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ABSTRACT

The safety issue in an electrical power distribution system is of critical im-
portance. In some circumstances, even the continuity of service has to be compromised
for a situation that can cause a hazard to the public. A downed conductor that creates an
electrical path between a current carrying conductor and ground pose a potential lethal
hazard to anyone in the near proximity. Electric utilities have yet to find a fully accepted
and reliable method for detecting downed conductors even with decades of research.

With the entry of more automation and a smarter grid in the different layers of
distribution power system supply, new doors are being opened and new feasible solutions
are waiting to be explored. The 'big data' and the infrastructures that are readily accessi-
ble through the smart metering system is the base of the work and analysis performed in
this thesis. In effect, the new technologies and new solutions are an artifact of the Smart
Grid effort which has now reached worldwide dimensions. A solution to problems of
overhead distribution conductor failures / faults that use simple methods and that are easy
to implement using existing and future distribution management systems is presented.

A European type distribution system using three phase supply is utilized as the
test bed for the concepts presented. Fault analysis is performed on the primary and the
secondary distribution system using the free downloadable software OpenDSS. The out-
come is a set of rules that can be implemented either locally or central using a voltage
based method. Utilized in the distribution management systems the operators will be giv-
en a powerful tool to make the correct action when a situation occurs. The test bed itself

is taken from an actual system in Norway.
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CHAPTER 1

FAULTS IN ELECTRIC POWER DISTRIBUTION SYSTEMS

1.1 Scope and objectives

The main objective of this study is to find a reliable method to detect back-fed
ground faults using elements of the advanced metering system infrastructure. In this con-
text a ground fault is said to occur when a part of an electrical conductor comes in contact
with the ground (i.e., Earth) itself, lake / sea or objects located on or connected to these
ground planes. The term back-fed as described in [1] is used when the object touching the
ground plane in a faulted object is located on the downstream side of the supply and the
fault is fed back though a distribution transformer.

With a focus on the primary and secondary power distribution system, the scope
of the study is to determine a signature of the electric measurements on the secondary
side of a distribution transformer. This is desired when the fault location is on the primary
distribution network system. Thus, the scope of the study is to implement elements of the
Smart Grid [2-3] for the detection of back-fed ground faults.

In this thesis, a European designed distribution system is considered. Specifical-
ly, a design common in Norway is used as the base design, the test bed for examples, and
focus of analysis. Many of the concepts shown in the thesis may be applied to distribu-
tion system designs in North America and elsewhere, but the thesis itself uses the Nor-
wegian system as a basis. The author had access to actual data from an operative distri-

bution system in Norway, and these data were used wherever possible.



1.2 Background

Certain fault situations occurring in the three phase primary distribution system
are more difficult to detect and isolate. In more than two decades different research and
studies have been done on the matter, but there is still no definitive reliable solution, used
by electric utilities, to detect a single broken conductor in the distribution system with or
without ground connection on the downstream side of the fault location. The fault situa-
tion with a back-fed ground fault or a downed conductor is a tremendous safety issue for
the general public since the potential impact could in worst case have a lethal outcome as
discussed in [4].

The electric power utilities and the distribution system suppliers have tried to
come up with various solutions for detecting back-fed earth faults. Quite a few different
solutions have been tested without obtaining a reliable system. An emerging Smart Grid
infrastructure utilized through the advanced metering system gives new and intelligent
possibilities and access to so-called 'big data’ deeper down into the electric distribution
system than before. The federal government of Norway has issued a regulation [5] that
requires all Norwegian electric utilities to install advanced metering system (AMS) with-
in Jan 1st 2019. One outcome of this regulation is that all distribution transformers in the
primary distribution system of Norway will contain a smart meter that is connected to an
advanced metering infrastructure. This in addition to smart meters located at the point of
end use at the customers. Each electric utility will acquire a central system for data col-
lection and monitoring data readings from all customers in the secondary distribution

system in addition to the previous mentioned distribution transformers.



1.3  Distribution power system / Norwegian power system design

The distribution power system is typically defined from the distribution substation
transformer fed from one or more lines in the subtransmission system. Facts and figures
about the European power distribution can be found in [6]. Comparison between the
North American and European distribution systems as well as an overview of the Euro-
pean distribution system are presented and explained in references [6-14].

A main feeder out from a distribution substation bus is equipped with one or two
circuit breakers depending on the engineering design of the bus system, instrument trans-
formers protection relay and control equipment. A typical feeder design with main com-

ponents is shown in Figure 1.1. The feeder relay consist of a protection scheme utilizing
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Figure 1.1 Distribution Substation Feeder Design
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overcurrent and earth-fault detection capabilities utilizing a current transformer in each
phase and a summation current transformer on the outgoing cable. In cases where a direc-
tional overcurrent protection is necessary the feeder is equipped with a voltage trans-
former. Where distributed generation resources are present and connected to the feeder
the voltage transformer is also used for synchronization and phase-sequence monitoring
functionality.

Focus is now turned to power distribution systems in Norway. The reason for this
focus is that the author is working for a Norwegian power company, and data for test
beds and components were readily available for the Norwegian system. In addition, there
has been special emphasis in Norway to implements selected objectives of the smart grid
initiative. The distribution system in Norway can be divided in two parts; the primary
and the secondary electric power system. Reference [15] gives a brief overview of the
transmission and distribution system of Norway. The primary system is often referred to
as the medium-voltage (MV) system and the secondary as the low-voltage (LV) system.
Both are operated as radial systems with feeders and laterals using mainly three phase
configuration. In populated areas the primary system is built as a meshed system as
shown in Figure 1.2. Figure 1.3 shows a typical rural radial distribution system. The
meshed rural system is separated with overhead disconnect switches (with or without
load breaking capability) in order to operate it as radial system. Important connections or
critical loads will often contain remotely controlled functionality (from a SCADA system
in a centralized utility control center) so that an area or a load can be supplied from a dif-

ferent feeder or distribution substation.
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The primary distributions system utilizes a rated voltage level of 24 kV in mixed
overhead and cable systems and 12 kV in cable systems in the urban areas. The 24 kV
distribution system is operated at a voltage level of either 22 or 23 kV and is mainly con-
figured either as a resonant compensated system design using a Peterson coil or an isolat-
ed system with an open neutral. A voltage level of 10.0 to 10.3 kV is normally the operat-
ing voltage of the urban type system mainly using a configuration with an isolated neutral
system

The secondary distribution power system is mainly based on a 230 V supply volt-

age. Most residential loads have 3 phase system to the supply end in the secondary distri-
bution. The use of 3 phase system versus single phase system is more loss efficient and
can utilize larger size transformers.
Compared to the typical North American distribution system the voltage is two times
higher giving the longer reach with the same voltage drop. This way there are also a
higher number of customers per secondary distribution transformer. The balancing of the
load is usually done with a busbar connecting the outgoing circuits at the consumer end.

The international standard IEC-60364 [16] designates and divides the grounding
systems for low-voltage systems into three main configurations shown in Figure 1.4. The
first letter in the two-letter code describes whether the equipment has a point connected to
ground or not at the supply end. The letter "T" comes from the Latin word "Terra” which
translates to ground or earth. An isolated supply system is indicated with an "I". As for
the consumer end the grounding is indicated by the second letter. The letter "N™ implies
that the consumer equipment is connected to neutral that also often grounded at the sup-

ply side.
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Figure 1.4 Secondary Distribution System Configurations

In an IT type of system the neutral connection in the distribution transformer is
isolated using a protective gap and an insulation monitor device between the phase and
ground. The voltage level is 230 V between each phase and there is no neutral conductor
directly from the transformer to the load. The load is connected between two of the phas-
es. Norway and Albania are among the only European countries still using the IT system
configuration for public systems.

A TT-system network has solidly grounded neutral connection in the distribution
transformer and is similar to the IT-system. According to [17] it is a system that is easiest
to build and most widely used worldwide.

The TN system network also has a solidly grounded neutral where the neutral
connection (called Protective Earth Neutral) from the distribution transformer neutral is
brought to the load. Different combinations of the TN system named TN-C, TN-S and
TN-C-S exist, where the PEN partially or fully is divided into separate conductors; neu-
tral (N) and protective earth (PE). The TN system has a voltage of 400 V between phases
and 230 V between phase and neutral or ground depending on the configuration. Typical

residential load is connected between phase and neutral to utilize the 230 V voltage. The



TN-system is widely used in the distribution power systems throughout Europe and is
also the system used in new residential areas build in Norway.

The distribution system is designed with mainly 3-phase distribution transformers
feeding the customers connected to the radial secondary distribution system. Although
there are some older type pole transformers, the major type distribution transformers are
compact secondary substations. These compact substations contain separated medium-
and low-voltage room for switchgear as well as a distribution transformer. A typical sub-
station is equipped with a meter for the power supplied on the transformer secondary
side. As mentioned in the previous section, a new smart two-way meter is to be installed
as a part of the new regulations in Norway [5]. A typical connection scheme for a com-

pact secondary substation transformer is shown in Figure 1.5.

Distribution substation transformer

Primary
distribution system

Smart
meter
(kwh)

Secondary
distribution system

Figure 1.5 Typical Smart Meter Scheme at Secondary Compact Substation.



The HV side of the transformer is normally equipped with a switch and a fuse and the LV
side contains a current transformer (CT) and a voltage transformer (VT) whereto the me-
ter and future smart meter is connected. The supplying circuits on the LV side towards
the customers are equipped with fuses for each circuit having a time-inverse characteris-
tic. Depending on the type of distribution substation connection the HV side will contain
one or more incoming or outgoing bays containing a switch for the overhead line or ca-
ble. New distribution transformers with its switchgear and auxiliary equipment are re-

ceived from the manufacturer in a dedicated enclosure.

1.4  Compensated distribution systems and Petersen coils

A typical primary distribution network in Norway is either isolated or compen-
sated with an arc suppression coil device. The use of compensated distribution system is
widely used in both Europe and Asia. The arc suppression coil, widely known as the Pe-
tersen coil, was first introduced by Prof. W. Petersen of Darmstadt, Germany [18] in
1916 in Germany. In essence, these coils are reactors used to ground the neutral of three
phase systems. The addition of reactance suppresses ground fault currents.

The use of the Petersen coil in a North American distribution system is explained
and described in [19] from 1922 and an operating performance experience from Alabama
Power Company is described in [20] from 1923. The use of the Petersen coil in Great
Britain is discussed in [21] from 1936, [22] from 1938 and [23] from 1944. Another ref-
erence [24] explains more detailed theory, operation, and tuning the Petersen coil. More

recent references [25-28] present how the Peterson coils are presently designed and used



today. A recent implementation of a resonant distribution system using Petersen coils in
parts of Spain is presented in reference [29].

In the Norwegian system discussed here, the Petersen coil is currently being used
in the sub-transmission system and in the primary distribution power system and is the
main component in a resonant grounded system. The coil is a single phase reactor con-
nected to the neutral point of a transformer the inductance of the Petersen coil and the
capacitance to ground for the distribution system makes a oscillating circuit. This circuit
is tuned to the frequency of the system. When single line-to-ground fault with arcing oc-
curs, the circuit helps the system to self-heal and clear the fault without and outage for
the customer. The modern Peterson coil, often referred to as an Arc Suppression coil
(ASC), is normally a plunger core reactor as explained in [30] where the current value of
the coil is adjusted by changing the gap of the magnetic core. By doing this, the magnetic
reluctance is altered and the reactance of the Petersen coil can be automatically adjusted
according to the operation of the power system.

The background for the use of the Petersen coil is the occurrence of temporary
ground faults with arcing in a distribution power system. In a normal operated distribu-
tion system without faults it is irrelevant what grounding method is used. It is when a
fault occurs that the different type of grounding comes into place. When using a Peterson
coil to compensate the power system, the coil is adjusted to a inductive value that will
cancel out the capacitive reactance of the power system referenced to ground. In order to
avoid high resonant current peaks due to untransposed system, a normal operation of the
Peterson coil is adjusted to a inductive current value of 5-10% above the total capacitive
current of the power system compensating. A diagram showing the distribution system

10



circuit with currents circulating during a single-fault to ground fault is shown in Figure
1.6. The capacitive current occurring during a single-line-to-ground fault is cancelled by

the inductive current that the Peterson coil is adjusted to prior to the fault.

~—_—_ -

Figure 1.6 Compensated Distribution System with a Single Phase to Ground Fault

To maintain a high level of service for the supply to the customers the electric
utility strives to have a best possible continuity of supply. A Petersen coil is according to
[30] a "key component of modern earth fault protection systems™ and the use can greatly
reduce the impact of a temporary ground fault. The human safety perspective [31] is an
important issue that is greatly improved by the Petersen coil. References [31, 32] also
point out that use of it can prevent a repeating ground fault due to the slow voltage recov-
ery of the faulted phase. According to [33], resonant grounding clears almost 60% of all
ground faults in an overhead line system. Reference [27] presents how the continuity of

supply has improved due to the use of Petersen coils in the distribution systems.
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1.5  Broken and downed conductors

In a primary distribution system a broken or open conductor in a three phase sys-
tem can occur due to a bad splice in a conductor, a tree that fall on one phase and break
the conductor, a bad clamp that free the loop in a tower/pole or a blown fuse. A downed
conductor is when a conductor breaks and touch the ground. In the case where the down-
stream side of the conductor (towards the customer side) touch the ground the fault is
said to be a back-fed ground fault [1]. This is also illustrated in Figure 1.7 and 1.8. If the
upstream side of the conductor touch the ground the fault could appear as a regular

ground fault, although often with a high impedance to ground.

