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Chapter 1

Introduction

1.1 Motivation

The electric power system delivers electric power produced from gen-
erators to loads. The infrastructure is comprised of transmission systems,
where the generated electric power is sent to local substations, and distribu-
tion systems, where the electric power is delivered to end users from the local

substations.

Electric faults happen in both transmission systems and distribution
systems. Typical causes of faults are short-circuits involving line(s) and ground,
contacts with birds or trees, or lightning events. When a fault occurs in a power
line, the protection equipment automatically disconnects the line in order to
protect electric devices and to prevent more severe power system failure. Accu-
rate estimation of the fault location is desired to minimize the economic losses
due to the failure and to improve power system reliability. Impedance-based
fault locating methods are some of the most popular methods used by system
operators because they are simple to implement and give reasonable location

estimates with high interpretability.



1.2 Objective

The objective of this thesis is to improve the fault location estimates, to
evaluate the fault locating methods applied in an actual circuit model, and to
implement the fault locating methods in a commercial short-circuit software.

The thesis concentrates on using impedance-based methods for locating faults.

First, an overview of impedance-based fault locating methods are briefly
summarized in Chapter 2. The methods described in this Chapter will be used
as base methods throughout the thesis. Chapters 3 and 4 discuss improving the
fault location estimates. Chapter 3 describes improving the location estimates
by increasing the accuracy of input phasors of the fault locating methods. In
Chapter 4, an approach is suggested to improve the location estimates for a

case when distributed generation is connected to a distributed system.

The fault locating methods presented in Chapter 2 are applied and
evaluated using simulated fault data in Chapter 5. A time-domain simulation
is modeled using actual model parameters and is used to produce fault data

needed for the study.

The last Chapter describes implementing the impedance-based fault
locating methods in a commercial software. CAPE (Computer-Aided Pro-
tection Engineering) software is used as an example program and the fault
locating methods are programmed as macros. The macros are developed to

be user-friendly with directions guided by graphical interfaces.



Chapter 2

Overview of Impedance-Based Fault Locating
Methods

Impedance-based fault locating methods are commonly used in trans-
mission systems and distribution systems to locate faults on the power lines.
The methods include the simple reactance, the Takagi, the Novosel, the Eriks-
son, and the two-ended methods [1-6]. Accurate estimation of the fault lo-
cation is desired to expedite the service restoration. The basic concept is to
utilize voltage and current measurements from intelligent electronic devices
(IED), such as digital relays, digital fault recorders and power quality moni-
tors, and estimate the impedance to the fault point from the monitor. Knowing
the line impedance per unit distance, the fault location can be estimated by
dividing the estimated apparent impedance by the line impedance per unit

distance.

Fault locating methods using measurements from a local substation are
referred to as one-ended methods while fault locating using measurements from
both local and remote ends are referred to as two-ended methods. Two-ended
methods generally give more accurate and robust location estimates than one-

ended methods and are preferred if the measurements from both ends are



available.

Terminal G

Thevenin
) L l¢
equivalent circuit Load

Figure 2.1: One-line Diagram of a Radial System.

Terminal G Terminal H

Thevenin I l Thevenin
equivalent circuit f 1 equivalent circuit

Figure 2.2: One-line Diagram of a Non-Radial System.

2.1 One-ended Impedance-based Methods

One-ended impedance-based methods estimate the fault location by
calculating the apparent impedance from voltage and current measurements
from one end. Consider a simple one-line diagram of a radial system illustrated
in Figure 2.1. The local terminal and the remote terminal are labeled G and

H. The voltage drop and the apparent impedance calculated from the monitor



to the faulted point are expressed in Equations 2.1 and 2.2.

VG = lez’ne,IIG + Rf]f (2.1)
Vi 1
Zapp = == MZine1 + Rf—f (2.2)
Iq Iq

For a bolted fault, impedance-based methods give accurate location
estimates since the fault resistance R; in Equation 2.2 is zero. The esti-
mated fault location m is calculated by simply taking the ratio of the appar-
ent impedance to the positive-sequence line impedance Zj;,. ;. However, it is
unusual to have a bolted fault. The presence of 2y makes the following fault
locating methods necessary to reduce the error induced by the fault resistance.
Note that the estimated fault locations m in Equations 2.1 and 2.2 are in per-
unit. The actual distance can be calculated by multiplying m to the total

length of the line.

2.1.1 Simple Reactance Method

The simple reactance method [2] assumes that Iy and I expressed in
Equation 2.2 are in phase. Based on this assumption, the error term RF% is
assumed to have a real value. As a result, the simple reactance method takes
the ratio of the imaginary portion of the apparent impedance to the imaginary

portion of the line impedance to calculate the location estimate.

. Ve
imag(2&
m=—_16°- g IG) (2.3)
imag(Ziine)



2.1.2 Takagi Method

The Takagi method [3] utilizes the pre-fault current measurement and
takes into account the contribution of load currents in the location estimate.
This method assumes that the load current is the same both before and during
the fault. By substituting /; in Equation 2.2 with I, defined in Equation

2.4, the location estimate given by the Takagi method is derived.

Isup = IG - IG,prefault (24)
imag(Val},,) (2.5)

- imag(Zynealcl?,,)

sup

2.1.3 Novosel et al. Method

The Novosel et al. method takes a different approach from the Takagi
method by modeling the load as a constant impedance. The method esti-
mates the load impedance from pre-fault current and voltage measurements.
The location estimate is calculated by Equation 2.7. Among the two possible

estimates of m, the value between 0 and 1 pu should be chosen as the location

estimate.
V Te ] au
Zload == % - Zline,l (26)
G,prefault
(a=9) % \Jla— PP —dlc— )



where the constants are defined as,

. VG Zload
a+ b= + +1 2.8
J Zlinel,lg Zlinel ( )
. VG Zload
¢+ jd = ( )1+ (2.9)
linel,Ig linel
. [su Zload + ZG
e+if=(=—2—)(1+ 22—~ 2.10
jf (Zlinel,lg )< Zlinel ) ( )

The source impedance Z; can be estimated using the following equation.

N VG - VG,prefault

Zg = (2.11)

[G - [prefault

2.1.4 Eriksson Method

The Eriksson method takes into account both the load current and the
fault current contribution from a remote generation. Therefore, it is applicable
when there is an additional generation at the remote end as shown in Figure
2.2. The method uses equivalent source impedance values from both ends of
the line (Z¢ and Zp) and takes into account the contribution of the remote
infeed fault current. Like the Novosel et al. method the value m is chosen to

be the value between 0 and 1 pu.

a9 AP
B 2

m (2.12)
where the constants are defined as,
4 Ve Zy
a+ jb= + +1 2.13
J ZlinellG Zlinel ( )
. Vo Zy
c+ jd = 1+ 2.14
J (ZlinellG)( Zlinel) ( )
. ]su ZH + ZG
e+if= P_ 1+ 2.15
jf (ZlinellG)( Zlinel ) ( )



Table 2.1: Modification of I and Vg for unbalanced faults

Type e Ve

Single line-to-ground (A-G) Iga+ (21:2? —Dlgoe Vea

Single line-to-ground (B-G)  Igp + (722 = 1)Igo  Van

Single line-to-ground (C-G) Icc + (Z:T”j? —Dlge Vee
Line-to-line (A-B) Iga — I Vea — Vai
Line-to-line (B-C) Iep — Igo Ve — Vae
Line-to-line (C-A) Ioe — Iga Voo — Vaa

If the source impedance Zg and Zy are not known in advanced, they

can be estimated using Equations 2.16 and 2.17.

ZG _ _VG - VG,prefault

2.16
[G - IG,prefault ( )

VH - VH,prefault

Ty = — (2.17)

]H - ]H,prefault

For unbalanced faults such as single line-to-ground and line-to-line
faults, I and Vi are defined as in Table 2.1 [7]. The subscript A, B, C, 1, and
0 stand for phase A, phase B, phase C, positive-sequence, and zero-sequence

quantities, respectively.

2.2 Two-ended Impedance-based Methods

Two-ended impedance-based methods estimate the fault location using
the measurements taken at both ends of the line. The basic idea is to write

Kirchhoft’s voltage law from both ends of the line [6]. The location estimate



is given as Equation 2.18.

Vo —Vu+ ZiinerIn

— 2.18
" (I + 1) Ziinea (2.18)

If the measurements are not synchronized, the fault location can be
estimated by using the magnitude of the measurements. The location estimate

is given by Equation 2.19 [2].

_ —B+B?—4AC

m o (2.19)
where,
a+jb="Vg (2.20)
c+jd = Zinelg (2.21)
e+if =Vu — Ziineln (2.22)
9+ jh = Ziineln (2.23)
A=+ d* —g* - h? (2.24)
B=-2x(ac+bd+eg+ fh) (2.25)
C=a*+1b*—e*— f? (2.26)

The value of m that lies between 0 and 1 pu is chosen to be the location

estimate.

For unbalanced faults, it is possible to use the negative-sequence quan-
tities for Equations 2.18 and 2.19. This method is referred to as the two-

terminal(two-ended) negative-sequence method.



Chapter 3

Removing Exponential Decaying DC Offset in
Current Waveforms

The fault locating methods introduced in Chapter 2 are calculated using
the voltage and current phasors. However, the voltage and current measure-
ments are recorded in time-series and must be converted to phasors before
applying the fault locating methods. This Chapter discusses the effect of
exponential decaying DC offset present at current waveforms which prevents
accurate phasor calculations. An approach to remove the DC offset is proposed

to accurately calculate the phasor of the measurements.

