TURN-TO-TURN FAULT PROTECTION FOR AIR CORE

SHUNT REACTORS

A Thesis
Presented in Partial Fulfillment of the Requirements for the
Degree of Master of Science
with a
Major in Electrical Engineering
in the
College of Graduate Studies
University of Idaho
by

Asad Igbal Mohammad

Major Professor: Brian K. Johnson, Ph.D., P.E
Committee Members: James F. Frenzel, Ph.D., P.E.;
Yacine Chakhchoukh, Ph.D.

Department Administrator: Mohsen Guizani, Ph.D.

August 2017



AUTHORIZATION TO SUBMIT THESIS

This thesis of Asad Igbal Mohammad, submitted for the degree of Master of Science with a
major in Electrical Engineering and titled “Turn-to-turn fault protection for Air Core Shunt
Reactors,” has been reviewed in final form. Permission, as indicated by the signatures and

dates given below, is now granted to submit final copies to the College of Graduate Studies for

approval.
Major Professor: Date:
Brian K. Johnson, Ph.D., P.E
Committee Members: Date:
James Frenzel, Ph.D., P.E
Date:
Yacine Chakhchoukh, Ph.D.
Department
Administrator:
Date:

Mohsen Guizani, Ph.D.



ABSTRACT

The demand for installation of air core reactors to provide shunt compensation to nullify
the capacitance effect created by high voltage long transmission lines or cables has increased
in recent years. Air-core reactors consist of bulk coils of copper or aluminum with many turns
that can be prone to inter-turn faults on the windings as the insulation ages. These faults are
hard to detect for cases with a small number of windings shorted due to small current changes
visible at the terminal. Current protection elements have trouble reliably detecting these faults.
Inter-turn faults on a winding can lead to high localized currents which can further damage
surrounding insulation due to overheating and cascade to more severe faults. This research
seeks to develop a sensitive fault detection scheme to allow isolation of the circuit. Two
solutions are proposed based on the design of a reactor installation at a local utility and partially
validated through computer simulation and a lab scale hardware demonstration. The proposed

solution can be applied in the field to protect dry type air core reactors for turn-to-turn faults.
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1. INTRODUCTION

1.1. Background

The introduction of AC transmission of power facilitated flexible transmission
of energy following the DC era. It allowed power distribution at reduced losses
by increasing the transmission voltages using transformers, allowing load
centers to be situated farther from generating stations. High voltage
transmission lines have a capacitance effect between the conductors or between
the conductors to ground. For steady-state analysis, this capacitance can be
represented for modeling through the short line model, the medium line model
and the long line model where the impact of capacitance on circuit behavior is
subject to the length of the line or its construction. If the transmission of power
is done through underground or underwater cables the effect of the capacitance
between the conductors or the conductors to the insulation can be as high as 20
times as that observed on overhead transmission line of the same voltage and
length. Some other factors which effect line capacitance are conductor size,

distances between conductors and proximity with nearby conductors.

One consequence of this capacitance is the Ferranti effect [1]. This describes
the impact of capacitance where the voltage at the receiving end raises in
comparison to the sending end voltage. This can be formulized using a simple
network equation.

Vr=Vs—I*(j*XL—XL> (1.1
c
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Figure 1.1: Circuit model of medium length transmission line

Figure 1.1 shows the circuit model for a medium length transmission length
from which equation (1.1) is derived. Under light or no load conditions the
current is capacitive. As the capacitance increases, the product of capacitive
current and the inductive impedance is a negative number, which in turn adds
to the voltage, causing the receiving voltage to observe a voltage higher than
the sending end. This overvoltage can be on the order of about 1.5 pu with
potential to damage critical equipment and cause faults if the equipment
insulation is not designed to that voltage. The Ferranti effect usually can be
observed in light loading or no load conditions, where the net current in the

line can be highly capacitive in nature.

The Surge Impedance Loading (SIL) is the power delivered by a lossless line
to a load resistance equal to the surge impedance Zc. When loaded at the SIL,
the voltage profile over the length of the line is flat, that is the voltage

magnitudes at all point along a lossless line at SIL are the same. SIL is given

by



VZ
SIL = -Lated (1.2)
Z;

In practice, power lines are not terminated by their surge impedance. Instead
loadings can vary from a small fraction of SIL during light load conditions up
to multiples of SIL, depending on the line length and on line compensation
during heavy load conditions. If a line is not terminated by its surge impedance,
the voltage profile at SIL is not flat. Figure 1.2 shows the voltage profile
behavior based on the loading conditions of a transmission line feeding only a

passive load.

