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Abstract

Locating faults in the power grid is a present problem without a correct solution.
Increasing amounts of distributed generation along with advancements in commu-
nication technology offer opportunities for new fault location methods. This thesis
studies the feasibility of using measurements from distributed converters for locating
faults in the distribution network. The measurements considered for indicating the
fault location in this thesis are an impedance estimate performed by the converter
and the PCC voltage measurement. The used values were gathered from Simulink
and PLECS blockset and analysed using Matlab. It was identified that the converter
closest to the fault experienced the largest change in the measured values. The
changes experienced by the converters were used for a machine learning classifier
algorithm to predict faulting line segments in a test grid. The predictions were
reasonably accurate for finding correct fault locations. Incorrect predictions pointed
close to the correct location.
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Tiivistelma

Verkkovikojen paikannus on jatkuva ongelma, johon ei ole oikeaa ratkaisua. Hajaute-
tun tuotannon méaaréan kasvu yhdistettynd kommunikaatiojarjestelmien kehitykseen
tarjoaa mahdollisuuksia uusille vianpaikannusmetodeille. Téassé tyossa tutkitaan
mahdollisuutta kayttaa mittauksia hajautetuista verkkosuuntaajista vikojen paikan-
nukseen. Tarkastelun alla olevat mittaukset ovat suuntaajan tekeméa verkkoimpe-
danssiarvio ja liityntépisteen jannite. Kaytetyt arvot kerédttiin simuloimalla Simulink
ja PLECS blockset yhdistelmaéllé ja tulokset analysoitiin Matlabilla. Tuloksista ha-
vaittiin, ettd vikaa lahinna oleva suuntaaja kokee suurimman muutoksen mitatuissa
suureissa. Suuntaajien kokemaa mittaustuloksen muutosta kaytettiin koneoppivassa
luokittelualgoritmissa ennustamaan viallinen linjasegmentti testiverkossa. Ennustuk-
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Symbols and abbreviations

Symbols

Some symbols have sub- and super scripts augmenting them. If the symbol defined
here has these scripts attached to them, they are constant and part of the symbol.
Otherwise, the the scripts are described later in this section.

c speed of light

ce injection resonator coefficient

C capacitance

d distance to the fault, fraction of line length [0. .. 1]
f frequency

h injected signal harmonic number

1 current

k, augmented state-feedback gain

k; integral gain off converter control

ky feed forward gain of converter control
l length of a line

L, filter total inductance

dLy, Ly, line inductance before fault point
(1—-d)Lp, L, line inductance after fault point

N number of SDFT samples

R resistance

dRp, Rrq line resistance before fault point
(1—-d)RL,Rrp line resistance after fault point

T, sampling period

U voltage

u signal voltage

x distance to fault in (kilo)meters

X reactance

Z impedance

dzy, line impedance before fault point
(1—-d)Zy line impedance after fault point

Zrr, impedance between fault and fault locator
2t

« bandwidth

pre-fault to fault change in current
pre-fault to fault change in voltage

w angular frequency

w,  converter control resonance frequency
(r damping factor

T time of pulse arrival

Space vectors

Space vectors are denoted with bold italic lowercase letters.



iX

1 current

u  voltage

v injected excitation signal

x; controller current integrator variable

Vectors

Vectors containing variables are denoted with bold lowercase letters.

k state-feedback gain vector

pn (n=1..5) poles of converter control system

Xq state vector of ., uf, t5 Uc.
Matrices

Matrices are denoted with bold uppercase letters.
A B, C, converter control system matrices
® I, C, converter control system matrices in discrete time
D4, I'cq, Cyq  discrete system matrices augmented to model computational delay
®,, I'ca, Cyn  system matrices augmented for improved disturbance rejection

Superscripts

pre pre-fault
s stationary reference frame

Subscripts

1,2,0 positive-, negative-, zero sequence
a,b,c  phases of three phase system

A bus A

B bus B

C converter

e injected signal

f filter

fc filter, converter side

fg filter, grid side

F fault

g grid

L line

Load load

p.u per unit

ref reference

res resolution
Operators

Vx— -



Abbreviations

AC
Al
ANN
DC
DFT
DWT
FL
GA
GPS
PCC
PLL
PWM
RMS
SDFT
SVM

Alternating Current
Artificial Intelligence
Artifucial Neural Network
Direct Current

Discrete Fourier Transform
Discrete Wavelet Transform
Fuzzy Logic

Genetic Algorithm

Global Positioning System
Point of Common Coupling
Phase Locked Loop

Pulse Width Modulation
Root Mean Squared

Sliding Discrete Fourier Transform
Support Vector Machine



1 Introduction

The electric power system serves as a backbone for modern society. As we keep
increasing our standard of living and adding new energy sources to the grid, the
power system continues to grow both in size and complexity. However, power grids
are exposed to failures caused by external factors, such as weather, random accidents,
as well as component degradation and aging present in most other systems. This
combined with the constant growth of the grid and our society’s dependency on
electricity, places increasing pressure on our ability to detect and isolate faults in
the network. At the same time, grid codes and regulations impose requirements for
better power quality and availability [1]. In order to meet these requirements and
minimize the potential for inconvenience and economic losses, a maximum number of
users need to be kept connected to a working grid. For this purpose, it is necessary
to develop fast reliable methods for detecting and locating faults in the grid.

In the past, most of the research on methods for locating power grid faults has
focused on transmission line faults. This has resulted due to the more substantial and
larger scale impact of a transmission line fault than a distribution system fault, as
well as the length of the transmission lines, thus making physically finding the fault in
large networks a time-consuming task. Another reason for focusing on transmission
lines is that since most current methods require installation of specialized fault
locator hardware at the ends of a line segment [2-4], installing additional hardware
on smaller lines is cost prohibitive. Moreover, even for fault detection methods that
do not use a dedicated device on every line feeder (e.g., [5]), the optimal placement
of fault detection devices for cost optimal operation remains a problem [6].

While more recent research has successfully developed methods for the distribution
grid [7-10], these all share the same limitations. As the measuring hardware used is
expensive, it is only available at the substation. Moreover, although the methods
using measurements from only this one point can provide accurate results for fault
location, acquiring these results requires a great deal of work to construct impedance
models of the network [11] and filtering the results to indicate the correct location [12].

One potential new approach for distribution grid fault location is to use many
distributed measurement points. It is forecast that there will be a rise in the amount
of intelligent electronic devices capable of measuring usable data for grid fault location,
and that these devices will be connected with data communication capabilities [13].
However, the authors in [13] also acknowledge that the smart grid will undergo a
gradual transformation, and that every possible measurement device and point will
not be available in all cases. Thus, it will be necessary to develop algorithms for
selection of fault locations based on the available data.

