c(t)
) yv(kﬂ),n(t) Yuen (D
Zia® Ziena®)] Zua(®)
_ Zy (D) _ zV(kJrl),b(t) _ Z, 5 (D)
e T P e EWCI
kan(t) Zv(k+1),n(t) ZLk,n(t)
iak,a(t) ibk,a(t)
o e®] L e®
i, (D)= i (D s iy (D)= o (1) .
iak,n(t) ibk,n(t)

The transmission line section k model can be formulated in compact form as follows:

) G -a o cY—q dy. () a. dz, (1) .
lak(t):%'y\/k(t)"‘?e'zvk(t)"‘ : = Cm' yékt()*'Tc Zékt()+lLk(t)(C~44)

(0) ~ach A i) O s oz, (©)
ot n d

] G —q, a C .
iy (D)= ITGH) AR ® +?G “Zy(ks) t)+— —i, (t)(C.45)

0=—v,(t)+v,, (t)+R‘(O)+aFJB~yLk(t)+a—r$-sz(t)+L1(0) ol dyakt(t) +“—nL. dzakt(t) (C.46)
0=y, (t)— v, () I(t) (C.47)

0= ¥, D=V )1 1) (C.48)

0=y, (t)—iy, (O)-1() (C.49)

0=z, ()—y, (1) h(t) (C.50)

0=2,, ()= Yyy - (©51)

0=z, ()—y, (1) h(t) (C.52)
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The matrices corresponding to the SCPQDM of section K, transmission line model
with the total length of the line and the average height of phase conductors as parameters
are:

T
;

XO=[n® vi® iL® P® Py ® re® 2® z4® 0]

it =[i,® i, ®]; p®O=[I) h®];

(0) _
00 1, G —%h 0 0 %= o o0
vy = n n
egxl (0)_ >
00 I, 0 G mah g %
n n
" —ach, a
0 0 0 — - 0 0 < 0 0
n n
D, = ;
egxd1 (0)_ ’
00 0 0 G —ah § o %
n n
R" —agh, a
Y _.=|-I, I, 0 0 0 — = 0 0 =&,
eqx2 { 4 4 n n
L —ah a
D_,=(0 0 0 0 0 — L 00 |
eqxd 2 |: n n
00 07, 0 0 0 0 O]
o 00 0 7, 0 0 0 o0
0O 00 0 0 1, 0 0 O
Yx3: >
& o000 0 0 o0 1, 0 O
o 00 0 0 0 o0 1, O
0000 0 0 0 0 I,
Fop t foqupy =—1 othersare 0, for i =1~12;
Fop  Toqoyy =—1 othersare 0, for i=13~24
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Yequ =NUll; Yo, =null s Copy =05 Yoo, =null 5 Y, =null; Co, =0; Y, =null;

Yoy = NUIL; e =0 (Rl ) = null s (Flyyys) = null s (L) = null s (Rl ) = null

(Flyps ) =null

where I, is the identity matrix with the dimension of 4.
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C.6 Section k, Transmission Line Model with the Average Distance between
Phase Conductors and the Average Height of Phase Conductors as Two

Parameters

The model of section K is described in Figure C.8.

R, -I/n L -1/

e—n L A (
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n(t) ! Pl 1 (D) Ik n )
Vk,n(t) ak> N ) _-__-..,: 1 :Wlék’n N __,_____|= Vk+1,n(t)
B N 0t L
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et iR
I Il - I 1l -
I 11 ::l | [N ::l
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Y C G Clt il e T SR & S o
G,-1/n C I/n G,-1/n C-l/n

Figure C.8. Section k£ model with the average distance between phase conductors
and the average height of phase conductors as two parameters

where R, L, G, and C, are series resistance, series inductance, shunt conductance
and shunt capacitance per mile; | is the total length of the line; d(t) is the average
distance between phase conductors; h(t) is the average height of phase conductors.

In addition, linearize the above R, L, G, and C, matrices around the initial value
of the average distance between phase conductors d, and the average height of phase
conductors h, (the value of the above matrices with distance d, and height h, are R,

L, G and C).