No Load Condition

Vs

Surge Impedance Loading imit (SIL) &

Full Load Condition

Voltage
(pu)

Short Circuit Condition

]

L]

- Distance (pu) 2
Sending Voltage Receiving Voltage

Figure 1.2: Voltage profiles of a transmission system under different

loading conditions

Shunt reactors are installed to reduce the overvoltages under light loading
conditions by cancelling part of the capacitive impedance. The shunt reactors

installed for this application are typically designed to cancel about 70% of the



capacitance. This rating is to ensure that the power factor doesn’t become too
inductive under full load conditions, although the reactors are generally
switched out when the transmission line is loaded closer to its rated ampacity.
Shunt reactors can reduce line loadability if they are not removed under full
load conditions. Given the system design and load conditions, a shunt reactor
can be switched in and out more than once a day. In other cases, they are
designed to be connected permanently to the bus or line where full line

loadability isn’t foreseen until the distant future.

The construction of a shunt reactor resembles the construction of a transformer
in most cases. Reactors can be constructed around an air core or around an iron
core. Depending on the location, application and size, these could be dry type
or oil immersed, although iron core reactors are often oil immersed. The dry
type air core shunt reactor is probably the simplest and the oldest design for a
shunt reactor. In simple terms, it is a cylindrical coil creating an inductance as
required for the application. The reactance of the coil is dependent on the
material, radius, length, installation geometry and the number of turns of the

coil itself [2] [3].

Dry-type air core reactors have several advantages over iron core reactors such
as lower <cost and maintenance needs, shipping flexibility, more
environmentally friendly operation (oil free) and no inrush current at startup.
They are usually preferred for installations where space is not an issue.
Compared to an iron core reactor, the air core reactor consumes more space in

the substation which poses a disadvantage along with more extensive radiated



magnetic fields and higher heating. Manufacturers today also provide
flexibility in construction of the reactors based on space considerations for

shipping and installation.

One factor driving the increased demand for dry type shunt reactors is the
increased generation from renewable power sources such as solar and wind.
Wind generation is often installed in environmentally sensitive areas where the
installation of dry type reactors is preferred [4]. Dry-type air core reactors can
be installed in several applications, such as series reactors in lines, harmonic

filters and detuning reactors for capacitor banks.

This thesis will look primarily at shunt reactors which are used in high voltage
transmission lines with a focus on protective devices for shunt reactors. The
neutral connection for the three phases of the reactor serves as a crucial point

of information for protection which will later be discussed in Chapter 3.

Air core reactors used for shunt compensation were earlier restricted
installations directly to the bus of up to 138 kV, or to the tertiary bus of a
transmission level transformer for voltage up to 138 kV [5]. This however has
changed with improved insulation materials and designs of air core reactors
with present bus connected installations going up to 345 kV [4]. In this project,
the reference application is a substation in Noxon (MT), where the rated voltage
of the installed reactor is 230 kV. The reactors were sized to decrease
overvoltages observed on the system by about 5 kV with two banks and each
bank contributing 2.5 kV in compensation. A total of 100 MVAr of reactance

is installed directly on the bus.



The construction of oil immersed iron core reactors resembles the construction
of a regular transformer. They come with all supporting accessories and are
usually installed where space is a constraint. That type of reactor is not part of

the research at hand.

The protection schemes for air core reactors are usually the same as the
protection applied to oil filled iron core reactors. However, the protection on
the turn-to-turn faults can be made more sensitive for an oil filled shunt
reactors due to the ability to use mechanical protection elements which cannot
be installed for an air core reactor, as will be discussed in Chapter 2. The
objective for this thesis is to develop a solution to find a turn-to-turn fault
protection solution for an air core reactor with sensitivity similar to that for

protection of an oil filled reactor.

1.2. Overview

Chapter 2 an introduction to protection practices as recommended by standards
and industry personnel in various publications. The chapter will serve as
guidance for the protection studies in this thesis and highlight shortcomings

observed in protecting an air core reactor from turn-to-turn faults.