Adding devices with measurement capabilities has been cost prohibitive in the
past. Nevertheless, recent advances in our power systems will enable implementation
of distributed measurements. As our power grid is expanding, we are also increasing
the share of renewable energy sources in energy production. Most of these renewable
sources interface with the grid through a power electronic converter. Since these grid
interface converters allow for small-scale distributed generation, the converters can
also be used as measurement devices for grid fault location, as suggested in [13].



In order to function, converters typically need to measure voltage at the point
of common coupling (PCC) between the grid and the converter. The measurement
capabilities of converters can be used to estimate grid impedance. Grid impedance
measurement performed by a converter has been used in past research to detect
the status of the grid, such as islanding condition [14]. As many grid fault location
algorithms are impedance based, fault location is a possible new application for this
measurement performed by converters. Past research on grid fault location has focused
on minimizing the amount of needed measuring devices using one measurement point
for distribution network fault location. However, as smart grid communication
becomes increasingly common in distributed generation, more distributed devices
will become available for the purpose of fault location.

Another possible method for fault location using distributed converters acting as
measurement points is to measure voltage. As a fault in the grid causes a cange in
voltage level in its vicinity, converters closer to the source will experience larger voltage
difference than those converters located further away. In theory, this measurement
with the knowledge of the network topology can be used to narrow down the fault
location in a network.

The objective of this thesis is to assess the feasibility of using measurements
from distributed converters for locating faults in the distribution grid. This will be
achieved by simulating a simple piece of a distribution grid with multiple converters
in distributed locations and analysing the simulation results. The thesis focuses only
on a balanced system with symmetrical faults. Power systems are extremely complex,
and focus on one aspect is enough for initial feasibility study of this approach.

The rest of this thesis is organized as follows. Chapter 2 summarizes past research
on fault location methods, as well as work done on converters estimating grid
impedance. Chapter 3 describes the parts of the simulation model used in this thesis.
Chapter 4 presents the simulation results, including both impedance-based method
and voltage sag measurements, as well as the build up from a single impedance to
a segment of a distribution grid. Chapter 5 concludes this thesis by discussing the
simulation results, mirroring them to a possible real-world scenario and presents
suggestions for future research directions.



2 Fault Location in Power Grids

This chapter presents an overview of research done on the subject of fault location
in power grids. First, a short introduction to power systems and fault location
is provided. Then, fault location methods based on traveling wave, impedance
measurement and artificial intelligence applications are introduced. Finally, as the
goal of this thesis is to use converters for grid fault location, this chapter it is discussed
how converters measure the grid.

2.1 Grid

Modern power grids are invariably three-phase alternating current (AC) systems [15].
AC is used over DC since it is significantly easier to transform voltage levels. Three
phases are used to maximize delivered power while minimizing required resources, as
three phase systems don’t require closing the circuit between generation and load
with a return wire. This is because balanced three phases at 120° phase difference
sum to zero. When talking about the three phase system voltage, the line-to-line
voltage is used.

The power system is divided to different voltage levels for different purposes. A
general overview of power grid structure is presented in Fig. 1. The high voltage
transmission network, presented in the upper part of the figure, is for bulk transfer
of power from producers to consumers. The production may be located a large
distance away from the consumers. To minimize energy losses during transmission,
high voltage levels are used. In Finland, transmission networks operate at 400kV,
220kV and 110kV. Transmission networks are generally mesh operated, and thus a
fault in only one line section will not cause interruptions for power delivery. Most of
transmission network consists of overhead lines.

Distribution networks connect consumers to the transmission network. The
distribution network operates at two different voltage levels, medium and low voltage.
Medium voltage level for industrial customers and groups of smaller consumers, and
low voltage level for individual consumers. Medium voltage level is illustrated in the
middle part and low voltage level in the lower part of the Figure 1. Increasing amount
of distributed generation is being connected to the distribution network. Larger
producers such as wind parks connect at the medium voltage level. individuals who
for example install solar panels on the roof of their homes connect to the low voltage
network. Medium voltage distribution network in Finland operates at 20kV and low
voltage operates at 0.4kV.

Many customers have to be efficiently connected to the distribution network,
and everyone cannot be provided with their own line directly to the distribution
substation. This causes the complexity of the network to rise with several parallel line
taps and branches from the main line. Distribution networks are generally operated
radially, which means that one fault causes disruption for all connected customers.
Parts of the network may have normally open backup connections that can be closed
in a fault situation to provide backup power. Distribution lines for both medium and
low voltage can be either overhead lines or underground cables depending on the



most financially sensible solution for each individual case. In rural areas overhead
lines are more common and in urban areas most lines are underground cables.

Generation Generation

MV/HV MV/HV

" Transmission
. High voltage

400,/220/110kV
HV/MV @ HV/MV
. o Open point .
I.)1str1b1‘1ted Distribution
generation Medium voltage
—> 20kV
Industrial
load

\ @ MV/LV

Residential loads

]

Distribution
Low voltage

I 0.4kV
|:| Distributed
generation

Figure 1: General overview of power grids. Arrows represent unlabeled loads.

The power grid is susceptible to a wide variety of different faults. The most
typical practically occurring faults are illustrated in Fig. 2 where Ry represents
fault resistance and Rgroung ground resistance. The occurrence of different types of
faults for each part of the network differs based on the physical properties of the
network. The most common type of fault is a temporary single-phase-to-ground
fault Fig. 2(a). Despite this, fault related calculations are often performed assuming
balanced three-phase short circuit, Fig. 2(d) since fault currents are the most severe
with this type of fault [15].
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(d) Three-phase-short (e)  Three-phase-to
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Figure 2: Common types of faults

2.2 Fault Location Methods

A large part of the literature on the location of grid faults is focused on finding the
locations of transmission-line faults as a result of high impact of faults and other
previously mentioned reasons. Another reason for the focus on transmission lines is
that most fault location methods depend on capable hardware installed on one [2, 3]
or both [4] ends of a line segment. The cost of these fault locator devices makes
it difficult to justify installing them at a smaller capacity, or shorter line, like in
distribution networks.

Placing fault locator hardware on the line terminals can be viable for transmission
networks. This is due to the facts that faults in transmission lines affect a significantly
higher number customers than distribution line faults, and the general cost and length
of transmission lines are high enough to justify additional hardware installations. As
a fault in a single distribution line affects fewer customers, the cost of a fault locator
becomes disproportionate compared to the cost of the line and to the costs caused
by faults.

Research on grid fault location is focused on minimizing the amount of needed
measurement devices in the network. This is especially important to methods such
as the one presented in [5], since it uses a travelling wave based method for fault
location and it requires expensive devices capable of high sampling frequency for



measurement for operation. Optimal placement of grid measurement devices [6] is
one research direction related to grid fault location.