Supply Consumer

— > —>

Figure 1.7 Downed Conductor/Back-Fed Ground Fault

Suppl Consumer
pply

/
/

i

Z,lla,,,[ . llfaul!
|
|
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Figure 1.8 Electrical Representation of Back-Fed Ground Fault
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As mentioned a broken or a downed conductor often appears as a high impedance
fault (HIF) in the distribution system and due to the low fault currents is difficult to de-
tect. As mentioned in [32] the HIFs have been a great challenge for the electric utilities
for decades. Reference [34] states that generally 30-50 % of such HIFs are not detected
by conventional protection systems. Lots of research has been done on the subject of bro-
ken and downed conductors, with suggested methods of detection [31-32, 34-37, 38-44].
Bjerkan, Hgidalen and Hernes [35] present a fault indicator sensor method based on volt-
age measurements. The fault generated high frequency transient signal that occurs after a
fault is proposed captured in [44] called the positional protection technique. A method
using time shifting in the line currents is proposed by Pongthavornsawad and Rungseevi-
jitprapa in [34]. Reference [37] presents a methodology using discrete wavelet transfor-
mations and neural networks.

A presentation of 11 different techniques to detect downed conductors in a distri-
bution system is done in [38] from 2001. The known limitations are discussed, whereas
the authors L. Li and M. Redfern [38] conclude that the challenge of detection still exists
and must be further investigated in research and projects. They also mention that the in-
troduction of microprocessor based systems in the monitoring and control in the power
system plays an important role. A continuing progress in the communication system
technologies for collecting and managing the 'big data' that becomes available could help
give a robust and well-functioning solution. The latter is also the background and object
of the work for this thesis where the aim is to use the new smart grid technology to help

the detection of broken and downed conductors.
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1.6 Open distribution system simulator (OpenDSS) analysis tool

OpenDSS is an open source computer program available on the internet [45] and
is freeware for use by anyone. As explained in the reference guide for the program [46],
the OpenDSS analysis tool is a comprehensive tool mainly used for distribution system
purposes. References [47-62] give a selection of projects where it is used towards the
Smart Grid development as well as the where distributed generation (DG) is present on
distribution system feeders. OpenDSS is an open source software that can be expanded
with user written code (DLLs) and is based on a text editor user interface. The software
has a COM interface that enables the advanced users to use other software and programs
to run and design the different features and modes. According to [46] Mathworks
MATLAB, MS Office using VBA, Python and C# are among the software and languages
that can and are being used. The software is supported and developed by Electric Power
Research Institute (EPRI).

The main modes of simulation for the current version of OpenDSS contains of
power flow, fault studies, harmonic flow analysis, dynamic simulation, load parametric
variation and geomagnetically induced current (GIC) analysis. The power flow and fault
study modes that are used in this study is explained thoroughly in the next main chapter.

OpenDSS uses nodal admittance equations to represent its circuits. An distribu-
tion system model in OpenDSS is build up with the use of buses, lines, transformers and
loads. A bus has a finite number (0, 1, 2, 3, ..., N) of nodes whereas each node represents
an individual phase or neutral and ground. Node 0 of a bus is connected to referenced
voltage point. The nodes are also terminating points for the lines and cables defined for
each system. The bus has the voltage as the main electrical property and is referenced to
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zero voltage (ground, or earth). An electrical element like a line or a transformer is given
one or more terminals whereas each terminal can have one or more conductors connect-
ed. The concept of a terminal is that it has a disconnect switch and fuse curve. The termi-
nal has one or more phases that are conductors that can transfer power or used for pur-
poses like grounding or represent neutral.

OpenDSS differs between power conversion elements and power delivery ele-
ments. A power delivery element is a device that can transfer energy between two speci-
fied points, like a line or a transformer. Hence, a power delivery element can be defined
by its impedance. The power conversion element converts the energy from one form to
another and will usually contain only one terminal in a one line diagram. The typical non-
linear elements are a load or a generator where OpenDSS treats these as a Norton equiva-
lent with a constant impedance and an injection current.

An example with a simple circuit is shown in figures below. Figure 1.9 shows the

single line diagram for the circuit.

Sourcebus Bus_1 Bus_1 LoadBus_1

o T

1000 ft | 1000 ft

2kv l

Figure 1.9 OpenDSS Sample Circuit

As a new circuit is augmented OpenDSS always creates a three phase voltage
source called "Source" that is connected to a bus called "Sourcebus". The voltage source
is a Thévenin equivalent (i.e. voltage source and impedance) having two terminals and

multi phases. The base voltage of the source is in this example set to 132 kV. The circuit
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contains a substation transformer that has a secondary voltage of 22 kV, two overhead
power lines and a load of 1 MW connected in delta to represent a Dy MV/LV transform-

er. Figure 1.10 shows how OpenDSS makes the connection of the circuit elements

Sourcebus Bus_2 LoadBus_1

LINE: Line_1 LINE: Line_2 LOAD: Load_1

TRANSFORMER: T1

©

© 0 9 o 9
6 60 of
© 0 o

OOQ -
il

©
©

REACTOR: P1

Figure 1.10 Circuit Elements Connections in Opendss Sample Circuit

Figure 1.11 shows the code used for the sample circuit. The code in OpenDSS is written

as a normal one or more text files with the extension ".dss."

Clear
New Circuit. Thesis BasekVV=132 p.u. =1.0 angle=0 frequency=50 phases=3

I substation transformer

new transformer.T1 phases=3 winding=2

~ conns=(wye, wye) kvs=(132, 22) kvas=(25000, 25000) %loadloss=0.352 xhl=11.545
~ %Noloadloss=0.088

~wdg=1 bus=sourcebus %r=0.175

~wdg=2 bus=Bus_1.1.2.3.4 %r=0.175

I Peterson coil - 16A

New Reactor.P1 phases=1 bus1=Bus_1.4 bus2=Bus_1.0 kvV=12.7 kvar=203.2

New LINE.Line_1 Bus1=Bus 1.1.2.3 Bus2=Bus_2.1.2.3 Length=1000
New LINE.Line_2 Busl=Bus_2.1.2.3 Bus2=LoadBus_1.1.2.3 Length=1000
New LOAD.Load 1 Busl=LoadBus_1.1.2.3 kW=1000 pf=0.95 conn=delta ! assume
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Dy MV/LV transformer

Set voltagebases=[132,22]
calcv

solve

show voltages LN Nodes

show voltages LL Nodes

show voltages ! Sequence voltages
Show Currents residual=yes Elements

Figure 1.11 OpenDSS Code for Sample Circuit

1.7 Organization of this thesis

Chapter 1 has given an overview of a type of system that will be used for this the-
sis as well as an introduction to the approach and the tool being utilized. A thorough dis-
cussion of the distribution system, together with the modeling of its components, is given
in Chapter 2. The concept of analysis is also presented in Chapter 2. Chapter 3 contains
the simulation results from using the OpenDSS tool on the test-bed created. The chapter
is divided into 5 different examples where the resultant simulation values are presented in
tabular form and illustrated graphically. Algorithms to solve the objective of this thesis
and an evaluation of a set of rules are also presented in Chapter 3. Chapter 4 makes some
concluding remarks on the findings as well as recommendations for future work. The
Appendix gives the relevant OpenDSS code used for the various simulated examples pre-

sented in Chapter 3.
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CHAPTER 2

MODELING AND ANALYSIS OF DISTRIBUTION SYSTEMS

2.1 Primary distribution system components

To perform an analysis of a primary distribution system (i.e., the part of the dis-
tribution system on the high side of distribution transformers, sometimes referred to as
‘medium voltage’ circuits) the vital components of the power system need to be defined
and modeled. In any kind of study of a distribution feeder or a distribution system the
under steady-state operation under normal conditions is identified by first performing a
power flow analysis. Depending on the type of research such a study can be done or one
single feeder, all feeders out from a single substation or several substations that has a
distributions system that can be interconnected. The major components of a primary dis-

tribution system model are:

e Source (to model supply system or the system equivalent)

e Substation transformer between subtransmission (high voltage - HV) and prima-
ry distribution (medium voltage — MV) level

e Reactor (ASC/Petersen coil) in given grounding systems

e Capacitor bank for voltage regulation

e Power lines or power cables (overhead lines, isolated lines, underground cables)

e Distribution transformer between primary distribution (MV) and secondary dis-
tribution (LV) level

e Load on either primary or secondary distribution system level.
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Added up in series and/or in parallel, the components get connected and form a system
that can be modeled either as a single-phase system, three-phase system or a mix of the

two.

In North America, primary distribution systems are generally rated between 5 kV
and 14.7 kV (three phase) and about 10 MVA. Higher voltages to 37.5 kV have also
been used and proposed. For Europe the primary distribution systems, often referred to
as ‘medium voltage‘, are generally rated between 1 kV and 36 kV (three phase) with a

capacity of about 50-60 MVA.

2.2 Secondary distribution system components

A secondary distribution system contains mainly the same components as the
primary distribution system. Although often included or lumped together as a load in a
primary distribution system model, the major components of a secondary distribution

system are:

e Sources (to model supply system or the system equivalent)

¢ Distribution transformers between primary distribution (MV) and secondary dis-
tribution (LV) level

e Power lines or power cables (overhead lines, isolated lines, underground cables)

e Fuses

e Loads.

Analysis at this level is mainly done when planning new or additions to residen-

tial areas or in in industrial distribution systems. Tasks performed are fuse analysis, short-
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circuit analysis and voltage drop calculations in addition to a power flow analysis in order
to engineer the correct ratings of components for the desired system.

In North America, secondary residential distribution circuits are generally rated
118 V single phase with 230 V also brought into most residential services according to
[63]. The current rating varies with the level of service but 300 A service to one resi-
dence is common. In Europe, typical residential low-voltage systems are rated 230 V
three phase voltage for IT/TT systems and 230 / 400 V for TN-systems. The current rat-

ing is normally around 63 A three phase in new residential services.

2.3 Transformer modeling

One of the main tasks for the specification of a transformer in a substation is to
define the voltage ratings as well as the operating voltage and perform the voltage regula-
tion of the distribution system feeders. The power transformer is designed and manufac-
tured based on the international standards IEC 60076 [64] and IEEE C57.12.00 [65]. All
power transformers are tested according to the standards and are issued with a test certifi-
cate. A test certificate contains the measured parameters that are the basis for the model-
ing of a transformer in any analysis tool.

A power transformer has two or more windings whereas the winding with the in-
put or the supply side is named the primary winding. The other one or two windings are
often referred to as secondary and tertiary winding. The secondary is usually the main
output. A winding is connected in a specific manner based on preferred use and numbers
of phases. There are several different ways of connecting the windings of a power trans-

former with wye-wye (also referred to as ‘star-star’) connections being the most common
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for substation transformers between HV and MV in a resonant grounded subtransmission
and distribution system. Using three-phase systems the main winding connections catego-

ries are:

e Delta (D,d)
o Star(Y,y)

e Interconnected star (Z,z).

The notation used for the transformers describes the vector group and contain cap-
ital letters for the higher voltage winding and lower-case letters for the lower voltage
winding . It there is a neutral connection brought out this is denoted the letter n. An ex-
ample of a preferred connection for a distribution transformer in a IT and TT type system
is the YynO0. This means that the transformer is connected in a star-star (Yy) whereas the
neutral (n) for the LV side is brought out and there is no phase shift (0) between MV and
LV side. If the neutral is brought out on both windings the same transformer would have
the notation YNynO.

Other common used distribution transformer connections are the Dyn1l, Dyn5
and the DdO. The first two are delta-star connected with the lower voltage neutral brought
out and a phase displacement of 30° lead and 150° lag, respectively. Where there are a
mix of existing 230 V and new 400 V secondary distribution systems a distribution trans-
former has both Dyn11 and DdO vector group. The 400 V system utilize the Dyn11 and
the 230V the Dd0. A Dynllor Dyn5 is the most common three phase distribution trans-
former in a TN type system, although it can be utilized in IT and TT as well. A list of

various distribution transformers and their vector groups are shown in Table 2.1.
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Table 2.1 Distribution Transformers and Vector Groups

Vector Phase shift _— Common groun-
group  (MV-LV) Description ding methods
Star-Star connected windings (YY)
YNynO 0° Neutral is brought out on both windings IT,TT
(Nn)
Delta-Star connected windings (Dy) i i i
Dynll 30° lead Neutral is brought out on secondary TNCC-:,ST‘PTS,I‘IT N
side only (n) S
Delta-Star connected windings (Dy) i i i
Dyn5 150° lag Neutral is brought out on secondary TN-C, gl_\ISS, ™
side only (n)
o Delta-Delta connected windings (Dd).
D 0 No neutral available I, 1T
ZigZag-Wye connected windings (Zy) i i
ZNyn1l 30° lead Neutral is brought out on both windings I, TST’.I_-II-\I’\_ICC_:’STN
(Nn) '
Star-Delta connected windings (Yd) i i
YNd1 30° lag Neutral is brought out on primary side I, TST’.I_-II-\Il\_ICC_;’STN
only (N) ’
Star-Delta connected windings (Yd) i i
YNd11 30° lead Neutral is brought out on primary side I, -I-ST’.I_-II-\"\_ICC_:’STN
only (N) '
Star-Delta connected windings (Yd) ) )
YNd5 150° lag Neutral is brought out on primary side I, TST’.I_-II-\I’\_ICC_:’STN
only (N) '

The connection diagram and hence the vector group for Yyn0, Dyn11, Dyn5 and
DdO is shown in Figure 2.1. These are included in the test-bed used in the simulation.
The connection of the distribution transformers are referred to as vector group which

gives the phase displacement between the windings of the transformer.
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The digits in the denotation for a transformer is related to the clock notation
whereas the HV side is the reference and set equal to the time of 12. Every hour then rep-
resents a phase shift of 30 degrees, giving 1 = 30°, 2=60°, 5= 150°, 11=330° and 12=360"
or 0°. Since the phase rotation is counterclockwise, a transformer with Dynl1 configura-
tion would have the LV side lead the HV side by 30° (or lag by 330°). In a regular radial
secondary feeder the phase shift is not important. It is when transformers are operated in

parallel or in a meshed system that it is crucial to take into account the phase shift.