Chapter 3 will introduce the basic concepts of air core reactors and discuss the
equations relevant to their design and construction. The chapter will discuss
modelling shunt reactor across different software tools as well as protection
design issues considered in this study. The simulation models developed for

the circuit design in RTDS, ATP and Matlab will be introduced to observe faults



on the reactor. The cross-platform verification is helpful to solidify the

observations made.

Chapter 4 will discuss the protection schemes which are proposed in this thesis

to identify turn-to-turn faults and the measured quantities required.

Chapter 5 will illustrate the simulation results of the system model on which
the turn-to-turn faults were produced and evaluate the performance of the
protection schemes. The chapter will serve as a guide on what is expected from

the protection scheme when faults are induced on the hardware test bed.

Chapter 6 will introduce a hardware test setup for the project made with the
help of a senior design team. The chapter will discuss the specifics of the
construction of the reactor windings for the testing turn-to-turn faults as well
as the relay used for measurements to test the protection scheme and event

recording.

Chapter 7 presents and evaluates the test results obtained from the hardware
setup and the ATP simulation for the two different relays with different
sampling rates. The chapter discusses the results of both testing methods and

validates the proposed protection design.

Chapter 8 will discuss conclusions on the thesis and suggest possible future

work on this subject.



2. CURRENT PRACTICES AND RECOMMENDATION ON

PROTECTION SCHEME OF SHUNT REACTOR

This chapter will delve into the recommendations put forth and practiced by
professionals in the field for protection of shunt reactors. IEEE standards and

some well cited technical papers have been referenced in this thesis.

Observing the recommendations across several references, the application of
protection of shunt reactor is observed to be similar for both the air core type
and the iron core type equipment. The iron core reactors usually have high
current ratings at high voltages and are installed in oil filled tanks like
transformers, which permits installation of mechanical protective devices and

gas monitoring which make the detection of turn-to-turn faults easier.

First, the different types of faults that can occur in an outdoor type dry type
reactor need to be discussed. The reactor can be built from one or two sections,
which are supported or mounted on insulators high above the ground. Figure
2.1 shows the typical installation of high voltage air core reactors on pedestals.
The proximity and arrangement of the phases is decided by the ratings and
manufacturer recommendations. The most common faults which can occur in
this type of reactor are phase-to-phase faults, phase-to-ground faults, high

voltage bushing to ground faults and turn-to-turn faults [5].
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Figure 2.1: 20kV, 45MVAr air core reactors mounted on insulators and

pedestals [4].

2.1. Recommendations in IEEE standards

The IEEE guide for protection of shunt reactors [5] provides detailed
recommendations on the protection of air core reactors including turn-to-turn
fault protection. The suggestions provided are specifically for shunt reactors
connected to the tertiary of a transmission level transformer and compare the
neutral to ground voltages of the shunt reactor and of the grounding
transformer. System unbalance can be seen on both, but a turn-to-turn fault on

the shunt reactor will not be reflected on the grounding transformer. The
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standard also gives valuable suggestions on the protection of an oil filled shunt
reactor connected directly to the bus. It lists different options to implement
turn-to-turn fault protection such as sequence directional overcurrent elements
(67N and 67Q), distance protection (21) and a split phase reactor overcurrent

relay (50N or 5IN).

Based on suggestions for oil filled shunt reactors from the IEEE standard [5],
the possible protection elements that can be used for air core reactors include
a sequence directional overcurrent element. The directional overcurrent
element will need to be blocked during breaker closing and opening times
because, in case of single pole breakers, the timing of the closing operation
will be skewed which can cause momentary flow of negative and zero sequence

currents.

2.2. Shunt Reactor Protection Recommendations in Literature

The authors of [4], who are with one of the leading air core reactor
manufacturers, shed light on reactor design and protection options. The writers
point out that to detect turn-to-turn faults in an air core reactor, it will be
necessary to monitor the voltage at the neutral point in the reactor through a
potential transformer (PT) in cases where the neutral is ungrounded. In cases
where the neutral is grounded, the current flowing through it (310) can be used
to detect faults. The paper goes on to describe the construction of the reactor
coils and the magnetic fields generated around the reactors. The main design
parameter for dry-type reactors is the steady-state voltage drop along the

surface of the reactor. The length of the winding is chosen to provide abundant
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creepage distance along the winding surface to cope with the continuous
voltage stress. The paper further goes on to describe the implications of reactor

switching and design on CTs and circuit breakers.