One approach depending on new advancements in processing power and especially
communication infrastructure is described in [13]. The networks are evolving towards
smart grids which have more and more devices communicating. However, one of the
problems that the paper addresses, is that the transformation is very gradual. While
the number of devices with fault location relevant measurement and communication
capabilities is increasing, the devices will not be available everywhere and all devices
are not capable of every measurement. Therefore, smart selection of measurements
and methods is needed for fault location with smart grid and distributed intelligent
electronic devices.

Fault location in distribution networks is a problem gaining increasing interest
among utility engineers and researchers [7, 8,10, 16-18]. It is also the topic of
interest for this thesis. In order for electricity distribution companies to keep up with
increasing demands for network reliability and tighter limitations for outage times,
accurate data of network faults is needed. This must also be done in a cost effective
way to reduce operational costs and increase profits for the distribution company,
for them to gain interest in investing in fault location technology. Additionally,
advancements in computation and communication provide new possible approaches
for fault location methods.

Distribution network environment with its specific operational and topological
properties provides significant additional challenge for fault location compared to
transmission network. A diagram of distribution network topology is presented in
Fig. 3. The substation has N number of load nodes behind it. A fault F' can happen
between any nodes X and X + 1. The fault distance d is a percentage of the line
length, so the correct faulting section needs to be found first before the fault distance
can be calculated.

1 2 X1 X d F X+41 N-1 N

,

Figure 3: Distribution network diagram.

Furthermore, in distribution networks there may be varying loads between the mea-
suring end and fault points, causing difficulties for compensating system impedances.
Additional challenge is provided by the network configuration. Several parallel loads
and branches can be connected to the distribution line at any point before or after
the fault. Distribution networks are often heterogeneous in nature, containing several
different types of overhead lines and possibly underground cables.

Most distribution network fault location methods use centralized fault locators



at the medium voltage substation. A single measurement point provides difficulties
for fault location, as several different lines are connected to the same substation, and
these lines may have multiple taps and laterals.

Fault location methods in distribution networks are divided between power
frequency and high frequency solutions in the same fashion as transmission line fault
location. As the properties of distribution lines introduce errors and variation to
the fault location estimation, the driving force behind most research has been the
minimization of these errors.

Fault location methods based on impedance measurements are an attractive choice
for distribution systems. Fault location methods relying on transients and travelling
waves created by faults can require complex and expensive hardware capable of
operating with high frequency signals. [19] This makes them less desirable solutions
for broad deployment in distribution networks.

These attributes of the distribution networks cause impedance based fault location
methods to give multiple estimations for a single fault location, as in a complex
network many locations can be the same electrical distance away from a single mea-
surement point. A branch of research is focused on eliminating multiple estimations
and finding the right fault location among several suggested [7,12,17].

In this thesis, converters are used to provide different measurements of the grid.
Measurements under observation are impedance estimate performed by the converter
and voltage at the converter connection point. A possible additional approach to using
distributed converters for locating faults is to detect voltage transients generated by
faults.

2.2.1 Traveling Wave Method

Fault location algorithms based on traveling wave methods rely on measuring high
frequency transients generated by faults. Fault location functions based on measuring
the time a high frequency pulse generated by a fault is received at the measurement
point. For single-ended measurements, a time difference between the original wave
and then subsequent waves reflected from line ends and the fault is measured, and
fault location is calculated from the time assuming that waves travel at the speed
of light. However, this assumption is only valid for overhead lines and the wave
propagation speed in cables is slower. Double-ended synchronized location method is
based on collecting the arrival time of the fault generated wave at two line terminals,
Fig. 4, and using the difference to calculate fault location, again assuming waves
traveling at the speed of light ¢, see Eq. (2.1) [20]. The distance to the fault x is
calculated from the line length [ and times of arrival 7 of the fault generated transient
at busses A and B.

The aforementioned method is assuming fault locator devices at both ends of the
line segment. When using single ended fault location techniques, the original wave
and its reflections in the line are used. The lattice diagram in Fig. 4 describes how
the wave travels in the line reflecting from the line terminals and the fault point.

_l—c(ta—17B)

T=— (2.1)
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Figure 4: Lattice diagram of travelling voltage and current waves [20)]

Usage of traveling-wave based fault location methods has varied over time. It
was widely used before computational signal processing was possible between the
1930s and the 1950s [20]. Modern improvements in data gathering, new signal
processing algorithms and communicating with the ability to use GPS for accurate
synchronization of measurements has prompted a re-emergence of traveling-wave
based fault location methods, as depicted in [5]. The method described in [5] uses
distributed measurement devices with time synchronization utilizing GPS receivers.
It uses a signal processing method called discrete wavelet transform (DWT) to extract
the arrival times of fault-initiated waves, and by using the time measurement from
several synchronized points, a location for the origin of the wave can be calculated.

Traveling-wave methods for fault location are an interesting subject. As the
methods are immune to phenomena that affect methods operating at power frequency,
such as fault resistance and system parameters like source impedance [20]. However,
the equipment needed to capture and analyze high frequency traveling waves is
costly.

2.2.2 Impedance-based fault location

Impedance-based fault location methods operate mostly at fundamental grid frequency.
As the technique name suggests, measurable values of grid voltage and current are
used to calculate impedance, the electrical distance to the fault. One of the first
studies on impedance-based fault location is [21].

A simple case where the fault is located between two line terminals A and B is
presented in Fig. 5. In this case, the fault location impedance Zgy, can be calculated



from voltage Up and fault current I, measurements at fault locator terminal A by
Eq. (2.2). The fault location impedance is formed from a percentage of the known
line impedance related to the distance of the fault on the line dZ;, and unknown
fault resistance Rp.

U
Zpy, = —= =dZ, + Ry (2.2)
In

The fault impedance is generally considered to be purely resistive. In order
to eliminate the effect of unknown fault resistance Rg, only the imaginary part of
Eq. (2.2) is generally considered for calculating the fault distance d.

d= Im{Z}

This calculation assumes that the current I, measured at fault locator is equal to
the fault current Ir. The only case where this is applicable, is in cases where the fault
locator is located between the fault and the only power supply, as in Fig. 5. If the
system has multiple power sources, the fault current I is supplied from unmeasured
sources not visible to the fault locator. The case of one ended power supply is shown
in Fig. 5 and an example of two ended feed is shown on Fig. 6(a). In both figures
the fault locator is located at bus A.

Zi Vi 4z @ -4z ]|3 >
—{ 1 1 -1 1 L I

(2.3)

6 Ey Ui Rp Ur

Figure 5: Simple faulted line with one ended feed.