3.1 Phasor Conversion Using Fourier Transform

The Fourier transform transforms time domain signals into frequency
domain using sinusoids as its basis function. The Fourier transform of input

signal is given by Equation 3.1.

X(Q) = / (e (3.1)

(o ¢]
The Fourier transform represents time-sequence data as linear combi-

nations of sinusoidal functions. The function is the frequency response of

10



the input signal which can be further separated into magnitude spectrum
(|X(€2)]) and phase spectrum (£|X(Q2)|). The magnitude spectrum measures
the amount and the phase spectrum measures the location of the input signal
with comparison to the sinusoidal basis functions. A sinusoidal signal can be
converted into phasor form using the magnitude spectrum and phase spectrum

of Fourier analysis.

The Fourier transform is efficient when analyzing stationary signals,
where the statistical parameters such as mean and variance do not change
over time. For power disturbance signals, 1 cycle (50 or 60 Hz) input data

points are usually sufficient for phasor conversion given they are stationary.

3.2 DC Offset in Transient Fault Signals

Consider an RL circuit such as the one shown in Figure 3.1. The circuit
represents a three-phase short circuit fault. The current during the fault is

calculated and is shown in Equation 3.2.

i(t) = V2 x \/% [sin(wt + B —0) —sin(p — 9)6% (3.2)

where (3 is the fault incidence angle and @ is the system impedance angle.

The equation shows that the fault current can be decomposed into a
symmetrical AC component and an exponentially decaying DC component as
in Equations 3.3 and 3.4. The asymmetrical component will be referred to as
the DC offset throughout the Chapter. Equation 3.4 implies that the DC offset

will have maximum impact on the total fault current when fault incidence angle

11



a) =2, sinwt+ ) L R

l(t) t=0s

Figure 3.1: Fault Current in Series RL Circuit.

and the system impedance angle differ by 90°, that is § = 6 + 90°. Note that
the harmonics may be present in the symmetrical AC component. However,

they are not written in Equation 3.3 for simplicity.

. ‘/7'ms .

lac = \/5 X m [sm(wt + 6 — 9)] (33)
. Vims . i

tde = \/§ X m [— sm(ﬁ - 9)6 /R (34)

3.3 Proposed Approach to Remove DC Offset from Tran-
sient Fault Signals
The frequency response at 60 Hz (or 50 Hz) should be applied at the
symmetrical portion of the fault signals for accurate phasor calculations. How-
ever, the fault data measurements can only be available for a short period of
time. For example, only 2~3 cycles might be available for temporary faults.

The DC offset is likely to be present within the given amount of measurements.

As discussed previously, the fault current can be decomposed into an

AC component and a DC component as shown in Equation 3.5.
1= lge + lqe (3.5)

12



For simplicity, the DC component is re-written as in Equation 3.6
ige = Aevt/T (3.6)

where A = —% [—sin(8 —0)] and 7 = X/R. The two parameters A and

7 will be referred to as the peak DC offset magnitude and the X/R ratio.
The following procedures are presented to remove the DC offset from a
signal. The main idea is to remove the DC offset in time-domain by estimating
two parameters A and 7 and reconstruct i4.. Then the reconstructed i4. can
be removed from the original signal so that Fourier transform can be applied

to the symmetrical component of the fault signals.

1. Select Two Pairs of Data Points
First pick two pairs of data points from the fault signal. The first pair
is arbitrarily selected with a margin of A. The second pair is separated
from the first pair by the sampling frequency N. An example is shown

in Figure 3.2

2. Estimate X/R Ratio
After four data points are selected, The estimated X/R ratio is derived

by the following procedure and given in Equation 3.11.

iltres] = i[tresen] = AeVlresl/m — Agvlinesenl/T (3.7)
i[tRef+A] _ i[tRef+N+A] — AeWltres+al/T _ powltres+n+al/T (3.8)

iltres] — iltresny AevltBefl/7 _ Aewltresinl/7 (39)

i[trefra] — i[trepinia]  Aevlressal/m — Aewltresinsal/m
= eTwta/T (3.10)

13



i[Ref])
i[Ref+N ]

) i[Ref+A ] )

P

i[Ref+N+A ]

Figure 3.2: Four data points for DC Offset Removal.

th

i[tRef]=iltRef+N]
iltref+al—i[trRef+N+a]

(3.11)

Test = —

Note that even if the harmonics were present in the fault signals, they
will be canceled out by subtracting the current values separated by the
sampling frequency N. This is an advantage over other methods [8,9] that
assumes the number of harmonics in the fault signal before removing the

DC offset.

. Estimate the Peak DC Offset Magnitude
Next, estimate the peak DC offset magnitude using the estimated X/R

ratio. This is done by substituting 7.5 into 7 defined in Equation 3.8

A iltrepra] —iltrerinial (3.12)

est — ew[tRef+A}/7'est — ew[tRef+N+A]/Test
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4. Remove the DC Offset from the Measurements
Since 7 and A are estimated from Equations 3.11 and 3.12 the DC offset

can be reconstructed using Equation 3.13.

Z‘dc7est = Aest€Wt/TESt (3 13)

The symmetrical AC component of the current is then derived from

Equation 3.14.

iac,est =1— idc,est (314)

The proposed approach can accurately remove DC offset given that the
fault signals are clean and the signal can be decomposed into AC and DC
components perfectly. However for noisy signals, the X/R ratio and the peak
DC offset magnitude estimated from Equation 3.11 and Equation 3.8 may be
variable. Therefore, the following procedure gives a more robust estimation of

the X/R ratio and the peak DC offset magnitude for noisy measurements.

1. Vary the size of the A in Equation 3.11 and estimate X/R ratios for

multiple values of A.

2. Select the median value of all the possible X /R ratios calculated. Use the
median value as the estimated X /R ratio. Remove outliers beforehand

if necessary.

3. Use the estimated X/R ratio and estimate possible peak DC offset mag-
nitudes using multiple values of A and Equation 3.12. Take the median

value as the estimated peak DC offset magnitude.

15



4. Reconstruct the DC offset and remove the DC offset from the Measure

ments.

[ [ [ \ \ [ [ \ \ [
5 10 15 20 25 30 35 40 45 50
Cycles

Figure 3.3: Event 1: A-G Fault, 1/1/13, 09:38:33.94.

\ [ \ [ \ [ \ [ [ [ [ \
5 10 15 20 25 30 35 40 45 50 55 60
Cycles

Figure 3.4: Event 2: A-G Fault, 1/1/13, 09:42:23.08.
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Figure 3.5: Event 3: A-G Fault, 4/27/12, 00:48:11 .

3.4 Application of Proposed Method to Actual Circuit
Data

The approach proposed in the previous sections is applied to three fault
event data files. The first two event files are part of a permanent fault where
two recloser operations are recorded in each event file. The recloser ultimately
locks out after four operations. Voltage and current waveforms of the events
are shown in Figure 3.3 and Figure 3.4. The third event file is a lightning
event and is shown in Figure 3.5. The description proposed in the previous

section is applied to these event files.

1. The peak point of the first lobe after the fault incidence is chosen to
be the reference point, i[Ref]. Every integer value between 10 and 50 is
selected as A. The data points used for estimating the model parameters

are illustrated in Figure 3.6.

17



2. Using the sets of four data points, the possible X/R ratios are calculated.
The histograms of the possible X /R ratios are depicted in Figure 3.7. The
median value is selected as the estimated X/R ratio. Note that for event
3, the negative X/R ratios are considered as outliers and are excluded

before applying the median.

3. Similarly, the histogram of the possible peak DC offset magnitude is
plotted in Figure 3.8. Again, the median of these values is used as the

estimated peak DC offset magnitude.

4. DC offset is reproduced using the estimated X /R ratio and the estimated
peak DC offset magnitude. Figure 3.9 show the waveforms after the DC

offsets are removed.

5. Figure 3.10 shows the magnitude response of the measurements before
(red lines) and after (blue lines) the DC offset removal. Then, fault
location is estimated by the Takagi method and is shown in Figure 3.11.
The blue lines show more robust and less fluctuating magnitude response

and location estimates than the red lines.

Table 3.1: Estimated Parameters.

Estimated Event 1 Event 1 Event 3 Event 2 Event 3
Parameter (Part 1) | (Part 2) | (Part 3) | (Part 4)

X/R Ratio 5.906634 | 5.646981 | 6.471046 | 5.664295 | 10.46782
Peak DC Offset Mag. | -4.477568 | 5.463019 | -7.050961 | -2.165794 | -1.89091
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Figure 3.6: Selected Data Points for (a) Event 1 (Part 1), (b) Event 1 (Part
2), (c) Event 2 (Part 3), (d) Event 2 (Part 4), and (e) Event 3.
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Chapter 4

Improved Method for Locating Faults
Upstream from Distributed (GGeneration

Fault locating in distribution systems with distributed generation (DG)
is discussed in this Chapter. One-ended impedance-based methods are nor-
mally used in distribution systems assuming that the line is radial. However,
when a DG is connected to the distribution line, the generator will contribute
fault currents and thus affects the apparent impedance calculated from the
local substation. Since the penetration of DG is expected to increase, fault

locating in distribution systems with DG needs to be examined.

Fault locating in the system can be considered in two scenarios: Fault
located upstream from DG and fault located downstream from DG. Many im-
proved algorithms have been proposed for locating faults that are downstream
from DG [10-12]. However, they consider less on the impact of DG when a
fault is located upstream from DG. This Chapter focuses on improving the

fault location estimates when faults are located upstream from DG.