The authors in [7] discuss the basics of shunt reactor implementation and the
calculations for sizing of reactors. The paper discusses the use of transmission
line ABCD parameters in estimating the size of the shunt reactor to provide
about 70%-80% of the compensation as required. The paper also discusses shunt
reactor switching implications, CT saturation and effect CT saturation has on
protection schemes implemented on the reactor. The paper also discusses turn-
to-turn faults and simulations depicting the behavior of the phenomenon. The
paper, through its simulations, points out that a small rise in current is observed
in the neutral path of the reactor and this flow of current due to the fault is not
sufficient to create a voltage imbalance. The simulation results show that a
fault incorporating 1% of the active turns is detected by observing zero
sequence current through the neutral. A similar simulation is done as part of

this thesis to validate the models developed.

The authors in [6] also discuss the basics of shunt reactor design and
implementation. The paper further delves into possible faults occurring in shunt
reactors and ways to protect the equipment. The paper provides detailed
recommendations for the protection of iron core and coreless (air core) reactors
with suggestions for turn-to-turn fault protection. The authors point out that
the most common cause of turn-to-turn faults is breaker restrikes causing

Transient Recovery Voltage (TRV), usually resulting in faults at the supply
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side of the reactor where the higher transient recovery voltages (TRV) are
observed. The insulating material is damaged during due to these TRVs if not
designed properly. The authors of [6] note that increased neutral currents can
be observed during a turn-to-turn fault. The sensitive overcurrent setting
recommended in this case is about 10-15% current used to rate the CTs and
relay for the ground overcurrent protection. Sufficient margin should be

considered for measurement errors the tolerance of the reactor impedance.

Figure 2.2 is an extract from [6] showing suggestions for shunt reactor
protection. Note that this scheme also includes the mechanical protection found
in an oil filled reactor which cannot be used in a dry type air core reactor since

there isn’t an oil filled tank.
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Figure 2.2: Overall protection scheme for oil filled shunt reactor [6]
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The authors of [8] discuss an installation of an EHV air core shunt reactor at a
utility and the practical considerations to be taken for such installations. The
paper starts out discussing the installation, CT selection, protection design and
switching studies and observations of the reactor operation. The hardware test
bed discussed in Chapter 6 of this thesis was sponsored by the utility which
installed the air core reactors in [8]. The paper gives valuable information on
switching studies with field measurements validating the author’s simulation
model. The paper mentions that a ground overcurrent relay with setting of 10%-
15% sensitivity pick up was installed to detect turn-to-turn faults on the
reactor. This level of sensitivity can only detect faults when approximately 400

turns have been shorted.

The goal of this research is to find methods to detect such faults with much

better sensitivity and possibly detect even a single shorted turn.

2.3 Summary

This chapter has discussed the recommended practices and technical opinions
of standards and industry personnel to better understand the protection of shunt
reactors in general. This chapter included a literature review, pointing out the
limitations of existing protection practices for high sensitivity in fault
detection. Further it suggests the possible solution of observing the current in

the reactor neutral path for signature as a turn-to-turn faults in the reactor.
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3. MODELLING OF SHUNT REACTORS

The air core reactor is probably one of the simplest of constructions in power
engineering. As the name suggests, it has no iron core and the magnetic flux
created by the coil is free to flow naturally in air. The coil winding is usually
made from aluminum for light weight construction and reduced costs with
losses at a comparable level with copper. Although copper is preferred in some

cases for higher X/R.

The simple construction of the air core reactor used at the transmission level
consists of a few parts which are illustrated in the Figure 3.1. The coil is wound
based on the design around a circular frame known as the spider with the
winding spaced evenly in layers to get the required number of turns for the
desired reactance. The coil sits on insulators and in some cases, based on the

capacity of the reactor, is split in two parts for easier logistics and installation.

The reactors are independently made per phase and can be installed in different
arrangements as suggested by the manufacturer. The three phases of the
reactors are either stacked on top of each other, arranged in a straight line or
in a triangle. Each arrangement effects the mutual inductance between the
different phases. The terminals for the reactors are usually provided at the top

and the bottom.
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1. winding

2. winding conductor
3. spider

4. terminal

5. duct stick

6. base insulator

7. mounting bracket

Figure 3.1: Construction of outdoor type shunt air core reactor. Trench

dry type air core shunt reactor catalogue [4]

The most preferred construction of coils in most transformers, reactors and
generators is of a rectangular cross section. This construction is the best
solution to reduce resistance in the circuit, which is desired for reducing
heating losses and increased X/R ratio. The air core reactors are also of similar

construction with aluminum as the conductor [2].