In order to get around the single ended power feed limitation of this method, [2]
introduced a concept of dividing the faulted circuit into pre-fault and pure-fault
situation and using Fourier transform to extract the power frequency component.
The Fig. 6(a) represents the faulted network simplified to isolate the faulted segment,
Fig. 6(b) represents the pre-fault steady state and Fig. 6(c) represents the virtual
voltage source, transients, created by the fault. This virtual voltage source is used
by high frequency and traveling wave based fault locator methods. Zy, represents
impedance of a line segment between buses A and B. From measurements taken
before and after the fault, the fault current Ir can be estimated by calculating the
difference between pre-fault and fault currents Aly = Iy — IL°.

The method presented by [2] contains simplifications and assumptions to get
simplified calculations. Additionally, this method is only usable for single phase
systems, three-phase systems require the use of symmetrical components or that the
system and the fault are balanced [20].
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Figure 6: Faulted network and its decompositions

The modeling of faulted network presented in [2], where measurements are taken
in pre-fault and pure fault situations might not be directly used, but calculations
utilizing voltage and current values from pre-fault and during fault times are common
in location estimate calculations [3,9]. While the algorithms was originally presented
for transmission networks, the concept pre-fault and fault measurement combination
has been expanded to distribution network fault location analysis [11,22,23] and
more.

Several different solutions for impedance-based fault location in distribution
networks have been proposed, e.g. [11,16,22-27]. While several methods use the
RMS-valued voltage and current measurements of the fundamental frequency taken
at one point in the network, typically at the substation, their approaches to the
problem vary, and the different methods have different strengths and weaknesses.

Accurate knowledge of the network parameters is needed in order to find the fault
location in a branching network from measurements performed at single point. This
includes knowledge of the line segments self and mutual impedances of each phase, as
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well as information of system loads. Since accurate load data is not usually available
for the moment of fault inception, the load currents are often estimated. Since only
one line segment can be considered for calculations at a time, the knowledge of the
network needs to be condensed for the line segment under consideration. This is
done by constructing an equivalent circuit of the network for that line segment. In
Fig. 7 an equivalent network according to [11] is constructed from Fig. 3. Other fault
location methods can construct their equivalent networks differently.

X d F X+1
Figure 7: Equivalent network.

While estimating a physical distance to a fault using calculated electrical distance,
impedance, as a reference seems like a simple idea, the complex nature of distribution
systems makes the problem difficult to approach. Distribution systems have several
factors affecting their apparent impedance to any measurement point. How different
methods approach the impedance estimation and how they account for the different
challenging aspects of distribution networks creates differences between even similar
looking algorithms.

One differentiating factor for fault location methods is what measurements they
use for calculations. A few different publications [7,16,22] use the measured phasors
directly. The references [7] and [16] use similar iterative calculations for finding
fault distance from measurement point. Each method starts with pre-fault and
fault situation measurements for phase voltages and currents. In Eq. (2.4) the fault
voltages with subscript F are calculated from measured values with subscript S and
known line impedance matrix with each lines self and mutual impedances.

UFa USa Z aa Z ab Z ac I Sa
Urn| = |Usp| —d | Zva Zbe Zbe| |1sp (2.4)
UFC USC an Zcb ch ISC

Both methods reduce the loads to be represented by currents. Fig. 8 represents
the equivalent reduced network of the firs line segment from Fig. 3. This is done
for each line segment in each branch. Then the Eq. (2.4) is applied to the reduced
network. If the calculated fault distance estimate is outside of the first line segment,
it means that the fault is located deeper in the network.

As voltage and current measurements are only available at the substation, the
voltages and currents at each node must be estimated based on the measurements.
Voltage drop on each node is calculated based on line segment impedance and current
flowing through that node. Node currents are either estimates based on known
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Figure 8: Equivalent reduced network.

load data, or estimates using radial power flow algorithm. Fig. 9 shows the reduced
representation of Fig. 3 including the fault location.

1 2 X F X+1
I I, Is 2 |Is,x d |

)

I I, ’:lfx ? }—l[X-&-l

Figure 9: Reduced distribution network with more line segments.

While in [22] the fault location method is based on phasor measurements with
voltage drop calculations using line impedance matrices, the approach is quite
different. Instead of iterating for fault location and current, in this paper the voltage
is iterated at fault point and the current in healthy phases is calculated. Single and
multi phase loads are accounted for by using knowledge of transformers in line taps.
Load impedance matrices are gathered from both sides of the assumed fault point.
As this method uses unfaulted phases for fault location calculation, three phase faults
can not be located using this method.

In [27] a fault location method based on direct circuit analysis is presented. The
proposed method uses mathematical methods for matrix calculations to modify the
fault location equation into a form that can be solved. The calculations used in the
method are similar to ones in [16] and [7], but instead of iterating, the unknown
parameters are solved arithmetically from direct circuit analysis. The publication is
more focused on the new mathematical methods. The work does not describe how
to account for tapped line segments and loads. Additionally, this presented method
is applicable only on single-phase-to ground faults. The method presented in [7] is
expanded to handle more fault cases in [8].

Another approach for gathering measurement data is to use symmetrical com-
ponents in addition to phasors. References [11,23-27] consider these component
measurements.

The methods proposed in [23-25] are based on apparent impedance, which is the
ratio of selected voltages and selected currents. This selection is done based on the
fault type that is being analyzed. One of the needed values is the fault current. A
simple fault circuit is shown in Fig. 10. As the line segment impedance dZy, is in
series with the fault resistance Ry, and fault resistance is unknown, the effect of fault
resistance must be compensated.
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Figure 10: Fault current circuit.

The compensation varies based on the type of fault, as the fault resistance interacts
differently with the measurements between the fault types. The compensations for
different faults is presented in 1. Single-phase faults use symmetrical component
representation of the network and assume the fault current to be proportional to the
zero sequence current. Multi-phase faults use the current difference between two
phases.

These methods may approach the problem from variety of different views. However,
the core of the selected voltages and selected currents with compensation current for
fault resistance is common among these three methods. Voltages and currents are
selected based on similar table as presented in Table 1.

fault fault fault compensated
type voltage current current
a-g U, I, + kI 31y
b—g Ub [b + /{[0 3]0
c-g U, 1.+ k1 31y
a-b
a-b-g Us — Uy I, — I AIL, — AL
ae U, — U, L—1, AL —AI
a-c-g
b-c U, — U, I,—1. AL —AI
b-c- g b c b c b [
a-b-c
a-b-c-g Same as any two phase fault

Table 1: Voltages and currents for different fault types.

Despite all methods using similar measurements, rest of the fault location calcu-
lations differ drastically. Differences are caused by the initial approach to the fault
location problem, and by the factors affecting the fault location that they account
for and the method they use for accounting these effects.