R =R +a. (h(t)-h)+Bs-(d(t)-d,) (C.53)
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L =L +a_(h(t)-h)+p,(d(t)-d,) (C.54)
C,=C"" +a (h(t)-h)+B.(d(t)-d,) (C.55)
G, =G +ag (h(t)-h)+Bs-(d(t)—d,) (C.56)

All states and through variables are defined in Table C.16, Table C.17 and Table

C.18, respectively.

Table C.16. States of section £ model with the average distance between phase
conductors and the average height of phase conductors as two parameters

Index Variable Description

0 Vo phase A voltage, left terminal

1 Vk,b(t) phase B voltage, left terminal

2 Ve (t) phase C voltage, left terminal

3 Vi () phase N voltage, left terminal

4 Vkﬂ’a(t) phase A voltage, right terminal

5 Vi) phase B voltage, right terminal

6 Ve phase C voltage, right terminal

7 Viern(D phase N voltage, right terminal

8 ina®) phase A current through inductance

9 U] phase B current through inductance

10 iLk,c t) phase C current through inductance

11 iLkm(t) phase N current through inductance

b ® Introduced state for quadratization, phase A voltage times
Yica d(t), left terminal

13 ) Introduced state for quadratization, phase B voltage times
Yoo d(t), left terminal

14 ) Introduced state for quadratization, phase C voltage times
Wik d(t), left terminal

15 ®) Introduced state for quadratization, phase N voltage times
Y d(t), left terminal

16 y ) Introduced state for quadratization, phase A voltage times
Uk+l).a d(t), right terminal
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Table C.16. continued

Introduced state for quadratization, phase B voltage times

17 Yirrno®) d(t), right terminal
18 Y ® Introduced state for quadratization, phase C voltage times
v(ke).c d(t), right terminal
19 y ) Introduced state for quadratization, phase N voltage times
v(k+1).n d(t), right terminal
20 yio () Introduced state for quadratization, phase A current through
Lka inductance times d(t)
o1 v () Introduced state for quadratization, phase B current through
Lkb inductance times d(t)
Introduced state for quadratization, phase C current through
22 Yie®) inductance times d(t)
” y. Introduced state for quadratization, phase N current through
Lk.n inductance times d(t)
24 Z..() Introduced state for quadratization, phase A voltage times
A h(t), left terminal
25 Z.o(t) Introduced state for quadratization, phase B voltage times
b h(t), left terminal
2% z, (1) Introduced state for quadratization, phase C voltage times
-C h(t), left terminal
7 Z, (1) Introduced state for quadratization, phase N voltage times
AN h(t), left terminal
)8 Z, ® Introduced state for quadratization, phase A voltage times
kl).2 h(t), right terminal
29 ) Introduced state for quadratization, phase B voltage times
A h(t), right terminal
30 z, ) Introduced state for quadratization, phase C voltage times
kel).c h(t), right terminal
31 z, t) Introduced state for quadratization, phase N voltage times
(k+1).n h(t), right terminal
1 z. (1) Introduced state for quadratization, phase A current through
ka inductance times h(t)
3 z,.® Introduced state for quadratization, phase B current through
kb inductance times h(t)
34 z. () Introduced state for quadratization, phase C current through
Lk inductance times h(t)
Introduced state for quadratization, phase N current through
3 5 ZLk,n (t)

inductance times h(t)
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Table C.17. Parameters of section k model with the average distance between phase
conductors and the average height of phase conductors as two parameters

Index Variable Description
0 d(t) Average distance between phase conductors
0 h(t) Average height of phase conductors