The inductance of a coil is generally the combination of the self-inductance

and the mutual inductance. The self-inductance is dominant in contributing to
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the reactance and can be found using Ampere’s circuit law which can be

represented in (3.1).

jEH sdl = Iy, (3.1

The paper written by W.B. Brooks [2] gives more equations to calculate
accurately the inductance of the coil based on its geometry, but this research
considers (3.2) for approximate calculations as complete accuracy is not

mandatory.

The shape of the reactor itself is in the form of a cylindrical toroid with
multiple layers of coils and sufficient empty space in the center. As the paper
by Brooks describes it, there are infinite possible ways to create the coil of
required inductance. The design needs to be optimum in balancing the number

of turns and the radius of the coil.

3.1. Air Core Reactor Design

3.1.1. Basic theory

The design of the reactor stems from the basic laws of electromagnetics. The

inductance of a circular coil is given by equation (3.1)

N2 % * * A
L= P—rl Ho (3.2)

The relative permeability (p,) for the air core case is 1.0, whereas for iron core

i, ranges on the order of 6000-10000. Hence to obtain the same amount of
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inductance with an air core, the inductor should be designed by varying the

area of coil, length of coil or the number of turns.

The magnetic flux generated by the inductor is strongest in the central axis of
the inductor. Stacking sections of the reactor coil or independently connecting
multiple reactor coils in series increases the inductance of the coil. The reactors
installed in the Noxon substation have four sections per phase with two sets of

sections stacked on top of each other as shown in Figure 3.2.

Figure 3.2: Reactor banks at Noxon substation with one bank in the

foreground and the second bank in the background
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3.1.2. Parallel Connected Multi-layer Reactor Coil

Commercial air core reactor coils are designed as parallel connections of
multiple branches. Each branch has a DC resistance, self-inductance and mutual
inductance with neighboring branches [9]. The circuit model shown in Figure

3.3 has N parallel branches.

Figure 3.3: Multi-layer air core reactor model [9] with Rm, Lm and Iwm

indicated as the resistance, inductance and current in Mt layer.

The construction of the reactors in the Noxon switchyard is similar, with
parallel branches influencing mutual inductance between the layers and the
split reactance through the coils. Further understanding to estimate the amount
of current that would flow through shorted turns. The current will differ for
shorted turns at different points in the coil. The individual layers are configured
such that the radial voltage stress is virtually nil and the remaining axial
voltage stress is small enough that surface stress values are less than those on
porcelain insulators and turn-to-turn steady state operating voltages are well
below the level at which partial discharge can occur [4]. Taking these
considerations into account, the reactors at Noxon have 985 turns per single

layer per section. The key point of interest however for reactor protection is
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the current observed at available measurement points to detect turn-to-turn

faults.

The construction of the commercial reactors is further discussed in [10]. The

authors provide detailed circuit designs for reactors with multiple layers.

Figure 3.4 illustrates the connections for a high voltage multi-layer tapped
reactor [10], where an algorithm is used to calculate weight, power loss, height
and the number of coils required for a given inductance. The tapped reactor
design is shown here for better understanding of the construction of the multi-
layer reactor. Taps are not applicable in this study since they are not used as

intermediate measurement points.
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Figure 3.4: lllustration of multi-layer air core reactor showing

distribution of turns per layer [10].
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3.1.3. Calculation of Inductance of Parallel Connected Multilayer

Coils

Information on the number of the turns on the outermost and the innermost
layer of the coils was provided by Avista, which they received from the reactor
manufacturer. Using this information, the inductance was estimated following
the formula in (3.3). Since, the information of each layer of the coil was not
available, using the difference in turns between the outer and inner layers, turns
per layer was approximated to have an addition of 44 turns/layer counting out
from the innermost layer. The inductance of each layer of coil was calculated
using (3.3) approximating the mutual inductance by a scaling factor per the
layer number in the coil. Equation (3.3) shows the typical equation used to
calculate the effective self-inductance of each layer of coil, where N'" layer
inductance is calculated out of a reactor coil with m layers. The calculated
overall inductance of one section of the coil is 661.931uH, whereas the actual
inductance of one section of the coil in Noxon is 695uH according to the reactor
test report. The calculation yielded results with an accuracy of 5%. Appendix-

C has the complete calculation.