The method presented in [25] does not directly account for lateral loads and taps.
However, the difference between pre-fault and fault situation is considered. The
focus of this method is on the effect of fault resistance.

Both works [23] and [24] take into consideration tapped lines and loads. In [23]
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the voltage and current at each node is iterated over. All loads connected to one
node are brought together into one admittance matrix used to calculate voltage
drop between nodes. In [24] the load impedance consideration is simpler. Instead
of iterating the load on all nodes, every load is condensed into one load impedance
calculated from the pre-fault apparent impedance.

Most fault location methods for distribution networks are based on measurements
made at the distribution substation. In [26] a method that can be implemented at
any point in the network is presented. In the method, pre-fault steady-state positive
and negative sequence impedances are calculated for all nodes in the network based
on known network parameters. This calculation includes all tapped lines and loads.
Fault location is calculated based on the change in apparent impedance seen from a
measurement node. This method can not be used for three phase faults.

In [11] a comprehensive method accounting for different factors is presented. The
presented method estimates faulted line section with simple apparent impedance
calculation. Then after faulted segment, or segments, are found, an equivalent radial
system is estimated. This estimation considers all loads and taps, without lumping
together different network branches. Load impedances are calculated from metering
data, and estimation method for unknown loads is referenced. Unbalanced load
scenarios are possible for this method. This equivalent network is more fine grained
than other solutions, and requires a lot of calculations, as all different fault points
have different equivalent networks.

2.2.3 Artificial Intelligence Methods

The previously presented conventional methods take measurement data and fit it
into a complex mathematical function in order to calculate fault distance from the
measurement point. Advancements in computation technology have enabled new
kinds of methods for fault location. Artificial intelligence (Al) and machine learning
(ML) systems can take data from multiple sources and can be used to analyze the
data in order to determine possible fault locations [28]. A few artificial intelligence
methods have been proposed for various different use cases in power systems. These
methods include Artificial Neural Networks (ANN) [29,30], Support Vector Machines
(SVM) [31, 32], Fuzzy Logic (FL) [33,34], Genetic Algorithm (GA) [35,36] and
matching approach [37,38].

Artificial neural networks are intelligent systems capable of recognizing difficult
patterns in their input data [28]. Basic principle structure of a neural network is
shown in Fig. 11. Neural network consists of an input layer, hidden layer(s) of
neurons and output. Input is for the data, or features of the data to be used in
the ANN. Hidden portion of the neural network has one or more layers of neurons.
Each neuron takes multiple inputs, applys non-linear operation to those inputs and
produces a single output. The example ANN in Fig. 11 has voltage and phase as
inputs, three neurons in one hidden layer and produces fault location as the output.
ANNSs function by learning the non-linear operations performed by the neurons. This
means that ANNs need training data with known input and output values for the
network to adjust itself.
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Figure 11: A general concept of ANN [28].

Neural networks ability to find patterns in large and complex data sets makes it
suitable for analyzing faults in distribution networks. A learning intelligent system
can adapt to the multiple unbalanced load taps, different branches and distributed
generation present in a distribution network. A neural network for identifying fault
types and locations in a distribution grid with distributed generation is presented
in [30]. The method uses current output of distributed generation as input for a
multilayer perceptron-type neural network for locating faults and main grid source
current for fault type estimation. The neural network is trained with simulation data
consisting multiple fault locations and fault resistances. Optimal number of layers
and neurons in each layer can be determined via trial and error. Neural network
outputs the distance to the fault from each current source used as input.

Support vector machine is a knowledge based AI method [28]. SVMs are attractive
choice for classification problems and regression techniques due to its performance.
A general model for a simple classification problem with SVM is presented in Fig. 12.
The input data in the figure classifies faults in two classes (0 and 1) based on the
voltage sag magnitude and phase angle. These data points are the support vectors
used by this method. SVM generates a hyperplane in the space of the training data
separating the classes. The hyperplane is generated to maximize the margin, that is,
the minimum distance between a training sample point and the hyperplane. The
points defining the classes are called support vectors and the separator is referred to
as a hyperplane, since this method can work for N dimensional data.

A method proposed in [31] uses the SVM for fault location in transmission lines.
The method uses the magnitudes of the harmonic frequency components of voltage
and current at one line terminal in addition to high frequency transient characteristics
at the same terminal for defining the classes. SVM in [31] is trained with simulated
values with fault at every 100 meters in a 200km long transmission line. The SVM
classifies fault location from new data based on the training data. Similar to ANNs,
SVMs are flexible with their input data and classification purposes. In [39] SVM is
used with zero sequence current as input to identify different fault types.

Fuzzy logic operates based on fuzzy set theory. Fuzzy set theory uses linguistic
soft descriptions of variables and sets instead of accurate hard values [20]. Another
property of fuzzy sets is that fuzzy entities can be divided into groups and classes
partially so, that an entity is a partial member of a group. These properties make
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Figure 12: A linear classification with SVM [28].

fuzzy logic good at handling situations with uncertain or insufficient information.
The process of fuzzy logic is shown in Fig. 13. First, observed values are fuzzyfied
and then operated on by the fuzzy logic. The result of the logic operation is a fuzzy
result that is finally defuzzified to be usable by the process.

Figure 13: General block diagram of fuzzy-logic approach [40].

Fuzzy logic is used in [33] to detect fault types in distribution systems. The
measurements used in the fuzzy-logic process are phase currents measured at the
distribution substation. Fuzzy logic is used to compare how well measured values
compare to theoretical calculated values. The fault is classified based on the degree
of membership of the measurement in the calculated groups.

Genetic algorithm is an optimization technique based on evolution, natural
selection and genetics. A GA has a starting population that evolves under specified
selection rules towards an optimum set by a fitness function [35]. New generations
of evolution are generated until an optimum set by the fitness function is found or
another condition is fulfilled. Propagation of GA is presented in Fig. 14. Initial
population is generated randomly. Individuals are selected for "reproduction" based
on their fitness relative to the rest of the population. Crossover operation is used
to combine parts of data from parents to create "offspring", new members for the
population. Mutation is an occasional random replacement of a variable inside the
offspring data with a variable within specified limits [35].
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Figure 14: General flowchart of genetic algorithm [28].

A method presented in [35] uses a variant of GA called continuous genetic
algorithm (CGA) to estimate faulted sections in power system. CGA uses floating
point instead of binary values for representing genes in the evolution for increased
speed and precision. Faulted section was identified by using information of protection
equipment that operated due to the fault.

Matching approach is a knowledge based method where measurement results are
compared to a database of simulated values [28]. In [37] matching approach was
used to identify fault location in a distribution network. A database was created
for voltage sag measured at distribution substation. Multiple locations and fault
resistances were considered when simulating results for the database. Fault is located
by comparing measured results to the database and selecting the database results
with highest probability for correct fault resistance and distance are selected.