0 n 0
a 30 .
c B
Dyn11l
A a A a
B b B b
C Cc C c
n n
0 0

0O W >
So oo
0O W >
0o To

Figure 2.1 Transformer Vector Group Connection Dyn11, Dyn5, Yyn0 and Dd0
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The transformer will have one or more phases per winding, usually equal number
of phase for each set of high and lower voltage windings. Every winding will have a set
of rated values and parameters which are voltage, KVA, winding resistance, reactance
between windings, regulating taps, no load loss and load losses. Data for these values are
normally found from test certificates and is unique for every transformer. A certificate for
a 22/0.415 kV three phase distribution transformer for a TN type system is shown in Fig-

ure 2.2. Excerpt from a test certificate for a substation power transformer is shown in

Figure 2.3.
f)bi' . L. NR. VA PER | OMSETHING, VOLT
S0 [SO | 22000+2% 2, 5%-4X 2, 5% 415
24300
Vest-Agder Energi Nett 9905557 1999 OTKH 3525|25,11.99
KNDE ) ) ) FABR. NA. ﬁq | TYPE LEVERINGSDATO
TOTAL VEKT 470 KG OMSETNING, vOLT 22000/ 415
OLJEVEKT 161 KG NORMALSTR. AMP. 1, 312/ 69, 56
TOTAL HOYDE 1155 mm PO WATT 135
TOTAL BREDDE 6251 mm PK 75°C  WATT 1074
TOTAL LENGDE S00 mm Uk % 4,25
) Ur % 2,15
TRANSP. HJUL TRKEAPP, il Ro mOoHM 74, 057
GASSVAKT MALT || Xo mOHW 101, 022
TERMOMETER VARMFORZINKET | K KOBLING OG GRUPPE Dynll
OLJEMERKE NYNAS 10X HS gjennomfaring 36

Figure 2.2 Sample Distribution Transformer Certificate Showing Test Results [66]

Depending on the connecting configuration of the transformer used in analysis the
neutral resistance and reactance to ground must be chosen. For a YynO configuration
where the neutral is not used (i.e., open neutral) OpenDSS use a negative number (-1) as
default. In cases where the neutral is utilized it must be connected in a carefully manner.
OpenDSS connect the neutral by default to node 0 that is grounded. For the neutral to be

used in a resonant grounded system the neutral must be set to be floating and then con-
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nected to the grounding device. The OpenDSS code for a three phase winding would in
that case would look like "Bus=Bus1.1.2.3.4", where numbers 1-3 is phase 1, 2, 3 and the

notation ‘4’ is the neutral.

ELETTROMECCANICA i EEF‘Q:B;T
TIRON’ Power Transformer

with coolers in separate cooler's bank

Losses refered atIn
Ohmic Losses at In - Primary winding
Ohmic Losses at In - Secondary Winding
Stray Losses X oY% . :

HvV-LV Load Losses at 756°C and In [ . 118.800 JOK

Impedance Voltage at In
Watt Component Vee at In
VA component of Vee at in )
HV-LV Impedance Voltage at 75°C and In [BEaih

Transformation ratio ViV 132000 +8x1911 -8x1911/ 23000
Vector Group YN yn0O

Primary winding

HV Rated Power 25000 kVA 25000 kVA
Max Ambient Temperature 40 °C 40 °C
HV Max Rated Power 25000 kVA 25000 kA
Max Ambient Temperature for max Power 40 °C 40 °C
HV Rated Voltage 132000 V 107500 W
HV Rated Current 109,3 A 134 A
HY Max Rated Current 109,3 A 134 A
step + 8 8

step - 8 8
Step Amplitude + 1911 V 1911 vV
Step Amplitude - 1911V 1911 V
Tap Changer On-Load Tap Changer (OLTC)

HV Winding Connection Star with neutral

HV Insulation Class 145 kv

HV Test Level at rated frequency 275 kW

Basic Impulse Level (Bil) LV phase 650 kv

Basic Impulse Level (Bil) HV phase 650,0 kV

Basic Impulse Level (Bil) HV neutral 650 kW

Figure 2.3 Excerpt from Test Report for a 25 MVA Substation Transformer [66]
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2.4 Peterson coil modeling

The Petersen coil/ASC is a vital component in the resonant grounded distribution
system. In a substation the coil is connected to the neutral of the secondary winding of
the power transformer often through a switch. If protection of the Petersen coil is desired
a single-pole circuit breaker is also added. The Petersen coil is a shunt device with a vari-
able inductance that together with the capacitance to ground for the distribution system it
is connected to form a oscillating circuit. This single phase device can be modeled as a
reactor. The parameters for the coil are often given in amperes. When placing a Petersen
coil in a power system the utility distribution planners find the capacitive current to
ground that the distribution power system contains and the adjusting for future expansion
decide on size of coil.

A typical Petersen coil for a 22kV distribution system will have a inductive cur-
rent range of 16-160 A and rated voltage of 12.7 kV phase to ground. This gives a maxi-
mum reactance of 2032 kVAr rating for the coil. The current range of 16-160 A gives the
adjustable range that the coil can operate within. In the substation the Petersen coil is
equipped with an automatic regulator that can sense the change of operating in the distri-
bution system. If a part of the system is disconnected the inductive current of the coil will
automatically be change by changing the magnetic reluctance of the coil to meet the new
capacitance to ground value of the system. As mentioned in the previous section on
transformers it is utterly important how that the neutral of the transformer is modeled
correctly in order. This so that the reactor modeled and connected to the transformer can
be utilized correctly. In Open DSS the reactor object is implemented as a constant imped-
ance element. The reactor object in OpenDSS can have multiple phases, although the
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Petersen coil is a single-phase device. Parameters that are used to model a Petersen coil
are rated line-to-ground voltage in kV and total reactive power of coil in KVAr. The data
used for modeling can be found from a test certificate. An excerpt from a test certificate

is shown in Figure 2.4

TEST CERTIFICATE o
Routine Tests 1M

TRENCH
Awustria GmbH

Test object : Arc Suppression Coil
Typs : ENK 20/160/2000
1. Measurement of winding resistance
Measurement Calculation
Terminal |4 [°CI| Ry[mOhm] | T[°C]| t[*C] € Ry [mOhm]
1.1-12 | 165 699.4 235 | 75 1.23260 862.1

2. Measurement of current and of no-load voltage of the auxiliary and secondary windings

Calculation to rated voltage U= 22000 /3= 12702 V (50Hz)
Main Secondary Auxiliary Current Potentio- Potentio-
winding winding winding transformer meter meter
Terminal 1.1-1.2 X8.1-X8.2 X6.3-X6.4 X6.1-X6.2 X5.1-X5.3 X5.4-X5.6
Position [A] UV U] [[A] R [Ohm] R [Ohm]
1 16.0 464.3 105.7 106 21.4
2 20.0 467.5 106.5 121 24.4
3 40.0 478.7 109.0 226 45.6
4 60.0 483.4 108.7 332 66.4
5 80.0 486.9 107.6 419 83.7
6 100.0 491.9 108.1 493 98.9
7 120.1 499.1 110.1 562 112.7
8 140.0 508.4 113.4 636 121.5
9 159.9 518.2 117.4 5015 735 147.2
3. Measurement of current and loss at rated voltage
f= 50 Hz t, = 19 °C
I [A] read. C UV read. C | [A] read. c P W] Al [%]
16 63.60 | 200 12720.0 0.0781| 200 15.61 0.131] 40000 5248 -2.55
160 63.54 | 200 12708.0 0.8055| 200 161.10 0.819] 40000 32760 0.64
= 160.00 Pp= 32314
bei 75 °C: Py = 22069
bei 75 °C: P, = 36301

Figure 2.4 Excerpt From Test Certificate for Petersen Coil /ASC [66]
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2.5 Load modeling

The complex power load in a system to be analyzed is normally measured by me-
tering at every substation transformer, every distribution transformer and at the customer
by the electric utility company supplying and operating the distribution system. Metering
can be either done by a smart meter in an advanced metering system or manually by ei-
ther the individual customers or the utility.

A distribution transformer generally supplies one or more customer depending on
installed capacity and type of load (i.e. residential or industrial). As mentioned in section
regarding transformers, three-phase devices are used. Hence, the load is also three-phase
and can be configured either as delta or wye connected power. In Europe larger three-
phase transformers between 315-1000 KV A are used to supply up to about 20-40 custom-
ers in urban areas, whereas in North America the corresponding numbers are 50-150 kVA
and 2-4 customers.

A customer relationship management (CRM) system can be the basis for the load
calculation where the maximum demand per customer can be obtained. To get the annual
coincident peak demand for a distribution transformer or a larger part of a distribution
system estimation based on formulas like the "Velander's formula™ which is presented
and explained in [66]. The complex power is either given as active (kW) and reactive

(KVAr) power, kW and power factor (PF) or apparent power (kVA) and PF.

2.6 Line modeling
Since the distribution system usually contains lines with short lengths the "pi" line

model is used for modeling the line object. There are mainly two ways to go about get-
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ting the impedances used for modeling overhead lines and underground cables:

1) Symmetrical component values for R, X and C either as regular values or
by matrix values
2) Use geometric approach to derive line impedance for a specific line and

tower design.

OpenDSS also allow using a default line object without having to specify the symmet-
rical components. The sample circuit shown in the previous chapter is using this default
line object that is a 1000 ft overhead line with a 336 MCM ACSR conductor on a 8-ft
crossarm.

In addition to the R, X and C values for the line there are a few other parameters
that need to and can be obtained for each line. That is length, number of phas-
es/conductors, connected buses and units. Carson earth return resistance (Ry) and reac-
tance (Xg) as well as earth resistivity (Rho) if earth return correction factor computation is

needed.

2.7 Analyzing broken conductors and back-fed ground fault

The objective with this thesis is to find a signature of the situation that occurs
when a broken and/or a back-fed ground fault is present in a primary distribution system.
When implementing the modeling from the previous sections in a simulation current and
voltages from nodes the primary and the secondary distribution are available. Since this
thesis is focusing on using the available data from a smart grid technology point of view,

it is the measurements from the LV side of a distribution transformer that mainly will be
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evaluated. These are also the measurements that can easily be available from the smart
meter collection system.

Since the distribution system contains transformers with different vector groups
and connections all the main types need to be evaluated and included in the model. The
current present in a transformer will vary quite a bit with load variations and fault situa-
tions with various fault impedances. Due to this fact the voltage measurements are con-
sidered to be the more reliable and more useful for an analysis. The use of a voltage

based method is also discussed in [35].

2.8 Analyzing single line-ground faults in distribution systems

To get a good and reliable signature and algorithm for detecting a broken conduc-
tor and a back-fed ground fault other fault situations like a single line-to-ground faults
need to be considered and evaluated. Different abnormal situations that occur can give
more or less equal results. Single line-to-ground fault will be simulated and evaluated for
both the primary and the secondary distribution system. Both line-to-neutral and line-to-
line positive sequence network voltages will be used for comparison to increase the relia-

bility of the detection algorithm.
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CHAPTER 3
EXAMPLES OF THE FAULT DETECTION METHODOLOGY

AND EVALUATION OF THE METHOD

3.1 Distribution system sample case / test bed
In order to investigate and evaluate the behavior of a distribution system during
various fault conditions a sample system or a test bed has been developed. The single line

diagram schematic is shown in Figure 3.1 where one feeder out from a subtransmission

substation is present.
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Figure 3.1 Distribution System 22 kV Feeder Test Bed

In the test bed both the substation transformer (labeled T1) and the substation
busbar (labeled bus 1) is included. The substation transformer is a 132/22kV 25 MVA
transformer with a YynO vector group. A total number of 13 distribution transformers
make up the mixed overhead line and underground cabled MV three phase distribution
system. The test bed shown in Fig. 3.1 is the test bed used in all the examples shown in
this thesis. The system is based on an actual distribution system taken from the Network
Information System (NIS) of Agder Energi Nett AS (AEN), a Norwegian electric utility.

AEN is part of the third largest energy parent company of Agder Energi located in the

city of Kristiansand, —
Norway. Kristiansand is %08 SLANDS A, S
e NURVVAT
a coastal city and ac- Bergen,
2 Oslo,
cording to [68] the ad-  carpetarg, |Karlstad
Stavanger Skien
.. . . Arendal Link
ministrative,  business = VAo
o .Gothenbt
and cultural capital of Aberdeen, Aalborg,
S f‘__' )T L }J X% Halmsti
arhus_ Karl
Southern Norway. The .Glasgow B o
Newcastle DENMAR} ‘ *Malrr
. . . upon Tyne, i
region with its surround- HERN o Middiesbrough, :
8 Burdiaics 4t P2 IENGLAND g PP ostoek
ing municipa“ties has a Dublin, Manchester, Hull* G’OI-Ii]?‘T?UFg. “Bchwerin
Liverpool Kings ot SR @ & %Bremen

population of 120,000

Figure 3.2 Map of Northern Europe Taken from [69]
people and is shown in
Figure 3.2. All line and cable impedances and lengths, transformer and load data is pro-

vided from AEN. The three phase feeder is a strictly radial system from a rural forested

area outside the city of Kristiansand with no return paths or connections from other sub-
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stations or other feeders from the same substation. Distributed Energy Resources (DER)
are not present on this feeder, hence not taken into account for in the model used in this
thesis.

The distribution transformers present in the feeder are modeled with various types
of vector group. An overview of the transformers used in the model is shown in Table
3.1. Four different types of vector group are modeled and analyzed. Common vector
groups like the Yd1, Yd11 or Yd5 is not included as they are usually utilized for small
DER generation units. Also the results for the wye-delta connection group will show sim-

ilar results to that of the delta-wye.