25



4.1 Fault Locating Approach in Distribution Systems
with Distributed Generation
Consider a distribution system shown in Figure 4.1. The substation and
a local synchronous generator are connected at the point of interconnection
(POI). The load is represented as a single lumped load at the remote end. The
measurements are assumed to be available from the substation and the DG

terminals.

ZDG
Distributed

Generator _l <
Q o
] o)
N
Substation ?Uw
@
(1'd)zline
Thevenin > .
. R s 217
equivalent circuit

Load

Figure 4.1: One-line diagram of a distribution system with distributed gener-
ation.

4.1.1 Estimated Voltage at POI as a Reference

The estimated voltage at the POI can be used as a reference point
in determining whether a fault has occurred upstream or downstream from
DG. Suppose a fault occurred. Then estimate the voltage at the POI by
calculating the voltage drop from the substation and DG measurements to the

POI, independently. If the estimated voltage values at the POI are the same,
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the fault is considered to be downstream from DG. If the estimated voltage
values at the POI are not the same, the fault is considered to be upstream

from DG.

If the measurements at the substation and DG are not synchronized,
the POI can also serve to be a reference point to synchronize the measurements
[5] [7] . Using the pre-fault measurements from the substation and DG, the

synchronization operator e/ can be derived as in Equation 4.2.

Vo —Ig % leme = VDGejG - IDGeje X Zline,DG (41)
0 VG - IG X leine

e g
Vboe — Ipc X Ziine,pc

(4.2)

It should be noted that in an actual system tapped loads along the
distribution feeder do introduce error in determining the relative location of
the fault or in calculating the synchronization operator. The following sections
assume that the measurements from the substation and the DG have been

synchronized.

4.1.2 Locating Faults Upstream from DG

When the fault is located upstream from DG, the DG at the remote end
of the line contributes a fault current in addition to the fault current flowing
from the substation. The fault current contribution from the DG will shift the

angle between Iy and I in Equation 2.2.

Therefore the remote current infeed from the DG will increase the re-

actance error in the simple reactance and the Takagi methods. The Eriksson
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Figure 4.2: Fault is located upstream from DG.

Load

method and the two-ended method will not be effected by the fault current
contribution because they take into account the fault current contribution from

the remote end.

However, the two-ended method requires remote end measurements.
The Eriksson method also requires the remote end measurement in order to
estimate the remote source impedance, if not known in advance. Therefore
it would be beneficial to have the remote end measurements to apply these
methods. One solution is to use the measurements at the DG terminal as the
remote end measurements. However if this measurements are used, the current

flowing from the POI to the load is neglected.

An improved method is described as follows. A virtual monitor is
assumed to be present in the POI facing the substation as shown in Figure 4.2.
Then pre-fault (subscripted pre) and during-fault measurements (subscripted
fit) captured at this monitor can be estimated using the measurements taken

at the substation and the DG.
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The pre-fault and during-fault voltage measurements are estimated us-

ing the healthy line section connecting the DG and the POL.

%re,POI = VZm‘e,DG - [pre,DG X Zline,DG (43)

Viu,por = Vi,oa — Lre,pc X Ziine,nG (4.4)

The pre-fault current measurement is estimated as the opposite direc-
tion of the pre-fault current measured at the substation side. The during-fault
current measurement is estimated by subtracting the load current from the
fault current flowing from the DG. Assuming a constant impedance load Z,qq,

the load impedance can be estimated as in Equation 4.7.

Ipre,PO[ - _Ipre,G (45)
Vi

Iru,por = Ipu,pe — 1= d)gfpoi Z (4.6)
Vre -1 e dz ine

Zload =L G pred a l — (]. — d)le'ne (47)

Ipre,G + Ipre,DG

The measurements from this virtual monitor can be used in the appli-
cation of the two-ended method and can provide the remote source impedance
for the Eriksson method. The remote source impedance is estimated as Equa-
tion 4.8 and this value can be used as the Zy value in Equations 2.8, 2.9,

2.10.

7 — Varor — Vire,por
s,remote — (48)
Iti.por — Ipre,por
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Ipoi,0 lioad,0

IPOI,Z IIoad,2

Figure 4.3: Symmetrical components calculations.

Note that Equations 4.3 - 4.8 are written in case where the faults are
balanced. For unbalanced faults, the equations should be applied for every
positive-sequence, negative-sequence, and zero-sequence components as shown

in Figure 4.3.

4.2 Application of Proposed Fault Locating Approach
on Simulated Fault Data

A PSCAD/EMTDC model is developed to test the fault locating meth-

ods in a distribution system with a distributed generation. The nominal volt-
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Table 4.1: Simulation Model Parameters

Model Parameter Value

Za,1 43.8088

Zao 711.4264 2

ZpG,1 51.28547 )

ZDpa.,o 70.5967 €2

Zlinen 0.2780 + 50.6584 2 /mile
Zline,0 0.5474 4 71.9720 Q/mile
Zline,DG,1 0.2780 + 70.6584 €)/mile
Zline,DG.0 0.5474 4 41.9720 Q/mile
Substation transformer 138/13.8 kV, 10 MVA, 4%
DG transformer 6.9/13.8 kV, 8 MVA, 4%
Sampling Frequency 128 samples per cycle

age of the feeder is 13.8 kV and the distribution feeder is 6 miles long. A syn-
chronous distributed generator is interconnected to the middle of the feeder
which is 3 miles away from the substation. Two different load consumption
scenarios are considered. The first scenario assumes that the loads are lumped
at the remote end consuming 10.62 MVA at 0.9 power factor lagging. This
modeling resembles an express feeder where the loads are concentrated at some
distances from the substation [13]. In the second scenario, the loads are dis-
tributed along the distribution feeder. The loads are connected at 1.5, 3, 4.5,
and 6 miles from the substation and the loads consume 3.54, 3.31, 3.14, 3.07
MVA, all at 0.9 power factor lagging, respectively. For each scenario, single
line-to-ground faults with two different fault resistance values, 1 and 5 ohms,

are simulated. The system parameters are modeled using [14] and are summa-
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rized in Table 4.1. The subscript 1 and 0 are referred to as positive-sequence

and zero-sequence values.

The location estimate and the percent error are summarized in Table 4.2
and Table 4.3. The percent error is calculated using Equation 4.9. The simple
reactance method and the Takagi method are applied using measurements from
the substation. The Eriksson method and the two-ended method are applied
in two different manners: one using the substation and the DG measurements
and the other using the substation and the estimated POI measurements as
explained in Section 4.1.2. The two-ended method is applied using negative-

sequence components (see Chapter 2) to estimate the fault location.

Estimated Location - Actual Location
E = 1 4.
wor % Total Length of the Feeder < 100 (49)

As described in the previous sections, the simple reactance method is
the least accurate among the fault locating methods. It is effected by the load
and the remote infeed when fault resistance is present. On the other hand, the
Takagi method improves the estimate accuracy by taking into account the load
currents into the location estimate. However, when DG is located downstream
from the fault, the remote infeed from the DG will effect the fault location

estimated by the Takagi method.

Therefore the focus is on applying the Eriksson method and the negative-
sequence method since these methods take into account both the load current
and the remote infeed. However, when these methods are applied using the

substation and the DG measurements, they give considerable error. The er-
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rors come from the inaccuracy of the remote source impedance for the Eriksson
method, and the load currents drawn by the loads at the remote end for the
two-ended method. It is found in Table 4.2(b) that if the Eriksson method is
applied using the substation and the DG measurements, it gives 3.83% and
7.50% error for each simulated fault distance. The two-ended method using
the substation and the DG measurements shows consistent location estimates
with respect to fault resistance, but the estimates have an offset of 1.17% and
1.00% due to the load currents drawn from the remote end. By using the
estimated measurements at the POI in place of the DG measurements, the
errors in the Eriksson method and the two-ended method are reduced to at

most 0.33 % for all simulation cases.

Table 4.3 summarizes the fault location estimates when the load is
distributed along the distribution feeder. Again, the Eriksson method and the
two-ended method using the substation and the POI measurements show the
most robust and accurate estimates. In this scenario, the source of error comes

from the loads placed between the substation and the POI.
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Table 4.2: Fault location estimated from the substation for the lumped load
scenario (a) Ry =1 (b) Rf =5

(a)
Actual Location Actual Location
(1 mi.) (2 mi.)
Rp=1 Estimate Error Estimate Error
(mi.) (%) (mi.) (%)
Simple reactance 0.93 -1.17 1.91 -1.50
Takagi 1.03 0.50 2.04 0.67
Eriksson 1.04 0.67 2.08 1.33
(Substation + DG)
Neg.-sequence 0.93 -1.17 1.94 -1.00
(Substation + DG)
Eriksson 1.00 0.00 2.00 0.00
(Substation + POI)
Neg.-sequence 1.00 0.00 2.00 0.00
(Substation + POI)
(b)
Actual Location Actual Location
(1 mi.) (2 mi.)
Rr=5 Estimate Error Estimate Error
(mi) (%) (mi) (%)
Simple reactance 1.00 0.00 2.03 0.50
Takagi 1.15 2.50 2.19 3.17
Eriksson 1.23 3.83 2.45 7.50
(Substation + DG)
Neg.-sequence 0.93 -1.17 1.94 -1.00
(Substation + DG)
Eriksson 0.98 -0.33 2.00 0.00
(Substation + POI)
Neg.-sequence 1.00 0.00 2.00 0.00

(Substation + POI)
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Table 4.3: Fault location estimated from the substation for the distributed
loads scenario (a) Ry =1 (b) Rf =5
(a)
Actual Location Actual Location
(1 mi.) (2 mi.)

fy=1 Estimate Error Estimate Error

(mi.) (%) (mi.) (%)
Simple reactance 0.94 -1.00 1.93 -1.17
Takagi 1.05 0.83 2.06 1.00
Eriksson 1.06 1.00 2.10 1.67
(Substation + DG)
Neg.-sequence 0.94 -1.00 1.96 -0.67
(Substation + DG)
Eriksson 1.01 0.17 2.02 0.33
(Substation + POI)
Neg.-sequence 1.01 0.17 2.02 0.33
(Substation + POI)

(b)
Actual Location  Actual Location
(1 mi.) (2 mi.)