Table C.18. Through variables of section £ model with the average distance
between phase conductors and the average height of phase conductors as two

parameters
Index Variable Description
0 iak,a(t) phase A current, left terminal
1 iak,b(t) phase B current, left terminal
2 iak,c t) phase C current, left terminal
3 aen(® phase N current, left terminal
4 Iy 2 (D phase A current, left terminal
5 Iy p (D) phase B current, left terminal
6 ibk,c () phase C current, left terminal
7 I (0 phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;
Y@, yv(k+1)(t), yo @, 7,0, zv(k+l)(t) , and gz, (t) are introduced states for

quadratization; recall the definitions of i, (t), v, (1), i, (t) and v,,,(t): three phase and

neutral current and voltage vectors at each terminal of section k. That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)
ka t Vk+1b t . iLkb t

v (D)= V’ Et; » V(M= v ’ Et; , i, (M= i , Et; 5
Vk:n(t) Vk+1:n(t) ILkn(t)
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Yueal®) ena®] Yeka(D)
Yo () Yoo (t) Yo
vk )= , ’ v(k+1 t)= > Lk t)= , »
YOy o] YOy o O o
) _yv(kﬂ),n(t)_ Yuen (D
Zya® Ziena®)] Zua(®)
Z,, () Zycyn(®) Zyp (D)
n=|_" s Ty (D= > 2y ()= ’ )
ZVK( ) kac(t) ZV( )( ) z\/(k+1)’c(t) ’ ( ) ZLk,C(t)
kan(t) _zv(k+1),n(t)_ ZLk,n(t)
iak,a(t) ibk,a(t)
o e® ] Jie®
i, (D)= i (D s iy (D)= o (1) .
iak,n(t) ibk,n(t)

The transmission line section k model can be formulated in compact form as follows:

GI(O) —agh, —Bsd, [ ol
iy (D)= ( ) V(O +—= B Y () +_ z, (1)
" 4 : (C.57)
X (€ ~ach, ~Bed )l v, (1) +|3_C|. v ), acd da,® o
n dt n at n dt
GI(O) “%e'hv T GdO I
iy (D)= ( teh 7P ) Vi (t)"'l}_el yv(k+1)(t)+a_G|'Zv(k+1)(t)
n N : (C.58)
N (CI(O) —och, —Bcd, )l dv, (D) +B_C|. Ay yjeer) () N ocl Az, (1) Si ()
n dt n dt n dt H
RI(O) “UYRD T RdO
0:_Vk(t)+vk+l(t)+( “e 7P ) A+ B | yLk(t)+ 2y, (1)
) n N (C.59)
L -ah B ) b B dy @ el de, )
n dt n at n dt
0=y, O-v, () -d(t) (C.60)
0= yv(k+1)(t) ~Via (t) ’ d(t) (C61)
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0=y, (-, (1)-d® (C.62)

0=z,(t)—v.(t)-h) (C.63)
0= Zv(k+1) (t) = Vs (t) ) h(t) (C64)
0=z, (t)—i, 1) h(t) (C.65)

The matrices corresponding to the SCPQDM of section K, transmission line model

with the average distance between phase conductors and the average height of phase
conductors as parameters are:
.

O =[O vi® iL® P® Py ® re® 2® z4® 0]

it)=[iy® ix®]; p®)=[d®) h®O];

(G —agh, - p.d, )] ]
(61" -ech —fecs) 0 L Fog 0% g
vy - n n n
a O _, ’
0 (Gl ash, ﬂedo)l I, B 0 0 agl 0
L n n n |
(O _, h_ 1
(G -ech —fec) 0 I - R
3 n n n
Deqxdl (C(O)_a ho_ﬂd )I s
0 1 c c ﬂ_cl 0 0 acl 0
L n n n N
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o 0017, 0 0 0 0 o0
000 0 1, 0 0 0 O
0o 00 0 0 1, 0 0 O
Y .= ;
1000 0 0 0 I, 0 0
o000 0 0 0 o0 1, O
000 0 0 0 0 0 I,
Fopt foqupy =—1 othersare 0, for i =1~12;
F' .. f ,=—1, othersare 0, for i =13 ~24

eqpx3 * “eq[2][i-12

=null ; Y

Yo =null; Y, =null; C o, =05 Y, a2 =null ;

=null ; Cor =0: Y,

pl eqel equ3

Yop; =null; Cy; =0 <F;qxx3> =null ; <F;quu3> =null ; <F;qpp3> =null ; <F;qxu3> =null ;

<F;qup3> =null;

where 1, is the identity matrix with the dimension of 4.
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C.7 Section k, Transmission Line Model with the Total Length of the Line,
the Average Distance between Phase Conductors and the Average Height of

Phase Conductors as Three Parameters

The model of section K is described in Figure C.9.