AT based methods presented above have been based on measurements performed
at a single point in the network. However, Al can scale with available data easily. A
method proposed in [38] uses voltage sag profiles generated from multiple measurement
points to improve fault location accuracy. In general, Al-based methods replace
the need for extensive knowledge of the network and iterative building of equivalent
models for calculations. They are replaced with a need to train the Al and to gain
data for training through simulations. Advancements in computational power make
training more complex Als a possibility. Additionally, Al research is currently ongoing
and taking steps forward. Combining more advanced Al with more measurement
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points provided by distributed converters and smart grid may provide tools for fault
location methods.

2.3 Converter

There is a constant push for increasing the amount of renewable energy in the power
system. As most renewable sources are connected to the power grid through a power
converter, in recent years there has been increased focus on converter parameter
tuning and examining their dynamic interactions with the power system as a whole.

Knowing the grid impedance at the point where a converter is connected to
it can be beneficial in several different aspects. The ratio between converter and
grid impedances determines the stability of converter system [41]. Additionally, the
grid impedance has an effect on the performance of converter control [42]. This
has incentivized research on how to estimate grid impedance and how to use the
estimate to optimize converter control parameters [43]. In this thesis, the impedance
measurement performed by a converter is considered for the purpose of locating
faults in the grid.

In order to estimate the grid impedance, a wide range of methods have been
proposed across several scientific publications. These methods have two different
approaches on how to gather information for the impedance estimation. Some
publications use existing power system disturbances [44,45], while others have used
converters to inject a measurement signal to the grid [14,46].

Using disturbances already existing in the power system is a passive way to
estimate grid impedance. This method has the benefit of not introducing any new
disturbances. This can be beneficial, as modern power systems contain increasing
amount of non-linear loads that act as a source for harmonic distortions. Non-invasive
passive measurement techniques are especially helpful in networks that are already
affected by distorted current and voltage wave forms, as these distortions can be used
in a straight forward fashion for impedance identification. By tracking each harmonic
component present in voltage and current, the impedance may be calculated simply
by Eq. (2.5) at each tracked distortion frequency [44].

Uw)
Z(w) = T(w) (2.5)

Finding the values to be used in the equation requires filtering the measured
signals. Extensive mathematical formulation is done to account for different dynamics
in the power system in order to accurately estimate required parameters [45].

Active methods of estimating grid impedance involve injection of disturbance into
the grid and measuring the reaction. Minimizing the effects of the injected signal for
the grid present challenges and limitations for these types of methods. On the other
hand, with known signal to be measured, the measurement time and the filters used
to extract the measurement information can be controlled easier.

Different active methods for impedance estimation have been proposed. One
approach is based on current spike injection and measuring the generated voltage
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transient [46]. Other technique is to inject a known steady state harmonic signal
that is not present in the system during normal operation [14].

These referenced papers describing these methods show their age. They consider
processing power and memory to be significant limiting factors for the implementa-
tion and performance of the measurement techniques. While they still need to be
considered, modern advances in computing technology allows the use of wider variety
of estimation methods. One such new method is presented in [47], and this method
is used in this thesis.

The Sliding Discrete Fourier Transform (SDFT) method from [47] was chosen
since it is computationally efficient way to estimate grid impedance in real time.
Additionally, since the method operates on a single injection frequency, multiple
converters can perform simultaneous measurements without disturbing each other.
However, the method is accurate only for balanced systems, and thus this work is
focused on balanced grid and fault situations.
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3 Simulation Model

This chapter provides description on the simulation model used in this thesis. The
basic model is presented in Fig. 15 and the parts are described in more detail in
subsections of this chapter.

Simulation software used in this thesis is combination of Simulink and PLECS
Blockset. The model is based on previous work in [48]. The PLECS blockset was
used inside the Simulink model for accurate simulation of complex electrical circuits.
For this thesis, the previous model was expanded to allow for larger grid simulation
and to support multiple converters.

° o
Signal Ude
Injection ‘ ’_| |_‘

Reference U,
values
L R
—®1 Control Le,ref ST 1 | LoL | pee " :g @
system filter X T

:

Impedance
estimator

VL. R,

Figure 15: Simple single line diagram of simulation system.

3.1 Grid

PLECS Blockset is used for the simulation of grid, faults and converter LCL-filter.
Grid line segments are represented by a simple lumped parameter line model. In
reality, the line parameters are distributed along its entire length. Different represen-
tations of these parameters exist for different line lengths and calculation accuracies
required. The model of series resistance and inductance can be considered sufficiently
accurate for shorter, up to 80km, line lengths [15]. As this thesis focuses on small
distribution networks, this line length accuracy limitation does not provide issues.

In the simple lumped parameter model the line is represented with just series
resistance (Rr) and series inductance (Lp), as shown in Fig. 16(a). When a fault
is introduced to the line segment, the resistance and inductance are split to both
sides of the fault. Their values are scaled according to the fault location on the line
segment (0 < d < 1). This split is pictured in Fig. 16(b).
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Figure 16: Lumped parameter line models

3.1.1 Faults

For modeling the faults, basic linear representations of faults are used. Fault circuits
built for the simulation model are presented in Fig. 17. Most simulations are run using
the balanced three-phase fault presented in Fig. 17(b) as the impedance estimation
method used by the converters is designed for balanced circuits. The proportional
change in estimated impedance caused by an unbalanced fault in Fig. 17(a) is also
studied. These kinds of basic fault models are usually considered for fault location
formulation [20].

! Q
b b
C C
) I |
Ry Ry Ry
(a) Phase-to phase fault (b) Three-phase short circuit

Figure 17: Simulated faults.

While it is possible that multiple faults may occur at the same time, in this thesis
only single fault situations are considered. More complex fault situations are to be
left for future studies.

3.2 Transformer

The low voltage side has large potential for installing distributed converters. As
the goal of this thesis is location of faults in distribution grids and the distribution
networks consist of medium and low voltage parts, a transformer model is included
in the simulations.

Integrated delta-wye (Dy) transformer from PLECS library is used. The delta-side
is used for ungrounded medium voltage side, and y-side is used for grounded low
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voltage side. For transformer parameter simulation, the equivalent circuit presented
in Fig. 18 is considered. The presented circuit is single phase representation, and all
three phases are identical.

The transformer dynamics are not of interest in the scope of this thesis. The
transformer parameters that affect its design and sizing are not important when
considering low amplitude signal near the power frequency. For this reason, in order
to speed up simulations, the transformer iron core losses are ignored (Rg = 00) and
magnetization inductance L, is set sufficiently high.