Table 3.1 Distribution Transformers

Name T.1 T.2 T.3 T.4 T.5 T.6 T.7 T.8 T9 T10 T.11 Ta2

Vector-
group

Type TT TT TT IT IT IT IT IT IT TT IT TN

Yyn0O YynO0 YynO0 YynO0O YynO YynO Yyn0 Yyn0 DdO Yyn0 DdO Dynll

As for the distribution transformers built for new and additions of present prima-
ry distribution systems, the common standard vector group connected transformers in the

Norwegian distribution system are usually chosen as follows:

e YynO — for 240 V rated systems with IT or TT configuration

e Dynll or Dyn5 — for new 415 V rated systems with TN-C and TN-C-S con-
figuration

e Dynl11(Dd0) — for mixed 240/415 V rated systems with reconfigurable sec-

ondary winding with IT/TT (230V) and TN-C (415V) configuration
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Dyn11/yn11 — for mixed 240/415 V rated systems with two secondary wind-

ingstoa IT/TT (230V) and TN-C (415V) configuration.

As mentioned in Chapter 1 the aim of the study in this thesis is to reveal a signa-

ture of the behavior of a distribution system during broken and downed conductor. The

subject to be evaluated is the available measurements in the smart grid technology of the

secondary side of a distribution transformer in primary distribution feeders. In order to

analyze and evaluate, a set of examples are defined for various cases. These are shown in

Table 3.2. Example 1 and 2 contain different cases in order to see the influence that the

position of the fault has on the outcome.

Table 3.2 A Set of Examples Used for Simulation and Evaluation

Example Name Complementary comments
Model a split line where none of broken conductor ends touch the
1 Broken conductor in ground. Using two cases:
primary distribution system 1) Broken conductor close to supply and
2) Broken conductor towards the end of feeder
Model a split line where the downstream side of broken conductor
Back-fed ground fault (downed : connect directly to ground using three cases:
2 conductor) in 1) Downed conductor close to supply
primary distribution system 2) Downed conductor towards end of feeder
3) Downed conductor on radial line near transformers
Single line-to-ground fault Model a direct line-to-ground fault in on one of phases of a selected
3 N T .
in primary distribution system : bus in the MV system
Single line-to-ground fault Model a direct line-to-ground fault in on one of phases of a selected
4 in secondary distribution sys-  : bus in the LV system for 4 types of vector groups and connection type
tem systems (YynO IT, YynO TT, Dyn11 and DdO)
Double line-to-around fault Model a direct double line-to-ground fault in on oneof phases of a
5 in orimar distr?bution svstem selected bus in the LV system for 4 types of vector groups and connec-
P y Y tion type systems (YynO IT, Yyn0 TT, Dyn11 and Dd0)

As in all kind of fault studies, a regular power flow study is used as the base case

and the base case is calculated before any fault is applied to the modeled circuit. Results

34




from a regular power flow analysis for the test bed gave the results as shown in Table 3.1.

The voltages are given in per unit quantities (p.u.) and only a selection of busbar voltages

for comparison are included.

Table 3.3 Test-Bed Results for Voltages [P.U.] at Selected Buses with Normal Operation

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
Vin[p.u] 1.00 1.00 1.04 1.00 0.99 1.00 1.04 1.00 1.00

/-0.1° £-0.2° £-0.5° £-0.2° £-0.8° £-0.2° £-0.8° £-0.2° £ 29.5°

v2n[p.u] 1.00«- 1.00«- 1.04«- 1.00«- 0.99~2- 1.00£- 1.04 1.00£- 1.00£-
Pl 1200 120.2° 120.5° 120.2° 120.8° 120.2° | £-120.8° . 120.2° 90.5°

V3n[p.u] 1.00«£ 1.00«£ 1.04«£ 1.00Z£ 0.99«£ 1.00Z£ 1.04Z 1.00Z£ 1.00Z
PUIY 1199° 119.8° 119.5° 119.8° 119.2° 119.8° 119.2° 119.8° 149.5°

Vnn[p.u.] 0 0 0 = 0 0 0 0 0

vi2[p.u] 1.00 1.00 1.04 1.00 0.99 1.00 1.04 1.00 1.00
PN 299" ,208° 295  £208  £292°  £298°  £292° /298 /595°

v23[p.u] 1.00«- 1.00«- 1.04«- 1.00£- 0.992£- 1.00£- 1.04«- 1.00£- 1.00£-
p-u. 90.1° 90.2° 90.5° 90.2° 90.8° 90.2° 90.8° 90.2° 60.5°

V31[pu] 1.00«£ 1.00«£ 1.04Z 1.00Z£ 0.99« 1.00Z£ 1.04Z 1.00Z£ 1.00Z
p-u. 149.9° 149.8° 149.8° 149.8° 149.2° 149.8° 149.2° 149.8° 189.5°

Trans- Dyn11 /
former YynO0 / TT DdO /IT YynO / IT TN

3.2 Example 1 - Broken conductor primary distribution system

A broken conductor that does not contact ground (i.e. earth) is considered for two
separate phases only. The model chosen for the simulation uses symmetrical components
for the line and cable impedances. Hence, mutual coupling is disregarded. Due to this,
only one phase has been considered for further analysis, but two separate faulted phases
are included to show in the results. This example as well as all the other examples shown

here are for the test bed shown in Figure 3.1.
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Case 1 — Broken conductor location at beginning of feeder

To simulate a broken conductor the beginning of the distribution feeder is done by
opening the conductor in a phase using the OpenDSS command "OPEN LINE" which
opens a specific terminal conductor switch. The command line used is "Open LINE.6 2
1" to break the conductor in phase 1 on the terminal 2 of line 6. As seen from Figure 3.1
all distribution transformers in the test-bed will therefore be influenced by the interrupted

supply. The complex line-line and line-neutral voltages post-fault are shown in Table 3.4.

Table 3.4 Broken Conductor Line 6 Phase 1 for Case 1 in Example 1

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
Vin[p.u] 1.48 0.04 0.01 0.04 0.01 0.04 0.01 0.04 0.50
PUIL /18 £919° 1420 2919  £-145° 29190  /-145  /91.9° | /885
v2n[p.u] 0.822- = 0.82«- 0.90 0.822- 0.86 0.822- 0.90 0.822- 1.00
p-u. 91.3° 91.4° £-90.9° 91.4° £91.1° 91.4° £91.1° 91.4° £-90.5°
Vanfo.u 0.91 0.91 0.90 0.91 0.86 0.91 0.90 0.91 0.50
PUll f900°  ,908° 898 @ £908 £895 @ £908 @ £895  £908 @ £905°
0.01 0.05/ 0.05/ 0.05«
vanp.ull o370 0420 2 - 2 104.3° ¢ 104.3° g
Vizlpu] 1.00 0.50 0.52 0.50 0.49 0.50 0.52 0.50 0.86
P-UIL /3000 888 885 888 /882" /888 /882" /888 | /892
Vil 1.00 1.00 1.04 1.00 0.99 1.00 1.03 1.00 0.87
PUll 9010 £-002°  £906°  £902°  £-908° @ £-902°  £908 @ £-902°  £-902°
V3i[pu] 1.00 0.50 0.52 0.50 0.50 0.50 0.52 0.50 0.01
P-UIY /1499°  £909°  ,904° 908  £902° /908 @ £902° /908 @ /1658
Trans- Dyni1/
former Yyn0/TT DdO/IT Yyno/IT ™

For further comparison and analysis it should be noted that each of the four LV busbars
shown represent different distribution transformer vector group and system configuration.
The vector group and system configuration is shown in the last row for each distribution
transformer secondary voltage and each simulated case. In addition to the voltages in bus
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1 at the supply end the results for bus 17, 14 1, 12_1 and 12_2 are for high voltage side

of the respective four distribution transformers.

Case 2 — Broken conductor location towards the end of feeder
This case examine the LV voltages with a fault location towards the end of the
feeder. Using same command as for the case 1 for phase 1 on line 20 the complex line-

line and line-neutral voltages post-fault are as shown in Table 3.5.

Table 3.5 Broken Conductor Line 20 Phase 1 for Case 2 in Example 1

Bus Bus Bus Bus Bus Bus Bus Bus Bus

1 17 1LV 141 10LV 121 oLV 12 2 13LV
1.31 0.12 0.05 0.12 0.05 0.01 0.05 0.01 0.52

Vin[p.u]] Z£0.9° L1548 L2177 £154.8° 0 £21.4° @ Z154.8° @ £214°  £154.8° 0 849
0.86 0.86 0.91 0.86 0.87 0.86 0.90 0.86 1.00

Vonp.u]| £-102.4° ¢ £-102.5° | £-92.1°  £-102.5° £-92.3°  £-102.5°  £-92.4°  £-1025°  £-90.5°
0.91 0.91 0.89 0.91 0.85 0.91 0.89 0.91 0.48

V3n[p.u]l £101.5° @ £1014° @ £91.0° £1014° £90.8°  £101.4° 2908 ~£101.4° 2944

0.01 0.16/ 0 i 0 0.16 0 0.16 0
vnn[p.u]l Z£93.8° 168.3° /£ 168.3° 2 168.3°

1.00 0.52/ 0.54 0.52 0.51 0.52 0.54 0.52 0.88

V12[p.u]l £29.9° 85.2° £849° | £852° | £846" i £852° | £846" 852 Z 88.0°
1.00 1.00«- 1.04 1.00 0.99 1.00 1.04 1.00 0.86

V23[p.u]l £-90.1° 90.2° £-90.5°  £-90.2°  £-90.8° | £-90.2° | £-90.8°  £-90.2° /-88.9°
1.00«£ 0.49~/ 0.51 0.49 0.48 0.49 0.50 0.49 0.05

V31[p.u]l 149.9° 168.3° £943° L L9470 £94.1° 1 L9470 L £94.1° L L9477 ¢ £158.3°

Trans- YynO/TT Ddo/IT YynO/IT Dyn11/ TN

former

The notable difference between the two cases is that the relative angle between each
phase differs. For case 2 where the broken conductor is further out on the line the line-to-
neutral voltage for the faulted phase changes from a negative angle of around -15° to a

positive angle of about 20° on the LV side of the distribution transformers of all vector
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groups. The line-to-line and line-to-neutral voltage magnitudes of both faulted and non-
faulted phases have a minor increase. As for the line-to-line voltages on the LV system
the change of angle is in the order of 3-5 degrees.

A summary of the results for the broken conductor gives the following voltages

on the LV side of the transformers is shown in Table 3.6.

Table 3.6 Summary of Results for Broken Conductor Example 1

YynO/TT

DdO

Yyn0/IT

Dynl1l/TN

Two reduced line-
neutral voltages
opposite in phase

Two reduced line-
neutral voltages
opposite in phase

Two reduced line-
neutral voltages
opposite in phase

Two half magni-
tude line-neutral
voltages in phase

. . . that are opposite
VN | and one line- and one line- and one line- in phase tgrl)ast
neutral close to neutral close to neutral close to np
2610 2610 2610 line-neutral volt-
age
Two half magni- Two half magni- Two half magni- Two reduced line-
tude line-line volt- ' tude line-line volt- | tude line-line volt- | ..
. . . line voltages op-
ages in phase that | agesin phase that | ages in phase that osite in Bhase
VLL | are opposite in are opposite in are opposite in p p

phase to last line-
line voltage

phase to last line-
line voltage

phase to last line-
line voltage

and one line-line
close to zero

Table 3.7 shows the voltage vectors for all three phases for both phase and line
voltages. The voltages shown are taken from Table 3.5 which gives the results having
most phase angle difference of the two cases.

Looking at the wye-wye and the delta-delta type of transformers, it is the relative
angle difference between the two line-to-line voltages towards the faulted phase that in-

crease or decrease as of where the broken conductor is located.
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An extra test done on a broken conductor on phase 1 in line 26 resulted in a relative phase
difference between these two mentioned line-to-line voltages by 20 degrees for the wye-
wye and delta-delta connection groups. This special case seems to give the more devia-
tion for the mentioned transformer vector groups in the test bed used than what is shown
in Table 3.7.

An additional attempt to exchange position of transformer 13 and transformer 10
was done to examine the impact of a broken conductor in phase 1 on line 26. The results
showed similar change in line-neutral voltages for transformer 13 as for the line-line
voltages mentioned in the previous paragraph. As for the line-to-line LV voltages for
transformer 13 in the new position, the results gave more deviations for the voltage mag-

nitudes and the same 20 degrees change for the lowest voltage magnitude.

3.3 Example 2 — Back-fed ground fault in primary distribution system

A downed conductor or a back-fed conductor is a broken conductor that has a
connection to ground on the downstream side of conductor, i.e. towards the customer.
Table 3.5 shows the results of this simulation done in OpenDSS. In this test, a back-fed
ground fault is located using line 6 and phase 1 for the ground connection.

The term ‘fault’ in this context refers to a downed conductor where the down-
stream side of the broken conductor makes the abnormal situation. The same two cases
used in example 1 for the location of the fault is also performed in this example. A case
where the 'fault’ is located on the radial in a close proximity to the distribution transform-
er is also added to this example. This due to the fact that this case gives an outcome that

is an extreme case for this specific example.
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Case 1 — Back-fed ground fault location at beginning of feeder

In order to simulate a back-fed ground fault in OpenDSS the terminal connections
for the respective line is altered. Using the command "LINE.6.Bus1=2.0.2.3" disconnects
phase 1 in line 6 from the bus terminal at the busl end of the line and connects it to
ground in order to simulate the direct ground fault connection on the downstream side of
the line. The results for the complex line-line and line-neutral voltages post-fault are

shown in Figure 3.8.