G RO L0 CH
al) i) LT () ey (D) r12
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e e o (A === ,______.bk” Vi ()
oot oot

L ! —he
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| 1 T | 1 T 1
| [N} - | 11 -
| 1 | | (N I
| 1 | | (N I
| 1 | | (N I
| 1 | | 1 I
I Il | I 1 |
/:-__/___/j//l(;___/__l// 7/ /7 /7 /7 {____/_/}/{_/__/___l/

Figure C.9. Section k£ model with the total length of the line, the average distance
between phase conductors and the average height of phase conductors as three
parameters

where R, L, G, and C, are series resistance, series inductance, shunt conductance
and shunt capacitance per mile; | (t) is the total length of the line; d(t) is the average
distance between phase conductors; h(t) is the average height of phase conductors.

In addition, linearize the above R,, L, G, and C, matrices around the initial value

of the average distance between phase conductors d, and the average height of phase
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conductors h, (the value of the above matrices with distance d, and height h, are RI(O)

LI(O), Gl(O) and Cl(O))'

Rl

L =

Cl

Gl

3

R +ag-(h(t)-h)+B-(d(t)-d,) (C.66)
L +a_-(h(t)-h)+B,_-(d(t)-d,) (C.67)
C,”+ac-(h(t)—h)+B-(d(t)-d,) (C.68)

G +ag-(h(t)-h)+Be-(d(t)-d,) (C.69)

All states and through variables are defined in Table C.19, Table C.20 and Table

C.21, respectively.

Table C.19. States of section k£ model with the length, the average distance between
phase conductors and the average height of phase conductors as three parameters

Index Variable Description
0 Via (D phase A voltage, left terminal
1 Vip(D phase B voltage, left terminal
2 Vi (D phase C voltage, left terminal
3 Vi (O phase N voltage, left terminal
4 Vieura® phase A voltage, right terminal
5 Ve (D) phase B voltage, right terminal
6 Vierrc (D) phase C voltage, right terminal
7 Vk+1,n(t) phase N voltage, right terminal
8 o) phase A current through inductance
9 il_k,b ) phase B current through inductance
10 IPNG) phase C current through inductance
11 iLk,n(t) phase N current through inductance
12 Yool Introduced state for ?uadratizatiog, phase A voltage times
(1), left terminal
13 Yoo (D) Introduced state for quadratization, phase B voltage times

[(t), left terminal
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Table C.19. continued

Introduced state for quadratization, phase C voltage times

14 Yaee) I(t), left terminal
15 Vo () Introduced state for quadratization, phase N voltage times
won I(t), left terminal
16 y ) Introduced state for quadratization, phase A voltage times
Uk+1)a [(t), right terminal
17 y ® Introduced state for quadratization, phase B voltage times
W(k+1).b I(t), right terminal
18 y ) Introduced state for quadratization, phase C voltage times
v(k+).c [(t), right terminal
19 y ®) Introduced state for quadratization, phase N voltage times
v(k+1).n I(t), right terminal
20 ) Introduced state for quadratization, phase A current through
Yica inductance times |(t)
o1 ® Introduced state for quadratization, phase B current through
Yuco inductance times |(t)
2 ) Introduced state for quadratization, phase C current through
Yike inductance times |(t)
3 ®) Introduced state for quadratization, phase N current through
Yikn inductance times |(t)
24 ® Introduced state for quadratization, phase A voltage times
Aha [(t) times d(t), left terminal
55 ®) Introduced state for quadratization, phase B voltage times
Sk [(t) times d(t), left terminal
26 ) Introduced state for quadratization, phase C voltage times
Akce [(t) times d(t), left terminal
27 ®) Introduced state for quadratization, phase N voltage times
At [(t) times d(t), left terminal
)8 ) Introduced state for quadratization, phase A voltage times
Ak.a [(t) times d(t), right terminal
29 ) Introduced state for quadratization, phase B voltage times
Akt [(t) times d(t), right terminal
30 Z. .. (0 Introduced state for quadratization, phase C voltage times
(kti).c [(t) times d(t), right terminal
31 ) Introduced state for quadratization, phase N voltage times
Akt [(t) times d(t), right terminal
10 ®) Introduced state for quadratization, phase A current through
Aka inductance times |(t) times d(t)
Introduced state for quadratization, phase B current through
33 Zyp®)

inductance times |(t) times d(t)
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Table C.19. continued