Fp=5 Estimate Error Estimate Error

(mi.) (%) (mi) (%)
Simple reactance 1.04 0.67 2.06 1.00
Takagi 1.22 3.67 2.26 4.33
Eriksson 1.30 5.00 2.52 8.67
(Substation + DG)
Neg.-sequence 0.94 -1.00 1.96 -0.67
(Substation + DG)
Eriksson 1.05 0.83 2.08 1.33
(Substation + POI)
Neg.-sequence 1.01 0.17 2.02 0.33

(Substation + POI)
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Chapter 5

Application of Fault Locating Methods in
Utility Circuit

Fault locating methods presented in Chapter 2 are applied to distri-
bution circuits with distributed generation operating in interconnected grid
and microgrid modes. A time-domain model which represents the distribution
circuit is developed based on system parameters provided by participating util-
ities. The circuit consists of the 34.5-kV AT - WF No. 207 Line, OV and WF
4.8-kV circuits, and the two local generating facilities, 416-kW Box Farm and
6.6-MW WN wind farm. The circuit is designed to be operated in microgrid
depending on the location of where a permanent fault occur. Oneline diagrams
of the utility circuit operating in interconnected mode and microgrid mode are
illustrated in Figures 5.1, 5.2, and 5.3. This chapter presents the application
of fault locating methods in interconnected grid and microgrid operation using

data obtained from the time-domain model.

5.1 Application of Fault Locating Methods in Intercon-
nected Operation

This section evaluates the accuracy and robustness of fault locating

methods in interconnected grid operation using the time-domain model. The
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Figure 5.1: Utility Circuit Operating in Interconnected Mode.
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Figure 5.2: Utility Circuit Operating in OV-WF Microgrid.
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Figure 5.3: Utility Circuit operating in (a) OV Microgrid and (b) WF Micro-
gird

one-line diagram of the model is shown in Figure 5.4. Three short-circuit fault
scenarios (Scenarios G1, G2, and G3) are considered for different segments of

the distribution line.

1. Scenario G1 : Multiple single line-to-ground faults with fault resistances
of 0 and 5 ohms are simulated in Line Section 1 between R55 and R122.

These faults are located 0.5, 1.12, 2.38, and 5.32 miles from recloser R55.

2. Scenario G2: Multiple single line-to-ground faults with resistance of 0
and 5 ohms are simulated in Line Section 2 downstream from R173.

These faults are located 1.9, 4.84, and 6.10 miles from recloser R173.

3. Scenario G3: Multiple line-to-line faults with resistance of 0 and 5 ohms
are simulated in Line Section 3 between PQ48V and PQ48B. These faults
are located 0.8 and 2.67 miles from PQ48V.

Line-to-line faults are simulated in Scenario G3 because single line-

to-ground faults between PQ48V and PQ48B would not result in any fault
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current as the 4.8-kV line is ungrounded. Voltage and current waveforms
during fault conditions are captured by digital relays in each recloser (R55,
R122, R173, and R199) and by the two power quality monitors (PQ48B and
PQ48V). Waveforms of one or more faulted phases are then used in fault
locating methods implemented in MATLAB. Table 5.1 lists methods used in

estimating fault locations for Scenarios G1, G2, and G3.

Table 5.1: Fault Locating Methods Applied for Evaluation Scenarios.

Scenario Applied Method
Simple Reactance Method
One-ended method Takagi Method

G1 Novosel et al. Method
Two-ended Method Negatlve—seguence Method
(Unynchronized)
Simple Reactance Method
G2 One-ended Method Takagi Method

Novosel et al. Method
Simple Reactance Method
One-ended method Takagi Method
G3 Eriksson Method
Two-ended Method Negative—seguence Method
(Unynchronized)

5.1.1 Line Impedance

Fault locating methods introduced in Chapter 2 assume uniform line
impedance for the entire line in which the fault current flows. Unfortunately

the line impedance of Line Section 1 and Line Section 2 is non-uniform because
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Figure 5.4: One-line Diagram Showing Line Sections for Evaluating Scenarios
G1, G2, and G3.

each is made up of two different line configurations. To apply fault locating
methods, each section is assumed to be uniform with the line impedance per
mile of the longer segment representing the entire section. It should be noted
that this assumption does introduce error to the location estimate. The line

impedances of the Line Sections 1, 2, and 3 for applying fault locating methods

are specified in Table 5.2.

5.1.2 Input Data and Steady-State Condition

The time-domain model is used to simulate short-circuit faults in Sce-
narios G1, G2, and G3. Each simulation run starts from time zero and reaches

its normal operating condition prior to applying a fault condition. Steady-state
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load demand and the power output of the two distributed generators are shown

in Table 5.3 and Table 5.4, respectively.

Table 5.2: Impedances of the 207 Line.

From Bus To Bus Llélélgeth Line Impedance Assumption
(mi) (ohms/mi) (ohms/mi)
Line AT Sta.12 | AT Load 112 P :0.4379 + j0.6621 | P : 0.8001 + jO.8119
Section 1 (G1) 34.5 kV 34.5 kV ' Z :0.7216 + j3.1595 | Z : 1.0600 + j2.9353
AT Load oV 6.3 P :0.8001 + j0.8119
34.5 kV 34.5 kV ’ 7 :1.0600 + j2.9353
Line [0)% Recloser 0.2 P :0.8826 + j0.8676 | P :0.8826 + j0.8676
Section 2 (G2) 34.5 kV R173 ’ Z :1.1562 + j3.1030 | Z :1.1562 + j3.1030
Recloser VT TAP 6.1 P: 0.8826 + j0.8676
R173 34.5 kV ’ 7 :1.1562 + j3.1030
VT TAP WF 01 P :0.977 + j0.9610
34.5 kV 34.5 kV ’ 7 :1.280 + j3.4340
Line oV Box DG 40 P :0.9927 + j1.1478 | P : 0.9927 + j1.1478
Section 3 (G3) 4.8 kV 4.8 kV ’ 7 :0.9927 + j1.1478 | Z : 0.9927 4 j1.1478

Note: P and Z are positive- and zero-sequence impedances, respectively.

Table 5.3: Pre-fault Load Demand.

AT Substation AT Load oV WF
P (MW) | Q Mvar) | P(MW) | Q (Mvar) | P (MW) | Q (Mvar) | P (MW) | Q (Mvar)
4.5635 2.2067 2.0359 1.2992 1.3985 0.5611 1.7274 0.9659

Table 5.4: Pre-fault DG Outputs.

Box Farm WN Wind Farm
P (MW) | Q (Mvar) | P (MW) | Q (Mvar)
0.4159 -0.1277 6.7261 -2.6247

A fault condition is then applied at 1.6 s following the start of the
simulation (¢; = 1.6 s). A typical fault current waveform captured by the

upstream recloser protecting the line section is illustrated in Figure 5.5. It
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Pre-fault (V,1) During-fault (V,1)
Measurement Measurement

Figure 5.5: One-line Diagram Showing Line Sections for Evaluating Scenarios
G1, G2, and G3.

shows pre-fault and during-fault portions of the entire waveform. Immediately
following the fault condition, both Box Farm and WN wind farm contribute
fault currents. In the simulation, it is assumed that both generators will
trip open at 5 cycles, i.e., tyipped = ty + 5 cycles. At this time instant, the
upstream recloser may or may not open yet. This study assumes waveforms
between t; and #4ppeq are captured by real world digital relays and power
quality monitoring devices. Pre-processing procedures are then performed to
determine faulted phases and the portion of waveforms to use for fault locating.
Due to the DC offset in the fault current, the during-fault measurements used
in the fault locating methods are taken approximately three cycles after the

fault is applied. Figure 5.5 shows a fault current waveform beyond #;ipped,
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however, only the waveform portion between ¢y - 2 cycles and t; 4 5 cycles is

used for fault locating.

Table 5.5 shows reclosers and power quality monitors providing fault
event data for each evaluation scenario. The two-ended negative-sequence
method is applied for Scenario G1 and G3. They use fault event data captured

by the reclosers upstream and downstream from the fault.

Table 5.5: Measurement Locations.

Scenario | Simple Reactance | Takagi | Novosel | Eriksson | Negative-sequence
R55
Gl R55 R55 R55 N/A and
R122
R173 R173 R173
G2 or or or N/A N/A
R122 R122 R122
PQ48V PQ48V PQ48V PQ48V
G3 or or N/A or and
PQ48B PQ48B PQ48B PQ48B

5.1.3 Evaluation of Fault Locating Methods for Scenario G1

A single line-to-ground fault is applied at four different locations on
Line Section 1 with a fault resistance of 0 and 5 ohms. These locations are
0.5, 1.12, 2.38, and 5.32 miles from recloser R55. The pre-fault current flowing
through Line Section 1 is about 86 A and the fault current recorded by R55
is about 1 kA to 2 kA depending on the location of the fault. Fault event
waveforms captured by R55 and R122 are then used to estimate the fault

location using various fault locating methods. Results of location estimates
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along with their errors are shown in Table 5.6. The example current and

voltage waveforms for Scenario G1 are shown in Figure 5.6.