Table 3.8 Back-Fed Ground Fault Phase 1 Line 6 — Case 1

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
Vin[p.u] 1.47 0.00 0.02 0.00 0.02/- 0.00 0.02 0.00 0.49
PUIl Lo08  £1284° ~£361° | £1286° 363 | £127.0° £363° /127.0° /87.6
vanip.u] 0.84 0.85 0.90 0.85 0.85 0.85 0.89~/- 0.85 1.00
PUIl L o21° 9220 | £912°  £92°  ,914  £922° 91.4° £-922° ¢ £-90.5°
. 0.89 0.89 0.91 0.89 0.87 0.89 091/ 0.89 0.51
PUll Jo170  Lo1e  £901° £916° 2898 @ 2916 89.8° Z91.6°  £914°
0.01 0.02 0.02 0.02
vanp.ull o908 14430 2 . e £ 1443° e £ 1443° L
vislian 1.00 0.49 0.51 0.49 0.48 0.49 051/ 0.49 0.86
PUll 3000 2878 2875 2878 2873 L8718 87.3° /878 /889
v23[p.u] 1.00 1.00 1.04 1.00 0.99 1.00 1.04/- 1.00 0.87
PUIL ,901°  ,902°  £906° ~£902° /908 @ /-902° 90.8° £-90.2° | £-89.9°
Vai[p.u] 1.00 0.51 0.53 0.51 0.51 0.51 0.53/ 0.51 0.02
PUIY S 1499 s916° 2913 29160 291.1° /916 91.1° £91.6° | £144.0°
Trans- Dyn11/
former Yyn0/TT DdO/IT Yyno/IT ™

Case 2 — Back-fed ground fault location towards the end of feeder
A second case of back-fed ground fault is simulating a ground fault preceding a

broken conductor on line 20. The OpenDSS command "LINE.20.Bus1=11.0.2.3" open
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the first phase on line 20 from connection on bus 11 and connect the downstream side of
the line to ground potential. The results are shown in Table 3.9. As seen from the test-bed
circuit in Figure 3.1, the location of the fault is right where the feeder is divided up into

two radial branches having one of each discussed type of distribution transformer vector

group.
Table 3.9 Back-Fed Ground Fault Phase 1 on Line 20 — Case 2
Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
i 1.39 0.00 0.07 0.00 0.07 0.00 0.07 0.00 0.50
PUll o3 | £1752° 2520 | £1752°  £-54° | L1753 4550 | L1753° £82.5°
van[p.u] 0.87 0.87 0.90 0.87 0.86 0.87 0.90 0.87 1.00
PUNl 9720 £973°  £929 1,973 £931° /973 £93.1° /973 /-90.5°
Van[p.u] 0.88 0.88 0.91 0.88 0.86 0.88 0.90 0.88 0.51
PUIl 968 9670  ~£918 967  £915 @ £967 /915 @ £967 @ Z964°
0.01 0.07 0.07 0.07
valpull eosr 17520 . - . £1752° e £1752° e
Vi 1.00 0.50 0.52 0.50 0.49 0.50 0.52 0.50 0.86
PUll s200  ss07° 2824 s8270  £822° L8270 L8220 L8270 L872°
N 1.00 1.00 1.04 1.00 0.99 1.00 1.04 1.00 0.87
PUll o010 £-902°  £905 = £902°  £-908° @ £-902° @ £908 @ £-902° @ /-88.2°
N 1.00 0.51 0.53 0.51 0.50 0.51 0.53 0.51 0.07
PUIY /1499° 9677  ,964° 967  £961° /967  £961° /967 @ /1749
Trans- Dyni1/
former Yyn0/TT DdO/IT Yyn0/IT i

Case 3 — Back-fed ground fault location on radial line into transformer bus

The last case for example 3 regarding back-fed ground fault accounts for a fault
location on the radial line connections going towards the respective distribution trans-
former vector groups. Using the same command in OpenDSS as for the previous 2 cases

a back-fed fault is applied to line 15, 27, 21 and 22 one at a time for transformers 1, 10, 9

42



and 13 respectively. Table 3.10 thus reflects 4 different situations with 4 different fault

locations

Table 3.10 Back-Fed Ground Fault Close to Distribution Transformers — Case 3

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
il ) 0.00 0.34 0.00 0.28 0.00 0.29 0.00 0.59
iz £1705° 0 £21°  £179.1° 0 £06° | £171.1° £81°  £1729°  /£634°
vanip.u] ) 1.02 0.93 0.97 0.87 1.01 0.93 1.02 1.00
[ Z-119.6° + £-1014° ¢+ £-115.9° 1 £-100.0° | £-114.1° | £-99.6° | £-116.3° i £-90.5°
Vi ) 0.98 0.91 0.96 0.87 0.90 0.89 0.93 0.54
L] £1205° 0 £1004°  £116.0° £98.5  £117.00 £984°  ~£118.9° L118.6°
0.33 0.28
Vil 21775 0 ; 0 21713 0 ; 0
Vi ) 0.59 0.61 0.56 0.56 0.59 0.61 0.59 0.90
[ 2604 £601°  £641°  £635 @ L6591 £654° ¢ L6377 1 £799°
e ) 1.00 1.04 1.00 0.99 1.00 1.04 1.00 0.86
[p.u] £-90.2° ¢ £-90.5° ¢ £-90.2° | £-90.8°  £-90.2°  £-90.8° @ £-90.2° @ £-80.4°
V3i[p.u] ) 0.57 0.59 0.55 0.55 0.52 0.54 0.54 0.30
lpLs £1205° 0 £1202°  £116.0°  £1154°  £117.0°  £1164° 21189  £173.5°
Trans- Dyni1/
former - Yyn0/TT DdO/IT Yyn0 /1T ™

Since Table 3.10 includes four different situations, only the results for the HV and
LV side of transformer 1, 10, 9 and 13 are shown in Table 3.12 and the results for bus 1
are omitted. As seen from Table 3.11 the relative angle difference between two of the
line-to-line voltages are up to 60 degrees for the wye-wye connection with grounded sec-
ondary neutral.

Summarized in Table 3.11 are the results for the back-fed ground fault / downed
conductor example including all three cases. Table 3.12 shows how the voltage vectors

for all three phases for both phase and line voltages.
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The voltages shown are taken from Table 3.11 which gives the results having greatest

phase angle difference of the three cases for the back-fed ground fault example.

Table 3.11 Summarized Results Back-Fed Ground Fault — Example 2

YynO/TT

Ddo

Yyn0/IT

Dynl11/TN

Two reduced
line-neutral volt-
ages opposite in
phase and one
line-neutral volt-

Two reduced line-
neutral voltages
opposite in phase
and one line-
neutral voltage in

Two reduced line-
neutral voltages
opposite in phase
and one line-
neutral voltage in

One line-to line
voltage opposite in
phase with two
close to half magni-
tude line-line volt-

Vin age in the range the range from the range from ages in phase. The
from zeroto 1/3 | zero to less than zero to less than two half magnitude
p.u. value de- 1/3 p.u. value de- 1/3 p.u. value voltages having a
pending on loca- | pending on loca- depending on lo- relative angle dif-
tion of fault tion of fault cation of fault ference of up to 55°
One llne-to-hn.e One line-to line One line-to line .
voltage opposite o : Two reduced line-
. . voltage opposite in | voltage opposite
in phase with two . . ; neutral voltages
phase with two in phase with two o
close to half . opposite in phase
. . close to half magni- = close to half mag- .
magnitude line- . . : . . and one line-
X tude line-to-line nitude line-to-line .
to-line voltages . . neutral voltage in
ViL voltages in phase. voltages in phase.

in phase. The two
half magnitude
voltages having a
relative angle
difference of up
to 60°

The two half mag-
nitude voltages
having a relative
angle difference of
up to 52°

The two half mag-
nitude voltages
having a relative
angle difference of
up to 51°

the range from
zero to less than
1/3 p.u. value de-
pending on loca-
tion of fault

The results for the back-fed ground fault vary in magnitude depending with the
location of the fault's relative proximity to the distribution transformers. For the wye-wye
and delta-delta connected transformers the secondary line-to-line voltage connected to the
faulted phase increase from 0.49 to 0.61 p.u. the closer the fault is to the transformer,
whereas the secondary line-to-neutral voltage for the faulted phase varies from 0 to 0.34

p.u. for the same connection groups.
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Looking at the delta-wye connecting transformers, the results show the same pattern
where the line-to-line voltages are similar to the line-to-neutral voltages for wye-wye and
the line-to-neutral voltages are similar to the line-to-line voltages.

A simulation using a fault resistance 40 Q (often used in single line-to-ground
fault studies) has also been performed for the different cases in example 2 in order to see
if that would have any impact on the results shown in the results tabulated in Tables 3.11
and 3.12. The simulations incorporating the 40 Q fault resistance showed no particular
pattern other than that the voltage phase angles changed in the order of 1-2 degrees and
the voltage magnitudes changed in the order of 0.01-0.02 p.u. Some results showed no

change at all.

3.4 Example 3 — Single line-to-ground fault primary distribution system

A single phase to ground fault in the primary distribution system is included as an
example to examine the impact on the LV side of distribution transformers and to see
whether the results are similar to the ones of a broken conductor or a back-fed ground
fault. One case only is simulated for single line to ground fault and included in the re-
sults. The OpenDSS command used in this example is "new Fault.F1 bus 1=6.1 phas-
es=1". This command applies a single line to ground fault directly to ground on bus 6 in
the MV primary distribution system with no fault impedance. The results are shown in
Table 3.14.
A simulation using a fault resistance of 40 Q2 has also been performed to check the further

impact of a fault resistance compared to a direct to ground fault. Even though the MV

voltage magnitudes increase by a factor of v/3 in the two unfaulted phases, the LV volt-
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ages for all the different transformer connection types stay more or less the same as the
ones shown in Table 3.13 for direct line to ground faults. This counts for both angles and
magnitudes of voltages. As seen from Table 3.13, neither the line-to-line nor the line-to-

neutral voltages on the LV voltages is influenced by a single line-to-ground fault.

Table 3.13 Single Line-Ground Fault in Phase 1 for MV System Bus 6 — Example 3

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 9LV 12 2 13LV
Vin[p.u] 0.00 0.00 1.02 0.00 0.98 0.00 0.99 0.00 0.98
PULl S1106° 211220 218 @ /845  £-13°  Z1147 /08 | £141.0° /£295°
o 1.74 1.74 1.02 1.74 0.98 1.74 0.99 1.74 0.98
[p-u] £-1502° 1 £-150.2° | £-121.9°  £-150.2°  £-121.3° ¢ £-150.2°  ~£-120.9° | £-150.3° . £-90.5°
V3N 1.74 1.74 1.02 1.74 0.98 1.74 0.99 1.74 0.98
[p-u] £1499°  £149.9°  ~1182° £1499° £ 118.8°  ~149.9°: £1192° L1498 /1495
Vi 0.03 1.00 0.00 ) 0.00 1.00 0.00 ) 0
PULl , 919°  ,1798° .~ -89.8° /239" /-179.8° 1 £-90.2°
Vi2[p.u] 1.00 1.00 1.02 1.00 0.98 1.00 0.99 1.00 0.98
PULl 298 ,208  ,281° 298 @ /287  £298  £290° /297  /595°
v23[p.u] 1.00 1.00 1.02 1.00 0.98 1.00 0.99 1.00 0.98
PULl 901 ,901° 918  £-902° /913  /-902° /-90.8° = /-902°  /-60.5°
V3llou 1.00 1.00 1.02 1.00 0.98 1.00 0.99 1.00 0.98
0] Z£149.9° 1 £149.9°  £1482° 1 £149.9° 1 £148.8° | £149.9°  £1492°  ~£149.8°  £179.5°
Trans- Dyni1/
former Yyn0/TT DdO/IT Yyn0/IT ™

3.5 Example 4 — Single line-to-ground fault secondary distribution system

In this example a single phase to ground fault has been applied to the secondary
distribution system at the LV side of the previous simulated distribution transformers.
This to verify the resulting line-to-neutral and line-to-line voltages for different distribu-
tion transformer connection types as well as the various transformer vector groups. Varia-

tions are done for wye-wye and delta-wye. The OpenDSS command used in this example
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is "new Fault.F1 bus 1=13LV.1 phases=1". This command applies a single line to ground

fault directly to ground on the LV bus of transformer 13. The same command is applied

on bus 9LV, 10LV and 1LV for transformers T.9, T.10 and T.1 respectively. The results

for a fault on the LV side of transformer 13 is shown in Table 3.14

Table 3.14 Single Phase-Ground Fault in Phase 1 for LV Side of Transformer 13

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 141  10LV 121 oLV 12 2 = 13LV
Vin[p.u] 41801 L00£-0.1° 1.022-18° 100£-02° 0.962-2.7° 1.00£-0.2° 0.98422° 100202 %00
vanip.u] 1.00 1.004- = 1.02£-  1.004- | 095/-  1.00Z- . 0964- | 1.00Z- = 0.992-
PULl 12020 1202° 121.8° 120.2° 121.1° 120.2° 12.7° 120.2° 89.4°
Van[p.u] 1.00 1.00£ 1.02£ 1.00£ 0.98« 1.00£ 0.99/ 1.00£ 0.99/
PULl L 11990 1199° 118.2° 119.8° 118.7° 119.8° 119.2° 119.8° 148.3°
Vnn[p.u.] 0 0 0 s 0 = 0 - 0
ViZ[pu] 1.00 1.00£ 1.022 1.00£ 0.95/ 1.00£ = 0.96£- | 1.00Z 057«
PULl 299" 299° 28.2° 29.8° 27.8° 29.8° 28.3° 29.4° 90.6°
v23[p.u] 1.00 1.004- | 1.02£-  1.00Z- | 096Z£- = 1.00Z- | 0984- | 1.00Z- = 1.00Z-
PULL 9010 90.1° 91.8° 90.2° 90.7° 90.1° 90.3° 89.0° 60.3°
vai[p.u] 1.00£ 1.00£ 1.02£ 1.00£ 0.98« 1.00£ 0.99/ 1.00£ 0.57£
PUL 1498° 149.8° 148.2° 149.8° 147.7° 149.9° 148.2° 148.4° 148.3°
Trans- Dyni1/
former Yyn0/TT DO/ IT Yyn0/IT N

From Table 3.14,

it is clear that a ground fault on the LV side of the transformer

does not influence the voltages on the primary distribution system. Hence for the simula-

tions for the remainder of the different types of distribution transformers, only the voltage

on the HV and LV side of the respective transformer is included in one single table as

shown in Table 3.14. The results for transformer 13 are also included in Table 3.15 for

comparison.
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The results in Table 3.15 show that for the wye-wye and delta-delta connected

transformers the line-neutral voltages for the faulted LV phase goes to zero and the other

increase by a factor of v/3. As for the line-line voltages, these voltages are nearly un-
changed. As for the delta-wye connection, only the faulted line-ground phase goes to
zero, while the other two line-to-ground voltage magnitudes stay the same. The line-line
voltages for the LV side of the delta-wye connection show just above half magnitude
voltages being almost 60 degrees apart. The vector sum of these are opposite in phase and
equal to the third line-line voltage. This is the same pattern as found for the line-line LV

side voltages for the back-fed ground fault in example 2.