Introduced state for quadratization, phase C current through

34 Zcot) inductance times |(t) times d(t)
35 z, (1) Introduced state for quadrgtization, phase N current through
’ inductance times |(t) times d(t)
36 W, () Introduced state for guadratization, pha;e A voltage times
a [(t) times h(t), left terminal
37 W, () Introduced state for quadratization, phase B voltage times
’ [(t) times h(t), left terminal
18 W, (1) Introduced state for guadratization, phase C voltage times
€ [(t) times h(t), left terminal
39 w, . (t) Introduced state for quadratization, phase N voltage times
’ [(t) times h(t), left terminal
40 W ) Introduced state for. quadratizat.ion, phas§ A voltage times
+)a [(t) times h(t), right terminal
41 Wanso ) Introduced state for‘ quadratizat.ion, phasg B voltage times
’ [(t) times h(t), right terminal
4 W ®) Introduced state for. quadratizat.ion, phasF: C voltage times
*ihe [(t) times h(t), right terminal
43 W ) Introduced state for‘ quadratizat.ion, phas§ N voltage times
’ [(t) times h(t), right terminal
Introduced state for quadratization, phase A current through
44 Wea® inductance times |(t) times h(t)
45 W, (t) Introduced state for quadrgtization, phase B current through
: inductance times |(t) times h(t)
46 W, (1) Introduced stgte for quadr?tization, phase C current through
© inductance times | (t) times h(t)
47 W, (1) Introduced state for quadratization, phase N current through

inductance times I(t) times h(t)

Table C.20. Parameters of section £ model with the length, the average distance
between phase conductors and the average height of phase conductors as three

parameters
Index Variable Description
0 d(t) Average distance between phase conductors
0 h(t) Average height of phase conductors
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Table C.21. Through variables of section £ model with the length, the average
distance between phase conductors and the average height of phase conductors as
three parameters

Index Variable Description
0 Iy 20 phase A current, left terminal
1 Iy (D) phase B current, left terminal
2 () phase C current, left terminal
3 iak,n(t) phase N current, left terminal
4 ibk,a(t) phase A current, left terminal
5 imb(t) phase B current, left terminal
6 e (1) phase C current, left terminal
7 ibkﬂn(t) phase N current, left terminal

Define i, (t) as the three phase and neutral current through the series inductance;
Va5 YVypery@© 5 YO 5 20O 5 2000 O 5 20O 5 wy O, wy,, (O, and wy, (1) are
introduced states for quadratization; recall the definitions of i,/(t), v, (t), i, (t) and

V,..; () : three phase and neutral current and voltage vectors at each terminal of section k.

That means,

Vk,a(t) Vk+1,a(t) iLk,a(t)
| Yo ) | Vkaib t) . _ iLk,b t)
Vk (t) - Vk,c (t) ’ Vk+1 (t) - Vk+1,c (t) ’ lLk (t) - iLk,c (t) ’
Vk,n(t) Vk+1,n(t) iLk,n(t)
Yka (t) y"(k”)’a(t) yLk,a(t)
Yuep (D) Yoty (t) Yo
)= ’ > Jy(k+ t)= > t)= ’ s
yvk ) yVK’C (t) y (k l)( ) yv(kH),c (t) yLk( ) yLk’C (t)
) _yv(kﬂ),n(t)_ Yuen (D
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ka,a(t) _Z\/(k+1),a(t)_ ZLk,a(t)
Z, (1) Z\/(k+1),b(t) Z, (1)
vk )= , > vkl t)= > Lk t)= , »
“0) Zy o) |7 4 y(® Zugeno(®) zu) Z o ()
Zun(®)  Zyn®) Zn(t)
Wy o (1) ana®) ] W)
_ W (1) B v(k+l),b(t) B W (1)
O o | e Oy o] " O o |
Wi (1) _Wv(k+1),n(t)_ W (D)
iak,a(t) ibk,a(t)
o lwe®] L ie®
O o O o]
iak,n(t) ibk,n(t)