Cument Recorded by R55 Voltage Recorded by R55

- Phase A ||
i Phase B
Phase C

; i [ ; i [——PhaseA
25+ H
H H Phase B
Phase C ||

Voltage (kV)

W

1.56 1.58 16 1.62 1.56 1.58 16 1.62
Time (s) Time (s)

v

)

Figure 5.6: Current and Voltage Waveforms Recorded by R55 for Scenario G1.

The simple reactance method is the simplest to implement and as seen
in Table 5.6, it also is the least accurate. It requires only voltage and current
measurements from one end, in this case R55. It estimates the fault location by
taking the ratio of imaginary portion of apparent impedance to the imaginary
portion of line impedance. However, since the method assumes that I; and
I are in-phase (see Chapter 2), any fault resistance can greatly affect the
accuracy of the estimates. Table 5.6 indicates that error increases to more
than 10% when fault resistance of 5 ohms is applied. Percent error is calculated

using Equation 5.1.

Estimated Location - Actual Location
E = 100 5.1
rror % Total Length of the Feeder g (5.1)

The Takagi method improves the accuracy of the simple reactance

method by using the pre-fault current values to account for load currents.
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Table 5.6: Application of Fault Locating Methods in Scenario G1

(a)

Simple Reactance
Takagi

Novosel
Negative-sequence

Actual Location
(0.50 mi.)

R;=50Q
Estimate
(%Error)
-0.35 (-11.46)
0.51 (0.13)
0.58 (1.08)
0.39 (-1.48)

Actual Location
(1.12 mi.)

Ry =5Q
Estimate
(%Error)
0.32 (-10.78)
1.13 (0.13)
1.20 (1.08)
0.85 (-3.64)

(b)

Simple Reactance
Takagi

Novosel
Negative-sequence

Actual Location
(2.38 mi.)

Ry =50
Estimate
(%Error)
1.59 (-10.65)
2.38 (0.00)
2.47 (1.21)
2.13 (-3.37)

Actual Location
(5.32 mi.)

Rf =50
Estimate
(%Error)
4.54 (-10.51)
5.27 (-0.67)
5.40 (1.08)
5.11 (-2.83)

Therefore the Takagi method will produce an error if there are fault con-
tributions from the Box Farm and the WN wind farm. For this method,
the error is small because the remote end does not contribute fault current
(delta-delta connected transformers block the zero-sequence fault current con-
tribution from the Box Farm and the WN wind farm). The results show that
the Takagi method can be accurate and provides a vast improvement over the
simple reactance method. The Novosel et al. method utilizes pre-fault voltage
and current values to estimate the load impedance and the source impedance.

Using the estimates, the Novosel et al. method provides accurate estimation
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irrespective of fault resistance, load currents, and source impedances. The
results in Table 5.6 show that the Novosel et al. method is accurate to within
a 1.5%. The two-ended negative-sequence method is also implemented. Using
this method, the fault location estimate was accurate to within 3.64%. The

error comes from the non-homogeneity of the line section.

The percentage differences between the actual fault location and the
estimate as calculated by Equation 5.1 are depicted in Figure 5.7. The simple
reactance method stands out as giving the worst location estimate with an
error of 10 to 12 percent. The other methods perform equally resulting in an

estimate deviating from the actual fault location by no more than 4 percent.

Rr=0Q Ri=5Q
2 2
1 / 0 —.—I—.—.<T
// > 0 X 1 2 3 4 5 6
0 I i \k_"'—/
e —— — :
= ) ——SR = 4 ——S3R
g 1 2 3 4 5 6 g
5 -1 ~—Takagi 5 6 ~f—Takagi
& Novosel & 8 Novosel
-2 ~¥=Neg. =H=Neg.
210 —
-3 - 12 /ﬁ
-4 14

Actual Location (miles) Actual Location (miles)

Figure 5.7: Errors in Location Estimates for Scenario G1.

5.1.4 Evaluation of Fault Locating Methods for Scenario G2

A single line-to-ground fault, with fault resistance of 0 and 5 ohms, is
applied at three different locations on Line Section 2. The pre-fault current

flowing through Line Section 2 is about 100 A and the fault current recorded
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Table 5.7: Application of Fault Locating Methods in Scenario G2 Using (a)
R173 and (b) R122

(a)
Actual Location Actual Location Actual Location
(1.90 mi.) (4.84 mi.) (6.10 mi.)
R;=0Q Ry=5Q R;y=00Q Ry=5Q Ry=0Q Ry=5Q
Estimate  Estimate  Estimate  Estimate  Estimate  Estimate
(%Error)  (%Error)  (%Error) (%Error) (%Error) (%Error)

Simple Reactance 1.90 0.98 4.83 3.90 6.09 5.15
(0.00) (-14.84)  (-0.16) (-15.16)  (-0.16) (-15.32)
Takagi 1.90 1.65 4.83 4.48 6.09 5.70
(0.00) (-4.03) (-0.16) (-5.81) (-0.16) (-6.45)
Novosel 1.90 1.94 4.83 4.86 6.08 6.11
(0.00) (0.65) (-0.16) (0.32) (-0.32) (0.16)
(b)
Actual Location Actual Location Actual Location
(1.90 mi.) (4.84 mi.) (6.10 mi.)

Ry=0Q Ry=5Q R;=00Q R;y=5Q Ry=0Q R;y=5Q
Estimate  Estimate  Estimate  Estimate  Estimate  Estimate
(%Error)  (%Error)  (%Error) (%Error) (%Error) (%Error)

Simple Reactance 2.08 1.11 4.96 3.97 6.20 5.18
(-0.31) (-15.47) (-1.25) (-16.72) (-1.56) (-17.50)

Takagi 2.08 1.85 4.98 4.65 6.21 5.83
(-0.31) (-3.91) (-0.94) (-6.09) (-1.41) (-7.34)

Novosel 2.09 2.11 4.99 4.98 6.22 6.20
(-0.16) (0.16) (-0.78) (-0.94) (-1.25) (-1.56)

by R173 is about 500 A to 750 A depending on the location of the fault.
Since the fault is downstream of both R173 and R122, one-ended methods are
implemented using data from each recloser. The results are tabulated in Table
5.7. The current and voltage waveforms are similar to those shown in Figure

0.6.

For bolted faults, the differences between the methods were negligible.
When there is resistance to the fault, the Novosel et al. method provided the
most accurate estimate of the fault location while the simple reactance and the

Takagi methods had high percent error. Using data from R173 should provide
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a more accurate estimate of the fault location than with data from R122,

because it is unaffected by infeed from Box Farm. However, the simulation

indicates that the difference is minimal for single line-to-ground faults because

the fault current contribution from Box Farm is blocked by the delta-delta

connected transformer.
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Figure 5.8: Errors in Location Estimates for Scenario G2 Using Data Captured

at R173 and R122.

5.1.5 Evaluation of Fault Locating Methods for Scenario G3

A line-to-line fault is simulated at two locations of Line Section 3 with

fault resistance of 0 ohms and 5 ohms. The pre-fault current flowing through

Line Section 3 is about 50 A and the fault current recorded by PQ48B is about



150 A to 350 A depending on the location of the fault. Since both ends of
the line contribute fault current, the two-ended method methods are applicable
using data from PQ48B and PQ48V. The one-ended methods are implemented
using the data from PQ48B with the exception of the Eriksson method. This
is because the Eriksson method may provide two feasible location estimates
between 0 and 1 per-unit distance (see Chapter 2) using data from PQ48B
when fault resistance is high. For these scenarios, the Eriksson method using
data from PQ48V is used to determine the correct estimate. The results for
the one-ended methods recorded in Table 5.8 reflect results using PQ48V. The
example current and voltage waveforms for Scenario G3 are shown in Figure

2.9.

by PQ48B Voltage Recorded by PQ48B

e
3 H i i il & Phase A
Phase B || AL L L Phase B ||
Phase C | i i i i A Phase C

: {

Current (kA)
Voltage (kV)

Figure 5.9: Current and Voltage Waveforms Recorded by PQ48B for Scenario
G3.

Both the simple reactance and the Takagi methods result in large errors
in their estimates for faults with non-zero resistance. It should be noted that

the Takagi method is less accurate than the simple reactance method. In order
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Table 5.8: Application of Fault Locating Methods in Scenario G3

Actual Location

Actual Location

(0.80 mi.) (2.67 mi.)

Ry =00 Ry =50 Ry =00 Ry =50

Estimate Estimate Estimate Estimate

(%Error) (%Error) (%Error) (%Error)
Simple Reactance  0.80 (0.00) 1.38 (14.5) 2.67 (0.00) 2.41 (-6.5)
Takagi 0.80 (0.00) 2.06 (31.5) 2.67 (0.00) 4.31 (41)
Eriksson 0.80 (0.00) 0.80 (0.00) 2.67 (0.00) 2.67 (0.00)
Negative-sequence  0.80 (0.00) 0.80 (0.00) 2.67 (0.00) 2.67 (0.00)

to account for the effect of the system load, the Takagi method subtracts
the pre-fault load current from the fault current. However, when the fault
is applied in Line Section 3, the actual load current drawn by the system
differs from the pre-fault current that the Takagi method subtracts, adding
considerably to the error. As a result, the Takagi method fails to give an
accurate location estimate. On the other hand, the Eriksson method and the

two-ended negative-sequence method are robust to fault resistance, load, and

remote infeed and provide accurate results.
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Figure 5.10: Errors in Location Estimates for Scenario G3.
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5.2 Application of Fault Locating Methods in Microgrid

Operation

This section evaluates the accuracy and robustness of fault locating
methods in microgrid operation using the time-domain model. The one-line
diagram of Microgrid OW is shown in Figure 5.11. Microgrid OW can be
further separated into two distinct microgrids (Microgrid O and Microgrid
W). Fault locating methods are applied to three scenarios: two for faults in
the Microgrid OW (Scenarios OW1 and OW2) and one for a fault in the
Microgrid O (Scenario O1). Fault locating is not considered for Microgrid W,

however, it can be developed in a similar fashion if desired.