Table 3.15 Single Line-Ground Fault in Phase 1 for LV Side of Transformers -

Example 4
Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 @ 10LV 121 9LV 12 2 13LV
Vin[p.u] ) 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
p-u. Z-0.1° | £-05  £-02°  £908 | £-0.1° | £908 | £-02° @ /£-27.0°
v2n[p.u] ) 1.00 1.81 1.00 1.72 1.00 1.80 1.00 0.99
p-u. £-120.1°  £-150.5° 1 £-1202° + £-150.8°  £-120.1°  £-150.8°  £-1202° | £-89.4°
Van[p.u] ) 1.00 1.81 1.00 1.72 1.00 1.80 1.00 0.99
p-u. £119.9° 21485 £119.8°  £1492°  £1199°  £1492°  ~£119.8° ./ 1483°
0.85 1.04
Rl - 0 0 - £179.2° - £179.2° - 0
Viz[p.u] ) 1.00 1.04 1.00 0.99 1.00 1.04 1.00 0.57
pu. £299° | £295°  £298  £292° | £29.8° | £-292° 1 £294° £90.6°
ViElian ) 1.00 1.04 1.00 0.99 1.00 1.04 1.00 1.00
I3 £-90.1°  £-90.5° £-90.2° . £-90.8° | £-90.1°  £-90.8° /£-89.0° /£-60.3°
Vel 1.00 1.04 1.00 0.99 1.00 1.04 1.00 0.57
I3 £149.9°  £1495° £149.8°  £1492°  £1499°  £1492° L1484 L/ 1483°
Trans- Dyn11/
former Yyn0/TT Ddo YynO/IT ™
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3.6 Example 5 - Two line-to-ground fault fault primary distribution system

The last example include a short circuit fault with two line-to-ground fault applied
on the primary distribution system side. This to verify whether this fault has the same
type of results as the broken conductor and / or the back-fed ground fault. The OpenDSS
command used in this example is "new Fault.F1 bus 1=7.1.2 phases=2". This command
applies a double-line to ground fault directly to ground on the HV bus 7. The results from
the simulation are shown in Table 3.16.

A double line to ground fault on the primary distribution system will be detected
by the protection relay on the substations feeders within a predetermined set time. The
clearing time will depend on the setting of the relay and the selectivity chosen for that

particular part of the distribution system including all feeders at the particular substation.

Table 3.16 Double Line-Ground Fault at Bus 6 in MV System — Example 5

Bus Bus Bus Bus Bus Bus Bus Bus Bus
1 17 1LV 14 1 10LV 12 1 ILV 12 2 13LV
Vinfp.u] 0.24/ 0.00£ 0.52/ - 0.00£ 0.50/ - 0.00Z£ 052/ - 0.00Z£ 0.00Z -
p-u. 13.8° 70.2° 60.6° 71.4° 60.8° 54.9° 60.8° 54.9° 38.4°
vanip.u] 0.24/- 10.00£80.8: 0.52/- :0.00£81.6: 0.50£- 0.00Z£ 0.52«- 0.00Z£ 0.86«-
p-u. 166.3° ° 60.6° ° 60.8° 69.6° 60.8° 69.6° 60.9°
Vvan[p.u] 1.50/ 15/ 1.04/ 15/ 0.99/ 15/ 1.04/ 1.5/ 0.86Z
p-u. 119.9° 119.8° 119.4° 119.8° 119.2° 119.8° 119.1° 119.8° 119.1°

0.01« 0.5« 0.5«

vanlp.ullsiee g 2 - 2 119.8° ¢ - g
Vi2[p.u] 0.28~2 0.00«- 0.00« - 0.00«- 0.00« 0.00«- 0.00« 0.00«- 0.50«
p.u. 13.7° 52.3° 52.6° 52.3° 52.8° 52.3° 52.9° 52.3° 119.1°
V23[p.u] 0.84~- 0.87«- 0.90«- 0.87«- 0.86/- 0.87«- 0.90«- 0.87«- 1.00«-
p.u. 69.3° 60.2° 60.6° 60.2° 60.8° 60.2° 60.8° 60.2° 60.9°
Vai[p.u] 091/ 0.87-119. 0.90/ 0.87~/ 0.86/ 0.87£ 0.90/ 0.87~£ 0.50/
p.u. 128.2° 8° 119.4° 119.8° 119.2° 119.8° 119.2° 119.8° 119.1°
Trans- ) ) ) ) ) Dyn11/
former Yyn0/TT DdO/IT YynO/IT ™
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The results in Table 3.16 show similar magnitudes and angles of those of the line-
to-line voltages for the case of broken conductor in example 1. For a short circuit fault
the wye-wye and delta-delta line-to-line voltages are similar to the ones for the delta-wye
for a broken conductor.The line-to-line voltages in the delta-wye transformer for the short
circuit appear to be similar to the wye-wye voltages for the broken conductor example.
The only noticeable difference is that all three voltage angles are shifted with a certain
phase angle. However, the relative angle differences are about the same.

An additional simulation with a fault resistance of 40 Q2 gave a result on the LV
side of the distribution transformer for the delta-wye connection that looked even more
like the line-to-line voltages for the wye-wye connection in the example of the broken
conductor. Because of the high resistance, the simulation gave an outcome of line-to-line

voltages for the wye-wye and delta-delta that were close to normal magnitudes.

3.7 Algorithms and system overview for detection

Based on the simulations and the results in the previous section, the line-to-line
and the line-to-neutral voltages on the secondary side of the distribution transformer can
be utilized making a set of algorithms of a back-fed ground fault/downed conductor de-
tection. The main objective is to design a set of ‘rules’ useful to identify a specific type
of abnormal operational condition. That operational condition can occur during the af-
termath of a broken conductor that can cross over to become a back-fed ground fault.
The ground connection may have a nonzero fault resistance or may be a direct back-fed
ground fault. In the design of these ‘rules’, it is important not to flag a normal operating

condition as abnormal. This type of false alarm in a given operating region could occur
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due to other types of anomalous operating conditions in the normal operation of the dis-
tribution network. The cited issue of false alarms is the reason for inclusion of the single
and double line-to-ground faults as separate simulations.

As indicated above, the objective is to design a set of rules to identify problematic
conditions with a minimum number of false alarms and no false dismissals. The set of

rules to detect both broken conductor and back-fed ground fault are as follows:

Rule 1. Two line-line voltages magnitude less than 65 % of rated voltage
(wye-wye/delta-delta)

Rule 2. One line-line voltage magnitude less than 40 % of rated voltage
(wye-delta/delta-wye)

Rule 3. One or two line-line magnitude above 80% of rated voltage
(all connection groups)

Rule 4. Angles between two line-line voltages differs by 145 — 215 ° (+ 35°)

Rule 5. Angles between any line-line voltage not equal to 120 °

Rule 6. Vector sum of line-neutral voltages (zero-sequence voltage) less than
0.01 of rated voltage

Rule 7. Time delay of 3 seconds (after detection start)

As seen from the set of rules there is a natural grouping related to the main trans-
former as Rule 1 and 2. A second grouping, Rules 3-7 are common for all connection
groups. In addition to the voltage magnitudes, the voltage phase angles are found to be
the signature of a broken conductor and a back-fed ground fault as shown in Rules 4 and

5. The bus voltage phase angles will always have an angle different for 120° during such
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faults when a conductor breaks. As for Rule 4, the area of angle variation depends of the
type of fault. If a broken conductor occurs, the phase angle difference between voltages
would typically be within £10° as shown in Table 3.6, whereas the ground connection on
the downstream side makes the angle up to + 30°.

The Rule 6 is included due to the fact that the single line-to-ground on the fault
can have a similar signature of a wye-delta/delta-wye connected transformer for its volt-
ages on the LV side of the distribution transformer. Normally a single line-to-ground
would be detected by the LV side fuse protection for the respective LV circuits to the
customers or the HV side fuse. Although the time it takes for the fuses to disconnect the
supply depends on the type of fault and on the fault impedance at the fault location. The
algorithms are illustrated in the flow chart in Figure 3.3. A possible substitution for Rule
6 could be to have a Rule 1b and 2b where a rule of checking magnitude of line-to-
neutral voltage is performed in addition to the check of line-to-line voltages.

When doing a simulation check for a short circuit on the primary distribution sys-
tem the results revealed that a double line-to-ground fault could appear with the same
relative angle differences and magnitudes as for a broken conductor. Rule 7 is therefore
included as a time delay that flag a detection if the fault situation is persistent over a peri-
od of 2 seconds. A normal protection system for the outgoing feeders from a substation
containing overcurrent relays would clear a short circuit fault within 0.2 to 1.5 seconds
depending on the selectivity for that part of the system. In addition an extra time of 0.5
second is added in order to be sure that the fault is cleared.

Figure 3.4 shows a suggested implementation of detecting a broken conductor and

/ or a back-fed ground fault in the distribution system using smart grid components.
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Figure 3.3 Flow Chart of Detection Algorithm
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The set of rules are applied to data obtained from the voltage input from either a smart
meter or a power analyzer / meter. This instrumentation can measure and (digitally) pro-
vide line-to-line and line-to-neutral voltages with magnitude and phase angle. Processing
of the rules can be implemented in the smart meter or the power analyzer / meter if the
device supports programming of algorithms.

Another solution where the local device does not support programming is to im-
plement the set of rules in an event management program centralized located at the utility
data center. That is, data gathering or data concentration is used for smart metering data
collection. A third solution is to implement the algorithms in a local RTU based on the

voltage inputs and transmit that signal for detection ON / OFF.

Distribution transformer Smart meter infrastructure Operations control center
____________________ , - -narrinerer Masrraenlie  _ _ CPefdons OO Lenter _
T o i |
| Primary | | | | |
| distribution system | : | : |
I
: I : Data management/ : : Distribution :
: : | collection ; —» management system :
| : : Event management | | : (DMS) |
I I I
| Fuse : : I : !
I I I
I I
I ! y I I
| YNynO ! b= | ;! v |
Smart | . (o) !
' Iyl o ! Lo i i '
| meter _:—Iyl 3 Lo User interface with |
: vT (wh) || | 133 | b distribution system |
C . . .
I ord - : A FrontEnd Lo single-line diagram I
' Power = ! Lo and geographical !
: analyzer/ | | | g | : | :
| meter | | s | P! map !
I P\ L-—-- - I
N R Ny A |
et condary Implementation of Detection interface for
istribution system .
algorithms operators

Figure 3.4 System Overview for Detection

The main object for a detection scheme is to present the detection of the abnormal
situation in the distribution system for the operator at the operations control center. To
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implement this, an integration between the smart meter infrastructure and distribution
management system (DMS) is essential. An DMS system contains a full overview of the
respective primary distribution system with single-line diagram and integrated geograph-
ical map. A detected back-fed ground fault or a broken conductor can by this be present-
ed graphically as a symbol for each distribution transformer that sees the signature of the
abnormal situation based of the set of rules implemented. In coarse features all distribu-
tion transformers located downstream of the fault location will detect and present the
abnormal situation for the operator to take necessary action.

The foregoing is a suggested infrastructure to use ‘big data’ and ‘smart meters’ in
ways suggested by the philosophy of the Smart Grid as discussed in [70-76]. In [70] it is
even pointed out that many utilities have not fully understood the value of the data avail-
able in the smart metering infrastructure that is deployed around in the distribution sys-
tems. The Norwegian Smartgrid Centre [76] is performing research with pilot projects
where the smart grid technology gets connected with the modern information technology
systems. The method suggested in this thesis is just one out of many smart ways to uti-
lized the numerous distribution grid electrical data that becomes readily available through

the development of smart grid technology.

3.8 Evaluating and comparing results

Results from the simulations comply with voltage measurements presented in
[35]. In this paper the authors present a figure that shows how the measured LV side line-
to-neutral voltage change from around zero to about one third of the magnitude in a tran-

sition from a broken conductor to a back-fed ground fault in a real case.
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A test report [77] from the company Nortroll that manufacture broken conductor
indicators has been made available in the work with this thesis. A comparison with the
results in the test report also comply with what the simulations presented in this thesis has
shown. Correspondence with technical personnel from Nortroll [78] has provided input
for the solution chosen for broken conductor identification. The results for examples 1
and 2 show a major difference between a broken conductor with and without a ground
connection. When the broken conductor change into a back-fed ground fault the relative
phase angle for the two half magnitude line-to-line secondary voltages for a wye-wye
connected transformer increase from about 20 to 60 degrees. Also the one line-to-line
secondary voltage in a delta-wye connected transformer changes from about 0.05 p.u. to
0.33 p.u. . The test report [77] also shows this pattern, but the cited phenomenon is not
included in the detection scheme for the indicator.