Transformer parameters used in the simulations are presented in Table 2. For
splitting the impedance between primary and secondary side, the following assumption
was made. According to [49], it can be assumed that primary side impedance is
equal to the referred secondary side impedance R, = R, and vice versa. Voltage
levels considered for the simulations are 20kV line-to-line for medium voltage side
and 400V for low voltage side. These transformer impedance parameters are only
used in the simulations leading to the real world grid simulation.

R, L, R, L,
| "o

Rfe L m

Figure 18: Transformer equivalent single-phase circuit.

p.u. Primary Secondary
Resistance | 1% R, Ry =R
Inductance | 6% L, Ly= 1]
Voltage 20kV 0.4kV

Table 2: Transformer parameters

3.3 Converter

The simple diagram of the simulation model in Fig. 15 makes a separation between grid
and converter sides with the gray background. Everything without the background
is considered to be inside a modeled converter. Different blocks contain different
parts of a converter, and are simulated in different manners depending on what is
optimal. Software part of the converter, control system and impedance estimator,
are described in detail in Section 3.3.1 and Section 3.3.2 respectively. Hardware part
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Figure 19: Converter components.

of the converter is split to AC an DC sides, and contains active and passive power
electronic components.

The DC and AC side are separated by the active PWM-controlled IGBT switches
of the converter, seen in Fig. 19. DC is on the left side, AC grid on the right. As the
switching in the converter AC/DC interface happens at higher frequencies than what
are under observation for the injection, it not of interest in this thesis. In order to
decrease the complexity and increase the speed of simulations, some simplifications
were made. The DC side of the converter is modeled as a constant voltage, and the
generation of PWM and switching of the converter transistors is bypassed. Instead
of the PWM switched DC to AC conversion, the reference from the converter control
is amplified directly to the output of the converter.

This active part of the converter model is implemented in Matlab/Simulink.
Passive part of the converter, the LCL-filter, implemented in the simulation model
is pictured in Fig. 19. LCL-filter exists to filter out high frequency components
generated by the PWM. Filter component values are set in per unit values, and for
simplicity, every converter has the same per unit values.

C¢pu = 0.06 Filter capacitance
Lfcpw =0.05 Converter side filter inductance
Lgpu =0.04 Grid side filter inductance

Table 3: LCL-filter parameters.

3.3.1 State-Feedback Current Controller

The control system in Fig. 15 uses external value reference for setting the limits of the
control system. Converter voltage follows the amplitude and phase measured at PCC.
The output current is controlled based on either current, or power reference. With
power reference, the converter tries to keep output power constant despite possible
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voltage changes by adjusting the current. With current reference, the converter
maximum current is controlled by the reference value and output power changes with
PCC voltage. In this model, the converter is operated with current reference.

A full-state feedback current controller with a phase locked loop (PLL) was
implemented. Grid side current measurements were used for the state-feedback
controller and PCC voltage was used for the PLL as in [50]. The current controller
diagram is shown in Fig. 20.

N
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Figure 20: State-feedback current control.

According to [51], the general form of a state-variable vector equation is

Cfl}; = Ax+ Bu (3.1)

where u is the input and output y is

y = Cx + Du (3.2)

In Eq. (3.1) A is a system matrix and B is input matrix. As for Eq. (3.2), C is
referred to as the output matrix and D is the direct transmission term, which is a
scalar value. In this system, the variables are set up in a following way:

. 1 1
—jlwg __Lfc 01 Lee
0 % — Wy 0

The filter capacitance Cf, converter side inductance L. and grid side inductance

Ly are known values, as are grid angular frequency w, and filter total inductance
Ly = Lfg + L.
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In Equation (3.1) for this system u = u,.. In the equations, x is the state of the
system, which in this system is

lc

X =Xq = /L;f (3.4)
g
U,

The full state-feedback controller is defined by taking measurements of controller
side current <., voltage across filter capacitor wg, grid side current ¢, and converter
voltage u.. The voltage used in this case is not an actual measured value, but
the delayed converter reference voltage w.(k) = Ucrefr(k — 1). To be used in the
current controller control loop, the measured values are transformed from three phase
representation to space vector form with af-transformation.

For this thesis, the converter control system is modified to use per unit values
instead of SI unit values. The per unit modified system matrices are

_jwb __Wp 0 Wh

o Lfc,p.u w Lfc,p.u
AP’“' = Cf,z.u —JWh _Cf,:j.u Bp-u~ = 0 Cp~ll~ = [O 0 1} (3'5)
0 L:,jz.u —jwb 0

where wy, is the base angular frequency, chosen to be the grid angular frequency in
this case.

These matrices describe the system as a continuous time model. However, the
digital control in a converter is a discrete time system. The discretization of the
continuous time system is done using a built-in Matlab function and the discrete
time system matrices are represented as

A—® BT, C—Cq (3.6)

For modeling computational delay, the system matrices ®, I'c and Cgz are aug-
mented to ®q, I'cq and Cgq and are defined as Eq. (3.7)

® T, |0 B
Py = [0 o] Teq = H Cga = [Cg 0] (3.7)
An integral state model Eq. (3.8) defined in [50] is used to improve the disturbance
rejection capability of the control system. The system matrices are augmented by
this integral. The integral augmented system matrices are defined in Eq. (3.9).

zi(k+1) =x;(k) + tgref(k) — i4(k) (3.8)
®, = [_‘Iédgd (1)] | [F(‘)’d] Cga = |[Cga 0] (3.9)
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Corresponding to Fig. 20, the control law is Eq. (3.10) where k; is the feedforward
gain, k; is the integral gain and k = [k;...k4] is the state-feedback gain vector.

uc,ref(k) = ktig,ref(k) + k:zmz(k) — kXd(k’) (310)

The gains present in Eq. (3.10) are solved using Matlabs built-in Ackermann’s
formula placing the control system Eq. (3.9) poles to values calculated in Eqs. (3.14)
to (3.16). The formula finds the augmented state-feedback gain k, using ®,, I'ca, and
the calculated poles. The integral gain k; is found using Eq. (3.11). The feedforward
gain k; is calculated in Eq. (3.12) from k; and reference-feedforward zero z;. The value
of z; is found in Eq. (3.13) using controller bandwidth «, and controller sampling
period 7.

ka = [k, —ki] (3.11)
k;

b= (3.12)

z = exp(—a.Ts) (3.13)

Control system pole locations were defined according to [50] as
P12 = explw,Ts(—¢ £ /1 — (?)] (3.14)
P34 = exp(_acTs) (315)

p5s =0 (3.16)

where (. is the damping ratio, «. is the closed loop bandwidth of the current
controller, T} is the sampling period of the controller and w), is the undamped natural
frequency of the converter defined in Eq. (3.17).