OV STA. 19
34.5 kV
R122 . R173 .
| I 0.2 mi ™ 6.1 mi I_VT TAP
— L) Line section 2 P4.5kv
o
\ 192 =
3
A WF STA. 23
RS OV STA. 19 34.5 kv
AN —
4.8 kV -
OV 4.8-kV circuit | | H::: %
and load PQ48Vy | 5 Kﬁ WEF STA. 23
a T+lov 4.8 kv
g g -Energy Storage JAN gg JAN
3 |5 3¢
=)
SR B .
PQ48B ﬁ}
Box Farm WF 4.8-kV circuitand| I
480V, 416 kW Box DG load o \WF
4.8 kV .Energy Storage

Figure 5.11: One-line diagram of Microgrid OW.
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Figure 5.12: One-line diagram of Microgrid O.

1. Scenario OW1: Multiple line-to-line faults with fault resistances of 0 and
5 ohms are simulated in Line Section 2 when operating in Microgrid OW.

Theses faults are located 1.9, 4.84, and 6.10 miles from recloser R173.

2. Scenario OW2: Multiple line-to-line faults with fault resistance of 0 and
5 ohms are simulated in Line Section 3 when operating in Microgrid OW.

These faults are located 0.8 and 2.67 miles from PQ48B.

3. Scenario O1: Multiple line-to-line faults with fault resistance of 0 and
5 ohms are simulated in Line Section 3 when operating in Microgrid O.

These faults are located 0.8 and 2.67 miles from PQ48B.

It should be noted that single line-to-ground faults would not result in
any fault currents since the transformers in Line Sections 2 and 3 are delta
connected. Voltage and current values are captured by digital relays in each

recloser (R173 and R199) and by the two power quality monitors (PQ48B and
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PQ48V). The fault location methods implemented are listed in Table 5.9.

Table 5.9: Fault Locating Methods Applied for Evaluation Scenarios.

Scenario

Applied Method

OW1

One-ended method

Simple Reactance Method
Takagi Method
Novosel et al. Method

OW2

One-ended method

Simple Reactance Method
Takagi Method
Novosel et al. Method

01

One-ended method

Simple Reactance Method
Takagi Method
Novosel et al. Method

5.2.1 Line Impedance

Line Section 2 consists of two different line configurations and thus the

line impedance is non-homogenous. Therefore, as described in Section 5.1.1,

the line impedance per mile of the longer line is used over the entire line

section. The line data is specified in Table 5.10.

Table 5.10: Impedances of the 207 Line.

From Bus To Bus LI(;Ir?geth Line Impedance Assumption
(mi) (ohms/mi) (ohms/mi)
Line ov Recloser 0.2 P :0.8826 + j0.8676 | P : 0.8826 + j0.8676
Section 2 (OW1) 34.5 kV R173 ’ 7 :1.1562 + j3.1030 | Z :1.1562 + j3.1030
Recloser VT TAP 6.1 P:0.8826 + j0.8676
R173 34.5 kV ’ 7 :1.1562 + j3.1030
VT TAP WF 01 P :0.977 4 j0.9610
34.5 kV 34.5 kV ’ 7 :1.280 + j3.4340
Line ov Box DG 4.0 P :0.9927 4 j1.1478 | P : 0.9927 + j1.1478
Section 3 (OW2,01) 4.8 kV 4.8 kV ) 7 :0.9927 + j1.1478 | Z :0.9927 4 j1.1478

Note: P and Z are positive- and zero-sequence impedances, respectively.
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5.2.2 Input Data and Steady-State Condition

The time-domain model is used to simulate short-circuit faults in Sce-
narios OW1, OW2, and O1. Before the fault, Box Farm and the energy storage
systems at OV and WF are operating at steady-state. The load demand and
the power output of Microgrid OW are shown in Table 5.11 and Table 5.12
whereas Table 5.13 and Table 5.14 show the load demand and power output
of Microgrid O.

Table 5.11: Pre-fault Load Consumption (Microgrid OW).

oV
Q (Mvar)
0.2818

WF
P (MW) | Q (Mvar)
0.8819 0.4937

P (MW)
0.7020

Table 5.12: Pre-fault DG and Energy Storage Outputs (Microgrid OW).

Box Farm Energy Storage (OV) | Energy Storage (WF)
P (MW) | Q (Mvar) | P (MW) | Q (Mvar) | P (MW) | Q (Mvar)
0.4123 -0.1308 0.3391 0.4611 0.8634 0.4950

Table 5.13: Pre-fault Load Demand (Microgrid O).

oV

P (MW)

Q (Mvar)

0.7020

0.2818
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Table 5.14: Pre-fault DG Outputs (Microgrid O).

Box Farm Energy Storage (OV)
P (MW) | Q (Mvar) | P (MW) | Q (Mvar)
0.4122 -0.1308 0.3208 0.4624

A line-to-line fault is applied at ¢t; = 0.5 s. The current waveforms of
the faulted phases are illustrated in Figure 5.13. It is assumed in the simulation
that Box Farm will trip at ¢ + 5 cycles. The during-fault measurements used
in the methods are taken approximately three cycles after the fault is applied

due to the DC offset in the fault current.

Fault is applied It Box DG trips
(t¢=1,T sec) | (topen=tf + 5 cycles)

t=0.55] |/ =069
< > <« t=0.5833s

Pre-fault (V,1) During-fault (V,1)
Measurement Measurement

Figure 5.13: Pre-Fault, During-Fault Measurements, and Breaker Operation.

When a fault is applied, energy storage systems are disconnected from
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the circuit without delay leaving Box Farm as the only possible source of fault
current. This is to simulate energy storage behavior for contributing very little
or no fault currents. One-ended methods are implemented for all scenarios
using measurements from R173 and PQ48B. Table 5.15 lists the location of

the measurements providing fault event data for each evaluation scenario.

Table 5.15: Measurement Locations.

Scenario | Simple Reactance | Takagi | Novosel
OW1 R173 R173 R173
OW2 PQ48B PQ48B | PQ48B

01 PQ48B PQ48B | PQ48B

5.2.3 Evaluation of Fault Locating Methods in Microgrid OW: Sce-
nario OW1

A line-to-line fault is applied at three different locations on Line Section
2 with a fault resistance of 0 and 5 ohms. The pre-fault current flowing through
Line Section 2 is about 0.30 A and the fault current recorded by R173 is about
24 A to 30 A depending on the location of the fault. One-ended methods
are implemented using fault event waveforms captured by R173. Note that
measurements from R122 are not available because the recloser tripped to
form the OV-WF microgrid. Results of location estimates along with their
errors are shown in Table 5.16. The example current and voltage waveforms

for Scenario OW1 are shown in Figure 5.14.

Microgrid OW effectively operates as two independent microgrids con-
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Figure 5.14: Current and Voltage Waveforms Recorded by R173 for Scenario
OWI.

Table 5.16: Application of Fault Locating Methods in Scenario OW1
Actual Location Actual Location Actual Location
(1.90 mi.) (4.84 mi.) (6.10 mi.)
RfZOQ Rf=5Q RfZOQ Rf=5Q RfZOQ Rf=5Q
Estimate  Estimate  Estimate  Estimate  Estimate Estimate
(%Error)  (%Error) (%Error) (%Error) (%Error) (%Error)

Simple Reactance 1.90 1.90 4.84 4.84 6.10 6.10
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Takagi 1.90 1.92 4.84 4.87 6.10 6.13
(0.00) (0.32) (0.00) (0.48) (0.00) (0.48)

Novosel 1.90 1.90 4.84 4.84 6.10 6.10
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

nected by Line Section 2 because the prefault load current flowing through
it is very small. The OV load is entirely supplied by the Box Farm DG and
the OV energy storage system. Likewise the WF load is also entirely supplied
by its local energy storage system at WEF. As a result, both load and fault
currents flowing through Line Section 2 are negligible, i.e., 0.3 and 30 A, re-
spectively. Despite this condition, fault locating methods work well because

the fault current is much larger than the load current. It should be noted
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that an assumption has been made that proper coordination of overcurrent
protection is already in place in Microgrid OW allowing R173 to operate on
line-to-line faults in Line Section 2. The error due to remote infeed does not
affect the accuracy because the WN wind farm is not operational in the mi-
crogrid setting and the energy storage at WF does not contribute to fault
current. All three one-ended methods are accurate to within 0.48% error as

seen in Figure 5.15.
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Figure 5.15: Errors in Location Estimates for Scenario OW1.

5.2.4 Evaluation of Fault Locating Methods in Microgrid OW: Sce-
nario OW2

A line-to-line fault is simulated at two different locations on Line Sec-
tion 3 with fault resistance of 0 ohms and 5 ohms. The pre-fault current
flowing through Line Section 3 is about 50 A and the fault current recorded
by PQ48B is about 200 A to 350 A depending on the location of the fault.
Unlike Scenario G3 from Section 3.1.3 where both ends of the line contributed

fault current, only Box Farm is operational in this scenario. Therefore, the
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one-ended methods from PQ48B are applicable. The results are found in Ta-
ble 5.17. The example current and voltage waveforms for Scenario OW2 are

shown in Figure 5.16.
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Figure 5.16: Current and Voltage Waveforms Recorded by PQ48B for Scenario
OW2.