The major challenges with a detection algorithm are failing to detect a back-fed
ground fault or wrongfully detect other fault types as a back-fed ground fault. This is why
examples 3 through 5 have been included in the simulations performed. For the same
reason different cases for example 1 and 2 were included. The percent values in Rules 1-
3 are chosen to be about 0.05 p.u. above the highest values from the simulations. This to
give a safety margin for the detection algorithm to include the and exclude the situations
that can occur. For Rule 4, the margin is chosen to be + 5° above the most extreme values
from the simulations. Rules 5-7 are meant to exclude other fault situations than those of
the broken conductor and back-fed ground fault. The simulations done revealed that both
a single line-to-ground fault and a double line-to-ground fault gives voltage outputs that
can be detected as a back-fed ground fault or broken conductor. A single line-to-ground
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on the secondary distribution system fault will normally contain a noticeable zero-
sequence Vvoltage whereas the broken conductor or the back-fed ground fault will have a
zero-sequence voltage that is nearly zero.

As for the double line-to-ground fault, the zero-sequence voltage seen on the sec-
ondary side of the transformers will be very close to zero. Since a double line-to-ground
appear as a short circuit, the conventional protection relays will clear this type of fault. In
order to suppress a possible detection as a broken conductor / back-fed ground fault, time
delay is included. This time delay will have to be a parameter than can be adjusted ac-

cording to the protection scheme of the given distribution system.
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CHAPTER 4
CONCLUSIONS, REMARKS AND RECOMMENDATIONS FOR

FUTURE WORK

4.1 Concluding remarks

This thesis makes use of the substantial volume of data available in the smart me-
tering infrastructure to reveal a signature of voltages in the secondary distribution system
during abnormal operating conditions. The voltage measurements on the low voltage side
of a distribution transformer is found to have a certain signature during a specific fault
situation when a conductor breaks and the downstream side of the conductor makes a
path to ground. Using five examples for various faults conditions and distribution power
system design a set of rules has been developed. Simulations using the free downloadable
software OpenDSS has been performed on a test-bed with primary and secondary distri-
bution system from a Norwegian utility. The freeware accommodates three phase detail
and detailed models of transformers and other power distribution system components.
OpenDSS is found to be ideal for studies of this kind.

A set of rules is formulated to detect both a sole broken conductor as well as a
back-fed ground fault that can occur in the primary distribution system. Utilizing voltage

magnitudes, phase angles and a time delay, the set of rules are as follows:

Rule 1.  Two line-line voltages magnitude less than 65 % of rated voltage
(wye-wye/delta-delta)
Rule 2. One line-line voltage magnitude less than 40 % of rated voltage

(wye-delta/delta-wye)
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Rule 3. One or two line-neutral magnitude above 80% of rated voltage
(all connection groups)
Rule 4. Angles between two line-line voltages differs by 145 —215 ° (+ 35°)
Rule 5. Angles between any line-line voltage not equal to 120 °
Rule 6. Vector sum of line-neutral voltages (zero-sequence voltage) less than
0.01 of rated voltage

Rule 7. Time delay of 3 seconds (after detection start)

Implementation of the rules can be done locally (i.e., at the distribution service)
with algorithms at a distribution transformer using smart meter infrastructure or central-
ized at an event management system (e.g., at a distribution dispatch center) in the smart
metering collection system. The use of detection in operations is suggested done through
an integration of the smart metering collection system and a distribution management
system (DMS). The location of the broken conductor or the back-fed ground fault uses
the DMS as the interface for the operator at the electric utility distribution control center.

The detection of an abnormal situation as described has not been previously re-
ported in the literature, and it is believed that the approach taken in this thesis is a contri-
bution to the technology of smart metering and the use of smart grid elements in the dis-
tribution electric power system. Utilized by the electric utilities, a potential hazardous
situation can be detected and located rapidly and help increase the safety to the general
public. In addition the overall reliability of the operations of a distribution power system
can be improved by faster locating fault location having the knowledge of the type of

fault when sending out maintenance crew for fault repair.
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4.2 Recommendations for future work

Future work is initially to implement the proposed solution and get real data to
confirm and adapt the set of rules according to operational conditions. This is also the
intent of the author upon returning to industry.

An idea for extended implementation use could be to geographically locate the
fault location. For applications in rural areas (where the distances are great and separa-
tion between services and instrumentation may be great), it may be possible to identify
fault location on an overhead line with use of other algorithms. Another similar use of the
smart grid distribution technology to study is to use the smart meters at the point of end
use to find similar detection algorithms for abnormal situations in the secondary distribu-
tion network. The implies especially to the grounding type systems that are denoted IT
and TT in the report.

Additional areas of development with regards to the back-fed ground fault detec-
tion include:

e Impact of distributed renewable generation
e Impact of distributed / local use of Petersen coils in the distribution sys-
tem.

A final recommendation is to publicize the main findings of this work via profes-
sional societies in Europe and North America. With this in mind, a draft technical paper

is presently in preparation.
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A.1 General code for all examples in test bed

Master.dss file:

clear

solve

// Master file for 132/22KkV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
! Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss ! Open the definition file with line parameters

Redirect LinesNoNeutral.dss ! Open the line connection file
Redirect Transformers.dss ! Open the transformer definition file
Redirect Loads.dss ! Open the load definition file

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

Load.dss file:

! Normal max load parameters based on peak values from network information system

New Load.1
tus=fixed
New Load.2
tus=fixed
New Load.3
tus=fixed
New Load.4
tus=fixed
New Load.5
tus=fixed
New Load.6
tus=fixed
New Load.7
tus=fixed
New Load.8
tus=fixed

Bus1=2LV1 phases=3 kv=0.23 kw=14.071 kvar=2.960 model=1 conn=delta
Bus1=8LV1 phases=3 kv=0.23 kw=22.073 kvar=4.783 model=1 conn=delta
Bus1=6LV1 phases=3 kv=0.23 kw=23.047 kvar=5.044 model=1 conn=delta
Bus1=1LV1 phases=3 kv=0.23 kw=20.009 kvar=4.155 model=1 conn=delta
Bus1=10LV1 phases=3 kv=0.23 kw=18.895 kvar=4.107 model=1 conn=delta
Bus1=9LV1 phases=3 kv=0.23 kw=18.487 kvar=3.950 model=1 conn=delta
Bus1=13LV1 phases=3 kv=0.23 kw=21.036 kvar=4.506 model=1 conn=wye

Bus1=7LV1 phases=3 kv=0.23 kw=20.118 kvar=4.152 model=1 conn=delta

sta-

sta-

sta-

sta-

sta-

sta-

sta-

sta-

New Load.9 Bus1=3LV1 phases=3 kv=0.23 kw=83.529 kvar=18.166 model=1 conn=delta sta-

tus=fixed

New Load.10 Bus1=12LV1 phases=3 kv=0.23 kw=40.731 kvar=9.041 model=1 conn=delta sta-

tus=fixed

New load.11 Bus1=11LV1 phases=3 kv=0.23 kW=31.512 kvar=4.098 model=1 conn=delta sta-
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tus=fixed
New Load.12 Bus1=5LV1 phases=3 kv=0.23 kw=17.564 kvar=3.759 model=1 conn=delta sta-
tus=fixed

New Load.13 Bus1=4LV1 phases=3 kv=0.23 kw=40.576 kvar=8.795 model=1 conn=delta sta-
tus=fixed

LineCodesNoNeutral.dss file:

! Lines in the test-bed distribution system

! All data is given in Ohms

! Zero sequence resistance and reactance are assumed to be the respective positive sequence times 3
1 Zero sequence capacitance are assumed to be the positive sequence divided by 3

1 1kV lines and cables

new Linecode.EX1X4X95 nphases=4 R1=0.320 X1=0.076 R0=1.280 X0=0.427 C1=0.1 C0=0.0333
units=km

new Linecode.1X4X95AL nphases=3 R1=0.320 X1=0.075 R0=1.280 X0=0.329 C1=570 C0=16.667
units=km

122kV lines, cables and isolated lines

new Linecode.BLX1X95 nphases=3 R1=0.150 X1=0.310 R0=1.011 X0=0.93 C1=8.00 C0=2.667
units=km

new Linecode.FEAL1X25 nphases=3 R1=0.150 X1=0.394 R0=2.163 X0=1.182 C1=5.00 C0=1.667
units=km

new Linecode. TSLEAL3X1X150 nphases=3 R1=0.206 X1=0,12 R0=0.618 X0=0.36 C1=230.00
C0=76.667 units=km

new Linecode. TXSEAL3X1X240 nphases=3 R1=0.125 X1=0,18 R0=0.375 X0=0.54 C1=300.00 C0=100
units=km

new Linecode. TSLF3X1X50AL nphases=3 R1=0.641 X1=0,14 R0=1.923 X0=0.42 C1=160.00
C0=53.333 units=km

new Linecode. TSLF3X1X95AL nphases=3 R1=0.32 X1=0,12 R0=0.96 X0=0.36 C1=200.00 C0=66.667
units=km

new Linecode. AXCES1X3X70AL nphases=3 R1=0.443 X1=0.097 R0=1.329 X0=0.291 C1=210.00
CO0=70 units=km

new Linecode. AXCES1X3X95AL nphases=3 R1=0.32 X1=0.097 R0=0.96 X0=0.291 C1=250.00
C0=83.333 units=km

LineNoNeutral.dss file:

! Line definitions in the system

! Overhead lines 22kV

New line.1 Bus1=7_11.1.2.3 Bus2=7_12.1.2.3 Length=0.957 Linecode=FEAL1X25
New line.2 Bus1=5.1.2.3 Bus2=6.1.2.3 Length=0.517 Linecode=FEAL1X25

New line.3 Bus1=4.1.2.3 Bus2=5.1.2.3 Length=0.487 Linecode=FEAL1X25

New line.4 Bus1=10.1.2.3 Bus2=10_1.1.2.3 Length=0.166 Linecode=FEAL1X25
New line.5 Bus1=7_12.1.2.3 Bus2=7_121.1.2.3 Length=0.095 Linecode=FEAL1X25
New line.6 Bus1=2.1.2.3 Bus2=3.1.2.3 Length=0.387 Linecode=BLX1X95

New line.7 Bus1=9.1.2.3 Bus2=10.1.2.3 Length=0.775 Linecode=FEAL1X25

New line.8 Bus1=8.1.2.3 Bus2=9.1.2.3 Length=0.029 Linecode=FEAL1X25

New line.9 Bus1=7.1.2.3 Bus2=7_1.1.2.3 Length=0.257 Linecode=FEAL1X25
New line.10 Bus1=7.1.2.3 Bus2=8.1.2.3 Length=0.949 Linecode=FEAL1X25
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New line.11 Bus1=6.1.2.3 Bus2=7.1.2.3 Length=0.102 Linecode=FEAL1X25

New line.12 Bus1=10.1.2.3 Bus2=11.1.2.3 Length=0.03 Linecode=FEAL1X25
New line.13 Bus1=3.1.2.3 Bus2=4.1.2.3 Length=0.912 Linecode=BLX1X95

New line.14 Bus1=7_1.1.2.3 Bus2=7_11.1.2.3 Length=0.585 Linecode=FEAL1X25

! Underground cables 22kV

New line.15 Bus1=16.1.2.3 Bus2=17.1.2.3 Length=0.023 Linecode=TSLF3X1X95AL
New line.16 Bus1=5.1.2.3 Bus2=5_1.1.2.3 Length=0.012 Linecode=TSLEAL3X1X50
New line.17 Bus1=1.1.2.3 Bus2=2.1.2.3 Length=0.112 Linecode=TXSEAL1X3X240
New line.18 Bus1=8.1.2.3 Bus2=8_1.1.2.3 Length=0.022 Linecode=TSLF3X1X50AL

! Isolated overhead lines 22kV

New line.19 Bus1=15.1.2.3 Bus2=16.1.2.3 Length=0.078 Linecode=AXCES1X3X70AL
New line.20 Bus1=11.1.2.3 Bus2=12.1.2.3 Length=1.196 Linecode=AXCES1X3X70AL
New line.21 Bus1=12.1.2.3 Bus2=12_1.1.2.3 Length=0.708 Linecode=AXCES1X3X70AL
New line.22 Bus1=12_1.1.2.3 Bus2=12_F.1.2.3 Length=0.900 Linecode=AXCES1X3X70AL
New line.22a Bus1=12_F.1.2.3 Bus2=12_2.1.2.3 Length=0.004 Linecode=AXCES1X3X70AL
New line.23 Bus1=7_12.1.2.3 Bus2=7_13.1.2.3 Length=1.13 Linecode=AXCES1X3X70AL
New line.24 Bus1=7_13.1.2.3 Bus2=7_14.1.2.3 Length=0.707 Linecode=AXCES1X3X70AL
New line.25 Bus1=12.1.2.3 Bus2=13.1.2.3 Length=1.692 Linecode=AXCES1X3X70AL
New line.26 Bus1=13.1.2.3 Bus2=14.1.2.3 Length=1.21 Linecode=AXCES1X3X70AL

New line.27 Bus1=14.1.2.3 Bus2=14_1.1.2.3 Length=1.504 Linecode=AXCES1X3X70AL
New line.28 Bus1=14.1.2.3 Bus2=15.1.2.3 Length=0.682 Linecode=AXCES1X3X70AL

! Underground cables 1kV

New line.29 Bus1=1LV.1.2.3 Bus2=1LV1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.30 Bus1=2LV.1.2.3 Bus2=2L.V1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.31 Bus1=3LV.1.2.3 Bus2=3LV1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.32 Bus1=4LV.1.2.3 Bus2=4LV1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.33 Bus1=5LV.1.2.3 Bus2=5LV1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.34 Bus1=6LV.1.2.3 Bus2=6LV1.1.2.3 Length=0.5 Linecode=1X4X95AL
New line.35 Bus1=7LV.1.2.3 Bus2=7LV1.1.2.3 Length=0.5 Linecode=1X4X95AL

! Overhead lines 1kV

New line.36 Bus1=8LV.1.2.3 Bus2=8LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

New line.37 Bus1=9LV.1.2.3 Bus2=9LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

New line.38 Bus1=10LV.1.2.3 Bus2=10LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

New line.39 Bus1=111LV.1.2.3 Bus2=11LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