Lfc Ls
[Pyt A —" 3.17
p [fc[scf ( )

For this model, a critically-damped system where (, = 1 was used. The full
state-feedback controller with these control parameters with LCL-filter has grid side
current 2, following the reference current 24 .¢.

Output of the converter was changed to bypass the PWM signal. This was done
to reduce simulation time. The PWM frequency is magnitudes higher than the
injection signal considered in this thesis and thus it has no effect on the frequency
spectrum under observation.
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3.3.2 Grid Impedance Estimation

For grid impedance estimation this thesis uses method introduced in [47]. A low
amplitude signal is injected to the converter reference voltage ug . at an inter-
harmonic frequency not naturally present in power system. The injected voltage and
corresponding current are extracted at PCC using SDFT and the grid impedance is
calculated from these measurements.

The SDFT method injects a rotating excitation signal where u$ = u.e’“*!, where
U, is the excitation signal amplitude and w, is the excitation signal angular frequency.
In order to minimize the impact of the injected signal on grid total harmonic distortion
(THD), a low magnitude, 2% of nominal phase voltage, is used. The following steps
are set by [47] for parametrizing the SDFT module.

1. Grid fundamental frequency f, is integer multiple of selected Frequency resolu-
tion fres

2. SDFT butffer length is calculated as N = 1/( fiesTs) where T is DF'T sampling
period.

3. Harmonic number of injected signal with respect to frequency resolution is
calculated h = we /(27 fres). This value must be integer. If not, either injection
frequency or frequency resolution must be re-selected.

4. Resonator coefficient is calculated as ce = exp(—j27h/N)

Selection of injection frequency w, was done by following the requirements set
in [47]. Injection frequency must not already be present in the grid voltage and its
harmonic spectrum, so in this case 50Hz and its harmonics are unusable. In order to
get grid frequency to be an integer multiple of frequency resolution, f,.s was chosen
as 10Hz. This selection of f,. allows the choice of various injection frequencies while
avoiding grid fundamental frequency and its harmonics. In [47], injection frequencies
between 90Hz and 210Hz were experimented with and validated. In this thesis,
injection frequencies are mostly chosen from the mentioned interval. In networks
with multiple converters, each converter is assigned an unique injection frequency in
order to avoid interference between multiple converters.

Diagram of the impedance estimator block found in Fig. 15 is presented in Fig. 21.
In order to calculate the grid resistance and inductance, voltage u;,.. and current
t, were measured at PCC. Both signals were run through a low-pass anti-aliasing
filter and then sampled at 10kHz frequency. SDFT was performed on the sampled
measurements in order to extract the injected signal frequency component from
measurements. SDFT was implemented according to [47], but by using a Matlab
function instead Simulink blocks.

Grid impedance Z, was calculated from dividing SDFT output voltage by SDFT
output current samples. In order to reduce noise in the estimate, a low pass filter is
implemented at the division output. The impedance value calculated at this step is
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Figure 21: SDFT-based impedance estimator.

in complex form. The grid resistance is found in the real part and grid inductance
are calculated from the imaginary part according to Eq. (3.20).

Z, = R, + jX, (3.18)
X, = wely (3.19)
Tm(Z
R, =Re(Z,) L,= m@i s (3.20)

The impedance estimation method is accurate only for balanced three-phase
systems. For this reason, this thesis focuses on balanced systems and balanced fault
situations.

The impedance estimate is calculated constantly in real time from the SDFT
buffer. Sudden perturbations, such as grid faults, cause significant disturbance in
the SDFT result. The settling time of this disturbance is generally between 100 and
200 milliseconds with the estimator parameters used in this thesis. The behaviour of
the inductance estimate is presented in Fig. 22. First, the estimate needs to settle
from starting the simulation, and then at t = 0.35s a fault is triggered causing a
new disturbance. If a protective device, such as a circuit breaker, operates in the
network after the fault and during the estimate settling time, the estimate will not
give reliable information about the faulted circuit.
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Figure 22: Grid inductance estimation result.
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4 Simulation Results

This chapter describes the simulations used in this thesis. Initial simulation is a simple
case confirming the functionality of the simulation system. Then, a comparison is
made between the measurements available from the converter and the ones available
at the sub station during a fault. Following simulations study the behavior of
the impedance estimation using multiple test circuits with increasing complexity,
including a real-world distribution network segment. Each section presents the
circuit used for simulation, the simulation results and analysis of the results. The
next section of this chapter examines the same simulation situations as previous
sections through PCC voltage measurements. Then, an Al system is used to locate
faults in the real-world network using the simulation results. Finally, the results are
summarized.

4.1 Impedance Estimator

Simulations were started by confirming that the model functions and performs at a
level of accuracy acceptable for the purposes of this thesis. This was done by using a
single converter in a simple circuit presented in Fig. 23.

U, Z

S — :

Figure 23: Simple circuit for confirming impedance estimation functionality.

In the model, components of Z,, R, and L, were estimated using signal injection
from the converter. Sinusoidal signal with peak value of 2% of grid line to neutral
voltage was injected to both real and imaginary components of converter control
voltage at frequency of 110Hz. Signal parameters and calculations are shown in
Table 4.

The voltage is measured at PCC and current at LCL-filter output, see Fig. 15.
The injection frequency component is extracted with SDFT and the grid impedance
is estimated as described in Section 3.3.2. As can be seen from results gathered in
Table 5, estimator can be considered accurate.



Ue, PCC

lec
Re{Zg}
Im{Z,}

We

Table 4: Initial estimation parameters.

ve = 0.02Ugpn = 6.532V
fe = 110Hz
we = 271fe

Actual values

Estimated values

. . | Resistance R, 10.00u82 9.98uf2

Strong erid | 1 juctance L, 1.00mH 1.00mH
. Resistance R, 10.00u52 10.08u£2

Weak grid | 1) quctance I, 17.00mH 17.00mH

Table 5: Comparison between actual and estimated impedance.
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The simulation model was expanded step by step verifying the validity of esti-
mation result at each step. The model network was expanded slightly to a circuit
described in Fig. 24. In order to keep the model simple, all line impedances Zy, are
identical. Line and load impedance Z,.q values are chosen arbitrarily. The circuit
parameters are listed in Table 6. As can be seen from simulation results gathered
in Table 7, the slightly more complex network structure with parallel load does not
affect the accuracy of the estimator.

ZL,x =
T =
We =
A

ZLoad =

Zy,

1,2, 3]

2 fe

Ry, + jwely,
RLoad + jweLLoad

Table 6: Expandend circuit parameters.

f e

Ry,

Ly,
Rioaa
L Load

110Hz
1Q
0.1mH
2012
1mH






















































































































