Table 5.17: Application of Fault Locating Methods in Scenario OW2

Actual Location Actual Location
(0.80 mi.) (2.67 mi.)

Ry =00 Ry =5Q Ry =00 Ry =5Q

Estimate Estimate Estimate Estimate

(%Error) (%Error) (%Error) (%Error)
Simple Reactance  0.80 (0.00) 0.93 (3.25) 2.67 (0.00) 2.81 (3.50)
Takagi 0.80 (0.00) 1.18 (9.50) 2.67 (0.00) 3.12 (11.25)
Novosel 0.80 (0.00) 0.96 (4.00) 2.67 (0.00) 2.83 (4.00)

As in Scenario G3 from Section 5.1.5 , the Takagi method is less accu-
rate than the simple reactance method. This is because the Takagi method is
based on an assumption that the pre-fault load current remains the same be-

fore and during the fault. However, the actual load current drawn by the OV
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load differs from the pre-fault load current and as a result the Takagi method
fails to give an accurate location estimate. As in Scenario OW1, WN wind
farm is not operational in the microgrid setting and the energy storage systems
do not contribute any fault current. Error due to remote infeed can therefore
be considered negligible. The simple reactance method and the Novosel et al.
method are more accurate than the Takagi method.
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Figure 5.17: Errors in Location Estimates for Scenario OW2.

5.2.5 Evaluation of Fault Locating Methods in Microgrid O: Sce-
nario O1

A line-to-line fault is simulated at two different locations on Line Sec-
tion 3 with fault resistance of 0 ohms and 5 ohms. The pre-fault current
flowing through Line Section 3 is about 50 A and the fault current recorded
by PQ48B is about 200 A to 350 A depending on the location of the fault.
This scenario differs from Scenario OW2 in that OV microgrid is operating
alone. The one-ended methods are implemented using data from PQ48B and
the results are found in Table 5.18. The current and voltage waveforms are

similar to those shown in Figure 5.16.
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Table 5.18: Application of Fault Locating Methods in Scenario O1

Actual Location

Actual Location

(0.80 mi.) (2.67 mi.)
Ry =0Q Ry =5Q Ry =0Q Ry =5Q
Estimate Estimate Estimate Estimate
(%Error) (%Error) (%Error) (%Error)
Simple Reactance  0.80 (0.00) 0.86 (1.5) 2.67 (0.00) 2.73 (1.50)
Takagi 0.80 (0.00) 1.13 (8.25) 2.67 (0.00) 3.08 (10.25)
Novosel 0.80 (0.00) 0.89 (2.25) 2.67 (0.00) 2.76 (2.25)

In the previous scenarios the current flowing through Line Section 2
was negligible. Therefore, disconnecting Line Section 2 and isolating the OV
microgrid does not have a significant impact on fault locating on Line Section
3, as seen when comparing the results of Scenario OW2 in Figure 5.17 with
Scenario O1 in Figure 5.18. However, it can be noted that the disconnection

of Line Section 2 decreases the error due to system load and all methods show

improved accuracy of roughly 2%.
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Figure 5.18: Errors in Location Estimates for Scenario O1.



Chapter 6

Implementation of Fault Locating Methods in
Commercial Short-Circuit Software

The purpose of this chapter is to demonstrate the feasibility of im-
plementing fault locating methods described in Chapter 2 in a commercial
short-circuit program. Fault locating methods consisting of multiple math-
ematical equations are encoded as a macro embedded in the program. Any
short-circuit program supporting a macro programming language can be used
to implement the methods. In this Chapter, CAPE short-circuit program is
used as an example program in which fault locating methods are implemented.
Once a macro is defined, users can simply call the macro to determine the lo-
cation estimate given by the method. This Chapter is organized as follows:
CAPE Users Programming Language or CUPL is introduced in Section 6.1.
Then implementing fault locating methods and their input parameters are
discussed in Sections 6.2 and 6.3. Developed fault locating macros are then

demonstrated in Section 6.4 and applied to actual field data in Section 6.5.
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6.1 Writing Fault Locating Macros in CAPE

CAPE Users Programming Language (CUPL) is the programming lan-
guage used in CAPE software. It is capable of executing arithmetic functions
and logical functions. A macro consists of multiple CUPL statements. Users

can define a macro using the structure in Table 6.1.

Table 6.1: Macro File Structure.
DEFINE_MACRO ( macro_name,

CUPL Statement

CUPL Statement

)

Return

Macro is written in a text file and saved in .mac format. Macro can be
executed after loading it into CAPE. CAPE provides various internal variables
for the use in CUPL commands. These variables include phase voltages, line
currents, and line impedances to mention just a few. Users can utilize these
variables in their macro development. For example, users can access the line
reactance and display its value using the following CUPL statement.

display x1_ohms from_bus to_bus circuit_number

In the above example, the location of the line is specified by defining

from_bus, to_bus, and circuit_number. Tables 6.2, 6.3, and 6.4 list pre-defined
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variables, mathematical functions, and if-else syntax that are frequently used

in implementing fault locating methods.

Table 6.2: Line Impedance Variables.

Variables

R1_PU, R1_.OHMS
X1_PU, X1_.OHMS
RO_PU, RO_OHMS
X0_PU, X0_.OHMS

Description

Line resistance (PU, ohms)
Line reactance (PU, ohms)
Line resistance (PU, ohms)
Line reactance (PU, ohms)

Table 6.3: Mathematical Functions.

Commands
abs(A)
sqrt(A)
power(A,B)
cmplx(A,B)
real(A)
aimag(A)

Function

4]

sqrt(A)

AB

A+ 3B

Real part of A
Imaginary part of A

Table 6.4: Tt-else Syntax.

IF (Boolean_expression) THEN
CUPL Statements

ELSEIF (Boolean_expression) THEN

CUPL Statements

ELSE

CUPL Statements

ENDIF

6.2 Implementation of Fault Locating Methods

The fault locating methods described in Chapter 2 are implemented us-

ing CAPE. The methods include the simple reactance, the Takagi, the Eriks-
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son, and the two-ended method. The simple reactance method estimates the
fault location by dividing the imaginary portion of apparent impedance by the
imaginary portion of the line impedance. This method can be implemented
using the following CUPL statement.

save aitmag(vgU/isU) /aimag(z1_-ohms) as m_simple

The variables vgU and isU are user-defined and zI_ohms can be ac-
cessed from the circuit model. The Takagi, the Eriksson, and the two-ended
method can be implemented in a similar fashion using CUPL syntax. Three
macros (fl_one_slg, fl.one_ll, and fl_two) are implemented. The input parame-

ters of each macro are discussed in the following section.

6.3 Input Parameters

The input parameters are entered by the users using a graphical in-
terface. The macro prompts the user to input the required parameters for
each fault locating method. The required inputs for the macro are listed in
Tables 6.5, 6.6, and 6.7. The macro prints the fault location estimates when
its required parameters are entered by the user. If the required parameters are
not entered, the macro simply will not print the fault locating methods that

require the parameters.

The macro assumes that the measurement data are preprocessed and
available in the phasor form. Symmetrical components should be calculated
beforehand as well. For example, the zero-sequence current phasor should

be entered separately by the user to estimate the single line-to-ground fault
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location. The line impedance is read from the circuit model when the user
specifies the location of the faulted branch. All the inputs will be accompanied

by the directions written in the graphical pop-up interface.

Note that estimating the line-to-line fault locations requires the voltage
and the current phasors from both faulted phases. For example, if line-to-line
fault occurred at phase A and phase B, the voltage phasor and the current
phasor from both phase A and phase B are required. Line-to-line fault locating
macro can be used in estimating fault locations in three-phase faults as well.

The user only needs to select any two of the three faulted phases.

Table 6.5: Input Parameters for Single Line-to-ground Faults: One-ended
Methods (fl_one_slg).

Input Definition

Input 1 Line Impedance

Input 2 Voltage Magnitude (LN kV)

Input 3 Voltage Angle (LN deg)

Input 4 Pre-fault Current Magnitude (kA)
Input 5 Pre-fault Current Angle (deg)
Input 6 Current Magnitude (kA)

Input 7 Current Angle (deg)

Input 8 Zero-sequence Current Magnitude (kA)
Input 9 Zero-sequence Current Angle (deg)
Input 10 Local Source Impedance (R)

Input 11 Local Source Impedance (X)

Input 12 Remote Source Impedance (R)
Input 13 Remote Source Impedance (X)
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Table 6.6: Input Parameters for Line-to-line (A-B) Faults: One-ended Meth-
ods (fl_one_ll).

Input Definition Note
Input 1 Line Impedance

Input 2 Voltage Magnitude (LN kV) Phase A
Input 3 Voltage Angle (LN deg) Phase A
Input 4 Voltage Magnitude (LN kV) Phase B
Input 5 Voltage Angle (LN deg) Phase B
Input 6 Pre-fault Current Magnitude (kA) Phase A
Input 7 Pre-fault Current Angle (deg) Phase A
Input 8 Pre-fault Current Magnitude (kA) Phase B
Input 9 Pre-fault Current Angle (deg) Phase B
Input 10 Current Magnitude (kA) Phase A
Input 11 Current Angle (deg) Phase A
Input 12 Current Magnitude (kA) Phase B
Input 13 Current Angle (deg) Phase B
Input 14 Local Source Impedance (R)

Input 15 Local Source Impedance (X)

Input 16 Remote Source Impedance (R)

Input 17 Remote Source Impedance (X)

Table 6.7: Input Parameters: Two-ended Method (fi_two).