New line.40 Bus1=12LV.1.2.3 Bus2=12LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

New line.41 Bus1=13LV.1.2.3 Bus2=13LV11.1.2.3 Length=0.01 Linecode=EX1X4X95 ! Fault bus for
1ph-gnd fault

New line.42 Bus1=13LV11.1.2.3 Bus2=13LV1.1.2.3 Length=0.5 Linecode=EX1X4X95

Transformers.dss file:

R R R R o e o R e R R R R R R R R R R R R R R R AR AR R AR R R R R R R AR R R R R AR R R AR R R S

! Substation transformer
R R R A o o R e o R e R R o R R R R R R R R R R S R A R R R A R R R R AR R R R AR R R R R R

new transformer.T1 phases=3 windings=2

~ conns=(wye, wye) kvs=(132, 23) kvas=(25000, 25000) xhl=11.545 %loadloss=0.352
~ maxtap=1.1336 mintap=0.8 %Noloadloss=0.044 !On both windings, so total = 0.088 %
~wdg=1 bus=sourcebus.1.2.3.4 Rneut=-1 %r=0.175 ! %r half on each winding
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~wdg=2 bus=1.1.2.3.4 %r=0.175 !Rneut=-1 !Rneut = 50 xneut=0.6469 ! 0.6469 Ohms at 16A/50Hz &
6.469 Ohms at 160/50Hz

! Arc suppression coil / Peterson coil - 160A
New Reactor.P1 phases=1 bus1=1.4 bus2=1.0 kVV=12.7 kvar=357.7 ! 2032 kVAr for 160 A 325.2 kVAr
for 25.6A 110% over = 357.7 kVAr & 10 % under = 292.6 kVAr

R R R o o S o e R R R R e R A R S R e R R R AR R R AR R R R R e R R R R R R R R AR R R R R S R AR R R R R AR R R A e ]
*xxAxxkxx| Distribution transformers in the feeder
R R R R o o S o e R e R R R S R L R S R e R R R AR R AR S R R R e R R R R R R R R R R S R R R R R AR R R R R R R R A e ]

*hkkkkkhkkikk

I TT-system (Grounded Neutral)
|
1'YNYnNO configuration - transformers 1/2/3/4/11

I MV-side is isolated (R=-1) and LV side is grounded
I
New Transformer.1 phases=3 windings=2 buses=(17, 1LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(100, 100) %loadloss=1.273 xhl=3,57 maxtap=1.10 mint-
ap=0.90 %Noloadloss=0.211

~wdg=1 bus=17.1.2.3.4 Rneut=-1 %r=0.635

~wdg=2 bus=1LV.1.2.3.0 %r=0.635 ! Half load loss on each winding. Total %r= 1.27

New Transformer.2 phases=3 windings=2 buses=(7_11, 2LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(50, 50) %loadloss=1.758 xhl=3,86 maxtap=1.10 mintap=0.90
%Noloadloss=0.298

~wdg=1 bus=7_11.1.2.3.4 Rneut=-1 %r=0.88

~wdg=2 bus=2LV.1.2.3.0 %r=0.88 ! Half load loss on each winding. Total %r=1.76

New Transformer.3 phases=3 windings=2 buses=(8_1, 3LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(200, 200) %loadloss=1.0765 xhl=3,75 maxtap=1.10 mint-
ap=0.90 %Noloadloss=0.189

~wdg=1 bus=8_1.1.2.3.4 Rneut=-1 %r=0.54

~wdg=2 bus=3LV.1.2.3.0 %r=0.54 ! Half load loss on each winding. Total %r= 1.08

New Transformer.4 phases=3 windings=2 buses=(7_121, 4LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(100, 100) %loadloss=1.473 xhl=3,93 maxtap=1.10 mint-
ap=0.90 %Noloadloss=0.222

~wdg=1 bus=7_121.1.2.3.4 Rneut=-1 %r=0.735

~wdg=2 bus=4LV.1.2.3.0 %r=0.735 ! Half load loss on each winding. Total %r= 1.47

New Transformer.11 phases=3 windings=2 buses=(3, 11LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(30, 30) %loadloss=2.08 xhl=3,2 maxtap=1.00 mintap=1.00
%Noloadloss=0.38

~wdg=1 bus=3.1.2.3.4 Rneut=-1 %r=1.045

~wdg=2 bus=11LV.1.2.3.0 %r=1.045 ! Half load loss on each winding. Total %r= 2.09

1 1T-system (Isolated Neutral)
!
1'YNYnO configuration - Transformers 5/6/7/8/9

I MV-side is isolated (R=-1) and LV side is isolated(R=-1)
!
New Transformer.5 phases=3 windings=2 buses=(7_14, 5LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(50, 50) %loadloss=1.622 xhl=3,97 maxtap=1.05 mintap=0.95
%Noloadloss=0.292

~wdg=1 bus=7_14.1.2.3.4 Rneut=-1 %r=0.81

~wdg=2 bus=5LV.1.2.3.4 Rneut=-1 %r=0.81 ! Half load loss on each winding. Total %r=1.62
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New Transformer.6 phases=3 windings=2 buses=(10_1, 6LV)

~ conns=(wye, wye) kvs=(22, 0.24) kvas=(50, 50) %loadloss=1.536 xhl=3,98 maxtap=1.05 mintap=0.95
%Noloadloss=0.244

~wdg=1 bus=10_1.1.2.3.4 Rneut=-1 %r=0.77

~wdg=2 bus=6LV.1.2.3.4 Rneut=-1 %r=0.77 ! Half load loss on each winding. Total %r=1.54

New Transformer.7 phases=3 windings=2 buses=(7_13, 7LV)

~ conns=(wye, wye) kvs=(22, 0.23) kvas=(100, 100) %loadloss=2.019 xhl=3,93 maxtap=1.05 mint-
ap=0.95 %Noloadloss=0.326

~wdg=1 bus=7_13.1.2.3.4 Rneut=-1 %r=1.01

~wdg=2 bus=7LV.1.2.3.4 Rneut=-1 %r=1.01! Half load loss on each winding. Total %r= 2.02

New Transformer.8 phases=3 windings=2 buses=(5_1, 8LV)

~ conns=(wye, wye) kvs=(22, 0.23) kvas=(50, 50) %loadloss=2.014 xhl=3,88 maxtap=1.05 mintap=0.95
%Noloadloss=0.36

~wdg=1 bus=5_1.1.2.3.4 Rneut=-1 %r=0.83

~wdg=2 bus=8LV.1.2.3.4 Rneut=-1 %r=0.83 ! Half load loss on each winding. Total %r= 1.66

New Transformer.9 phases=3 windings=2 buses=(12_1, 9LV)

conns=(wye, wye) kvs=(22, 0.24) kvas=(50, 50) %loadloss=1.592 xhl=3,86 maxtap=1.05 mintap=0.95
%Noloadloss=0.424

~wdg=1 bus=12_1.1.2.3.4 Rneut=-1 %r=0.795

~wdg=2 bus=9LV.1.2.3.4 Rneut=-1 %r=0.795 ! Half load loss on each winding. Total %r= 1.59

I TN-system (Terra Neutral with PEN conductor)
|

! Dyn11 configuration - Transformers 13
!

New XFMRCODE.1phTr Phases=1 Windings=2 %loadloss=2.14 xhl=3,25 maxtap=1.00 mintap=1.00
%Noloadloss=0.8

~wdg=1 kV =22 kVA=100 conn=delta %r=1.0

~wdg=2 kV=0.230 kVA=100 conn=wye %r=1.0

New Transformer.Phase_A Xfmrcode=1phTr Buses=[12_2.1.2 13LV.1.0]
New Transformer.Phase_B Xfmrcode=1phTr Buses=[12_2.2.3 13LV.2.0]
New Transformer.Phase_C Xfmrcode=1phTr Buses=[12_2.3.1 13LV.3.0]

I TN-system (Terra Neutral with PEN conductor)
|

! DAO configuration - Transformers 10/12
I
New Transformer.12 phases=3 windings=2 buses=(6, 12LV)

~ conns=(delta, delta) kvs=(22, 0.230) kvas=(50, 50) %loadloss=2.368 xhl=3,7 maxtap=1.00 mintap=1.00
%Noloadloss=0.874

~wdg=1 bus=6.1.2.3 %r=1.185

~wdg=2 bus=12LV.1.2.3 %r=1.185 ! Half load loss on each winding. Total %r= 2.37

New Transformer.10 phases=3 windings=2 buses=(14_1, 10LV)

~ conns=(delta, delta) kvs=(22, 0.23) kvas=(50, 50) %loadloss=2.2 xhl=3,86 maxtap=1.03 mintap=1.00
%Noloadloss=1.06

~wdg=1 bus=14_1.1.2.3 %r=1.1

~wdg=2 bus=10LV.1.2.3 %r=1.1 ! Half load loss on each winding. Total %r= 2.2
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A.2 Code: example 1 — Broken conductor

Master.dss file:

/I Master file for 132/22kV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

clear

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
! Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss
Redirect LinesNoNeutral.dss
Redirect Transformers.dss
Redirect Loads.dss

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

solve

! Simulate a broken conductor on downstream bus of the line in phase 1 in case 1
Open LINE.6 21

solve

show voltages LL Nodes ! Shows all line-line voltages

show voltages LN Nodes ! Shows all line-neutral voltages

show currents residual=yes Elements I Shows all phase currents

show currents sequence
show voltages sequence

Similar for case 2 and special case where the 'open' command is replaced by:

! Simulate a broken conductor on downstream bus of the line in phase 1 in case 2 of example 1
Open LINE.202 1

! Simulate a broken conductor on downstream bus of the line in phase 1 in special case of example 1
Open LINE.26 2 1
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A.3 Code for example 2 — Back-fed ground fault

Master.dss file:

/I Master file for 132/22kV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

clear

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
! Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss
Redirect LinesNoNeutral.dss
Redirect Transformers.dss
Redirect Loads.dss

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

solve

! Simulate a broken conductor with 1ph-gnd fault on downstream side for phase 1 in line 6

LINE.6.Bus1=2.0.2.3 I fase 1 with fault

solve

show voltages LL Nodes I Shows all line-line voltages
show voltages LN Nodes I Shows all line-neutral voltages
show currents residual=yes Elements I Shows all phase currents

show currents sequence
show voltages sequence

Similar for case 2 and 3 where the 'LINE' command is replaced by:

! Simulate a broken conductor with 1ph-gnd fault on downstream side for phase 1 in line 20
LINE.20.Bus1=11.0.2.3 I fase 1 with fault

I Simulate a broken conductor with 1ph-gnd fault on downstream side for phase 1 in line 15
LINE.15.Bus1=16.0.2.3 I fase 1 with fault

! Simulate a broken conductor with 1ph-gnd fault on downstream side for phase 1 in line 27
LINE.27.Bus1=14.0.2.3 I fase 1 with fault

! Simulate a broken conductor with 1ph-gnd fault on downstream side for phase 1 in line 21
LINE.21.Bus1=12.0.2.3 I fase 1 with fault
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A.4  Code for example 3 — Single line-to-ground fault primary distribution system

Master.dss file:

/I Master file for 132/22kV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

clear

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
I Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss
Redirect LinesNoNeutral.dss
Redirect Transformers.dss
Redirect Loads.dss

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

solve

! Single line-to-ground fault at bus 6 phase 1 — MV system
new Fault.F1 bus 1=6.1 phases=1

solve

show voltages LL Nodes I Shows all line-line voltages
show voltages LN Nodes I Shows all line-neutral voltages
show currents residual=yes Elements I Shows all phase currents

show currents sequence
show voltages sequence

For the 40 Q special case the 'new Fault' command is replaced with:

! Single line-to-ground fault at bus 6 phase 1
new Fault.F1 bus 1=6.1 phases=1 r=40
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A.5 Code for example 4 — Single line-to-ground fault secondary distribution sys-
tem

Master.dss file:

/I Master file for 132/22kV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

clear

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
I Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss
Redirect LinesNoNeutral.dss
Redirect Transformers.dss
Redirect Loads.dss

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

solve

! Single line-to-ground fault at bus 13LV phase 1 — LV system
new Fault.F1 bus 1=13LV.1 phases=1

solve

show voltages LL Nodes I Shows all line-line voltages
show voltages LN Nodes I Shows all line-neutral voltages
show currents residual=yes Elements I Shows all phase currents

show currents sequence
show voltages sequence

For other grounded LV type systems in the test-bed the 'new fault' command is replaced
with:

I Single line-to-ground fault at bus 9LV phase 1 — LV system
new Fault.F1 bus 1=9LV.1 phases=1

! Single line-to-ground fault at bus 10LV phase 1 — LV system
new Fault.F1 bus 1=10LV.1 phases=1

I Single line-to-ground fault at bus 1LV phase 1 — LV system
new Fault.F1 bus 1=1LV.1 phases=1
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A.6 Code for example 5 — Double line-to-ground fault primary distribution system

Master.dss file:

/I Master file for 132/22kV circuit case

! Set frequency to 50 Hz
Set DefaultBaseFrequency=50

clear

new circuit.132-22-AEN basekv=132 p.u. =1.0 angle=0 frequency=50 phases=3
! Stiffen up to source to simulate a infinite bus on the source side of transformer
~ mvasc3=200000 200000

Redirect LineCodesNoNeutral.dss
Redirect LinesNoNeutral.dss
Redirect Transformers.dss
Redirect Loads.dss

! Voltage bases to have per unit results when visualising reports
! Rated voltages for the system model

set voltagebases=[132.0 23.0 0.415 0.24]

calcvoltagebases

solve

! Short circuit line to line fault MV 2ph-ground at bus 7
new Fault.F1 bus 1=7.1.2 phases=2

solve

show voltages LL Nodes I Shows all line-line voltages
show voltages LN Nodes I Shows all line-neutral voltages
show currents residual=yes Elements I Shows all phase currents

show currents sequence
show voltages sequence
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