The transmission line section k model can be formulated in compact form as follows:

1= S0 Py o1 Pe 0+ 8w, 0
n (C.70)
+ _acho —B.d, ) dy, (1) +ﬁ_(:. dz,, (1) +a_(;. dw,, (t) i, (1)
n dt n dt n dt
ip ()= aGhO Ped, Yk O+== ﬁG v(k+1) t) + Wy k+1)(t)
(C.71)
_aChO ﬁcd dy (k+1) (t) ﬁ dz v(k+1) (t) O dw v(k+1) (t) .
+= Bo e e el
n dt n dt n adt
0=-v (t)+Vk+1(t)+ Rho Bedy yLk(t)+& ZLk(t)+ w (D)
: (C.72)
+ _uLhO B.d, dyLk(t) B_Ll dz,, (t) “_Ll dWLk(t)
n dt n dt n dt
0=y, v, -1V (€73)
0= yv(k+1)(t) — Vi (t) | (t) (C74)
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0=y, O—i, 111 (C.75)

0=z, (t)—y, ) -d(t) (C.76)
0=2,,. ()= ) (D) (C.77)
0=z, (t)—y, (1) -d(t) (C.78)
0=w, (1) -yut)-ht) (C.79)
0= W, =¥y (D) hD (C.80)
0=w, () -y, ®-h) (C.81)

The matrices corresponding to the SCPQDM of section K, transmission line model
with the total length of the line, the average distance between phase conductors and the
average height of phase conductors as parameters are:

-
;

x(t)=[vk(t) Va® O 2® P ®© 1O 2O 20O 2O w® w O wu((t)]

i®)=[i® ix®]s p®O=[I® dt) h®O];

O .
0 0 1, G oA 0 0% o 0% o o
y - n n n .
e G(O) d ’
00 —I 0 L =B o g By g %
4 n n n |
¢ —a.h, - p.d B a |
0 0 0 — %= % 0 02 o0 0% o o
D - n n n _
egxdl )
000 0 " —ach - Bcd, 0 0 P9 0 %
n n n i
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O _y b
quxz{—g oo o Bzahhd gy Beoy ﬁ};
n n n
O _gyh -
Deqxdzz{ﬂ 0000 L Tah=h 4y Aoy ﬂ};
n n n
000, 0 0 0 0 0 0 0 O]
0000 Z 0 0 0 0 0 0 0
0000 0 0 0 0 0 0 0
0000 0 0 Z 0 0 0 0 0
Ye={0 00 0 0 0 0 7, 0 0 0 0]
0000 0 0 0 0 1, 0 0 0
0000 0 0 0 0 0 1, 0 0
0000 0 0 0 0 0 0 I, 0
0000 0 0 0 0 0 0 0 1]
Flpo Ty =—1, othersare 0, for i=1~12;
Flpi Ty =—1 othersare 0, for i=13~24;
F, . :f —1, others are 0, for i =25~ 36;

eapx3 * leqr3lli-12]

Y =null; Yo, =null; Cgy =05 Yo,

=nul; Y

egp2

=null; Cy, =0 Y,

oqu3 = null ;

pl eqcl —

Yoy =NUIL; Cy =05 (Rl ) =null s (i ) =null; (FL,, ) =null; (L, ) =null ;

(Flyps ) =null ;

where I, is the identity matrix with the dimension of 4.
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Appendix D: Quadratic Integration

When solving algebraic and differential equations, we need to eliminate the
differential terms (using some integration methods) so that the original equations can be
converted into pure algebraic equations. In this dissertation, the quadratic integration
method [36] is adopted. This method assumes that the curve under integration varies
quadratically within the integration time window.

For example, as depicted in Figure D.1. The integration time window is [t—h,t].

Traditional trapezoidal integration method assumes that the curve varies linearly, and

calculates the integration results based on X(t) and x(t—h). Quadratic integration
calculates the integration results based on X(t), X(t,,) and X(t—h) (with an additional

value X(t,,), where t, =t—h/2), which improves the accuracy and numerical stability

compared to trapezoidal integration. Detail results for quadratic integration are derived as

follows.