Input Definition

Input 1 Line Impedance

Input 2 Local Voltage Magnitude (LN kV)
Input 3 Local Voltage Angle (LN deg)

Input 4 Remote Voltage Magnitude (LN kV)
Input 5 Remote Voltage Angle (LN deg)
Input 6 Local Current Magnitude (kA)
Input 7 Local Current Angle (deg)

Input 8 Remote Current Magnitude (kA)
Input 9 Remote Current Angle (deg)

6.4 Demonstration Using CAPE Test System

The macros implemented are demonstrated using CAPE Test System,

i.e., cape.gdb. Input data measurements are taken from a fault simulation
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Figure 6.1: CAPE Test System.

at 0.2 pu distance with fault resistance of 5 ohms between bus 183 of Winder
substation and bus 177 of Center substation. The macro is demonstrated using
three steps, loading the macro, executing the macro, and entering the input

variables.

1. Loading the Macro
A user-defined macro must be loaded into CAPE before using it. This

is done in File menu (File — Input File- Open File Dialog).

2. Executing the Macro
Execute the macro by typing the macro name in the command line.

Three macros (fl_one_slg, fl.one_ll, fl.two) are developed. The user
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Figure 6.2: Loading the Macro.

(one-ended or two-ended).

Input Variables

The pop-up windows will prompt the user to enter necessary inputs. The
user then enters the input variables as listed in Tables 6.5, 6.6, and 6.7.

Examples of entering line impedance, the voltage phasor, and equivalent

source impedance (R and X) are shown in Figures 6.3, 6.4, and 6.5.
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Figure 6.3: Line Impedance from Circuit Model.

Enter the voltage magnitude (LN kV) of the faulted phase:

Enter the voltage angle (LN deg) of the faulted phase:

(b)

Figure 6.4: Phasor Input Example (a) Voltage Magnitude and (b) Voltage
Angle.
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Enter the local source impedance (R}, type "-9999" if not available:

o | coe ||

(a)

Enter the local source impedance (X), type "-9999" if not available:

OK Cancel

(b)

Figure 6.5: Equivalent Source Impedance Example (a) Resistance (R) and (b)
Reactance (X).

Bl CAPE - [Executive: CAcape\dat\cape gab] HE
]
*****Fault Location Result*****
Using simple reactance method : 0.21816 (pu)
Using Takagi method : 0.20352 (pu)
Using Eriksson method : 0.20222 (pu)
. T T 1
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- — T | I I d

ape i copet

Figure 6.6: Fault Location Estimates Using fl_one_slg.
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Table 6.8: Fault Location Estimates Using the Macros.

Actual Estimated Location (pu)
Macro Fault Type Location Simple Negative-
Takagi | Eriksson
(pu) Reactance sequence
fl_one_slg | Single Line-to-ground 0.21816 0.20352 0.20222 N/A
fl_one_ll Line-to-line 0.20 0.20472 0.20472 0.20368 N/A
fl_two Single Line-to-ground ’ N/A N/A N/A 0.19991
fl_two Line-to-line N/A N/A N/A 0.20002

Table 6.9: Input Data Used in the Demonstration (fl_one_slg).

Input
Input 1
Input 2
Input 3
Input 4
Input 5
Input 6
Input 7
Input 8
Input 9
Input 10
Input 11
Input 12
Input 13

Definition Value
Line Impedance From Circuit Model
Voltage Magnitude (LN kV) 68.603
Voltage Angle (LN deg) -23
Pre-fault Current Magnitude (kA) 0.00
Pre-fault Current Angle (deg) 0.00
Current Magnitude (kA) 7.083
Current Angle (deg) -60
Zero-sequence Current Magnitude (kA) 2.326
Zero-sequence Current Angle (deg) -59
Local Source Impedance (R) 0.9639
Local Source Impedance (X) 8.5223
Remote Source Impedance (R) 3.8214
Remote Source Impedance (X) 25.714
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Table 6.10: Input Data Used in the Demonstration (fl_one_ll).

Input Definition Value
Input 1 Line Impedance From Circuit Model
Input 2 Voltage Magnitude (LN kV) 95.544
Input 3 Voltage Angle (LN deg) -34
Input 4 Voltage Magnitude (LN kV) 62.481
Input 5 Voltage Angle (LN deg) -102
Input 6 Pre-fault Current Magnitude (kA) 0.00
Input 7 Pre-fault Current Angle (deg) 0
Input 8 Pre-fault Current Magnitude (kA) 0.00
Input 9 Pre-fault Current Angle (deg) 0
Input 10 Current Magnitude (kA) 8.873
Input 11 Current Angle (deg) -39
Input 12 Current Magnitude (kA) 8.873
Input 13 Current Angle (deg) 141
Input 14 Local Source Impedance (R) 0.9639
Input 15 Local Source Impedance (X) 8.5223
Input 16 Remote Source Impedance (R) 3.8214
Input 17 Remote Source Impedance (X) 25.714

Table 6.11: Input Data Used in the Demonstration (fl_two, Single Line-to-
ground Fault).

Input Definition Value
Input 1 Line Impedance From Circuit Model
Input 2 Local Voltage Magnitude (LN kV) 20.402
Input 3 Local Voltage Angle (LN deg) -156
Input 4  Remote Voltage Magnitude (LN kV) 18.651
Input 5 Remote Voltage Angle (LN deg) -157
Input 6  Local Current Magnitude (kA) 2.379
Input 7 Local Current Angle (deg) -60
Input 8  Remote Current Magnitude (kA) 0.717
Input 9 Remote Current Angle (deg) -5b8
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Table 6.12: Input Data Used in the Demonstration (fl_two, Line-to-line Fault).

Input Definition Value
Input 1 Line Impedance From Circuit Model
Input 2 Local Voltage Magnitude (LN kV) 43.938
Input 3 Local Voltage Angle (LN deg) -105
Input 4  Remote Voltage Magnitude (LN kV) 40.166
Input 5 Remote Voltage Angle (LN deg) -106
Input 6  Local Current Magnitude (kA) 5.123
Input 7 Local Current Angle (deg) -9
Input 8  Remote Current Magnitude (kA) 1.545
Input 9 Remote Current Angle (deg) -7

6.5 Macro Application to Actual Field Data

The macros implemented are applied to two fault event data files. Each
event file consists of two fault clearing operations. Voltage and current wave-
forms of the events are shown in Figure 6.7 and Figure 6.8. Since the events
are single line-to-ground faults with measurements from one end, the macro

floone_slg is executed to estimate the fault location.

The four parts of the field data are taken separately and preprocessed to
provide voltage and current inputs in the phasor form. The line impedance is
captured from the circuit model available in CAPE. The error estimates of the
macro cannot be quantified because the actual fault location is not available.
However, the location estimates of all four parts give similar results, implying

that the results given by the macro are reasonable.
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Figure 6.9: Circuit Model in CAPE.

Table 6.13: Input Data for the Fault Events.

Value
Input Event 1 Event 2
Part 1 Part 2 Part 3 Part 4
Input 1 From Circuit Model | From Circuit Model | From Circuit Model | From Circuit Model
Input 2 35.9050 36.1817 36.1302 36.3446
Input 3 171.99 157.51 -14.86 -24.64
Input 4 0.0214 0.0002 0.0004 0.0002
Input 5 -157.29 52.18 -156.39 -172.23
Input 6 6.6964 6.9236 6.9101 6.8006
Input 7 97.32 83.90 -91.39 -99.89
Input 8 2.1102 2.0718 2.3026 2.2635
Input 9 96.88 84.12 -97.37 -99.83
Input 10 0.7186 0.5256 0.5426 0.5647
Input 11 6.3416 5.5797 5.5981 5.6768
Input 12 1.1819 1.1819 1.1819 1.1819
Input 13 9.4331 9.4331 9.4331 9.4331
Table 6.14: Location Estimates Using the Macro.
Event 1&2 | Actual Location (pu) (= Estimated LOC&thH' (o) .
Simple Reactance | Takagi | Eriksson
Part 1 0.54313 0.54241 | 0.54241
Part 2 0.53663 0.53498 | 0.53485
Part 3 Unknown 0.52729 0.53085 | 0.53099
Part 4 0.53073 0.53039 | 0.53037
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Chapter 7

Conclusion

This thesis presents applications of impedance-based fault locating meth-
ods in power systems. Chapter 2 introduces representative fault locating meth-
ods while in Chapter 3, the DC offsets that are present in the fault current
waveforms are removed as they affect the magnitude response at the funda-
mental frequency. The approach presented is applied to the first few cycles
of asymmetrical fault current waveforms and the resulting fault location esti-

mates are found to be more robust.

In Chapter 4, a distribution system interconnected to distributed gen-
eration is considered. It is shown that when a fault occurs upstream from the
distribution generation, the accuracy of the fault location estimates are af-
fected by the load served downstream from the DG. A virtual monitor placed
at the POI is used to improve the fault location estimates by providing the
remote equivalent source impedance for the Eriksson method, and the remote

measurements for the two-ended methods.

In Chapter 5, the fault locating methods are applied to distribution
circuits with distributed generation operating in grid-interconnected and mi-

crogrid modes. For each operating mode, the fault location estimated by the
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methods are evaluated. In Chapter 6, the fault locating methods are imple-
mented using macro programming provided in CAPE software. The graphical
interfaces assist the users in entering the required inputs needed for the fault

location methods.
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