Actual Curve

'\ Qua%iratic

Trapézoidal

t—h t t Time
Figure D.1. Quadratic integration method
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From Figure D.1, the red curve is a quadratic curve during the interval [t—h,t].
Therefore, the curve satisfies the following function:
X(t)=ar’ +br+c (D.1)
Also, the above curve passes 3 points: ((t—h),x(t—h)), (t,.x(t,)), and (t, x(t)),
that means:

at’ +bt+c=x(t)

at’ +bt+c=x(t) (D.2)
a(t—h/2)’+b(t—h/2)+c=x(t,) (D.3)
a(t—h)* +b(t—h)+c=x(t—h) (D.4)

We can therefore calculate the corresponding coefficients of the quadratic curve,

a:—%(zx(tm)—x(t)—x(t—h)) (D.5)
=%(%x(t)—2x(tm)+%x(t—h)+2—ht(2x(tm)—x(t)—x(t—h))j (D.6)
c=x(t) +%(4x(tm)—3x(t) —x(t- h))—zh—t;(2x(tm)— x(t)-x(t=h))  (D.7)

For the integration of X(t) from [t—h,t],

_=ah-t +%h3)+b(th—%h2)+ch (D.8)

t 1 1 t
x(t)dt =(=at’ +—bt* +ct

J,xOdt=(Sat"+ )‘ t

By substituting (D.5), (D.6) and (D.7), we have,

t 1 2 1
jt—h X(t)dt :ghx(t)+§ hx(tm)+g hx(t—h) (D.9)
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Similarly, for the integration of X(t) from [t—h,t_],

h
_h ——
J.t 2x(t)dt:(lat3+lbt2+ct)t 2 :a(ltzh—gthz+lh3)+b(lth—§h2)+cD(D.10)
t=h 3 2 t—h 2 4 24 2 8 2

By substituting (D.5), (D.6) and (D.7), we have,

- 1 1 5
2X(t)dt = ——hx(t)+—hx(t —hx(t—h D.11
Jo xOdt == hx(t)+ S hx(t,) + > hx(t =) (D.11)
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Appendix E: Validation of Multi-section Transmission Line Model

This Appendix provides a comparison between the multi-section transmission line
model and the fully distributed, frequency dependent line model [46]. Because of space
limitations, the comparison is limited to an energization event. The test system consists of
a source, a line and a load as shown in Figure E.1. The line is modelled with the multi-
section model in one case and with the distributed, frequency dependent model in the
other case. The results during line energization for both cases are shown for the period 0

seconds to 2 milli-seconds.

BUS  Current Voltage BUS
Alg Measurements Measurements A2
5 o
. 20 miles M.ID 20 miles
115 kV equivalent Load
source

Figure E.1. Example test system for multi-section transmission line model
validation

The currents at the output of the source and the voltages at the middle point of the
transmission line, for both cases, are depicted in Figure. E.2 and Figure E.3. It can be
observed that the currents have the maximum difference of less than 1.3% while the
voltages have the maximum difference of less than 2%. It is concluded that even for this
severe transient event, the accuracy of the model is very good as compared to the

distributed, frequency dependent line model.
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Current_MultiSection_A (A)
Current_MultiSection_B (A)
Current_MultiSection_C (A)

/_/\_'\—/_/\
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T T~

_|/ Current_FullyDistributed_C (A)

Current_Differences_A (A)
Current_Differences_B (A)
Current_Differences_C

0.000 s

Figure E.2. Simulation results: currents at the output of the source, multi-section

m

118.7 kV —

odel, fully distributed model and their differences

Voltage_MultiSection_AN (V)
Voltage_MultiSection_BN (V)

| Voltage_MultiSection_CN (V)

-101.3 kV
118.5 kV —

Voltage_FullyDistributed_AN (V)
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<= <
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Figure E.3. Simulation results: voltages at the midpoint of the line, multi-section

m

0.000 s

odel, fully distributed model and their differences
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