N2x(m—-n+1)*py*A
L, = z (3.3)

To wvalidate the calculation, a simple coil with parallel branches was
constructed similar to the commercial reactor coil. The coil is shown in Figure
3.5. The coil has three layers wound concentrically. The individual inductances

of each coil are 115puH, 148uH and 250pH respectively going from the
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innermost to the outermost coil. When connected in parallel, the resulting
effective inductance was measured at 120uH. The calculated inductance using
the approximate method is 97uH (see Appendix B). The error in this case is
higher than the calculation for the Noxon reactor, but understand that this
calculation is an approximation using several assumptions in the construction
of the coil. This method of inductance calculation can be used to make a rough
estimate on the fault currents which can be observed in faulted turns and then

in setting protection elements.

Figure 3.5: Hand wound three-layer coil, connected in parallel.
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3.2. Simulation Models

Two software tools were primary used for modelling turn-to-turn faults on the
reactor. When the fault occurs, the current flowing through the coil skips the
shorted windings to follow the shorted path. As mentioned in several technical
papers such as [6], the turn-to-turn fault is effectively a reduced inductance
which can create an imbalance in the three-phase symmetry of the terminal
currents. The circuit was designed in ATPdraw (graphical interface for ATP)
and RSCAD (graphical interface for RTDS) as a series of small inductances.

When the fault occurs a small part of the inductance is bypassed.

A three phase circuit was designed in both software tools to observe the impact
of faults on the symmetrical components of the circuit. Since the reactor is
connected in shunt to the bus, there is no other equipment in the path between
the bus and the ground. The star point of the circuit is grounded in the circuit,
as is the case at Noxon. The model includes a switch that can be opened to
observe the circuit in an ungrounded condition as suggested by some authors

on reactor protection [5].

In most reactor installations, a very high X/R ratio is desired as the main
purpose of the reactor is to provide pure inductive reactance. Based on the
current installation at Noxon, MT, an X/R ratio of 55 was used to select the

resistance in the circuit.

Current measurements need to be made at both ends of the reactor and in the

neutral to ground path in the circuit. Hence, measuring instruments are located
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at the reactor terminals, neutral ends of windings, and in neutral path to
represent readings for all forms of protection implemented. The bus voltage
was the best choice for voltage measurement, which is consistent with field
installations. Figure 3.6 shows the typical current transformer locations
installed for measurements to protection devices for shunt reactor protection.
A combination of CTI1, CT2 and CTN are used for current differential

protection. The case modeled in this thesis uses CTs at these locations.

CT1-A CT1-B CT1-C

CT2-A CTZ-BED CT2-C

Figure 3.6: Three phase reactor with typical current transformer

arrangement.

The ATPdraw model uses parameter information available in the reactor model
obtained from the project sponsor. Each section has an impedance of 283 ohm
(0.75 H) and the stack of four sections had an inductance of about 3 H per

phase. One section of the final model in ATPdraw is shown in Figure 3.7. It is
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a representation of the coil section as seen from a terminal, and doesn’t account
for mutual coupling between sections or between phases. The distance between
the phases is sufficient to neglect mutual coupling and the section mutual
coupling is not significant to affect transient studies. The complete model

system is attached as Appendix-A.
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Figure 3.7: One phase section of the reactor model implemented in

ATPdraw

The coil model includes the main inductance (L11), the equivalent series
resistance (Req), the insulation resistance (Rp), and parasitic capacitances

(Cgt, Cgb and Cs). Four sections were connected in series per phase.

The study system one line diagram is shown in Figure 3.7. Appendix A has the
full model in more detail. The system has some power flow on the bus between
generator and the load at the far end. The impact of system disturbances can
also be modeled to see the effect of the external disturbances on the turn-to-
turn fault protection element in order to prevent misoperation. The parameters

of the shunt reactor used in the ATP model are shown in Table 3.1.
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Figure 3.8: One line diagram of the system model under study

Table 3.1: Reactor section parameters from the Noxon Reactor

Rp Cs L11 Req Cgt Cgb
20MQ 125pF 751.25mH | 30Q 101.27pF 85.6pF
3.3. Summary

This chapter outlined the basic design and construction of the air core reactor

and

explained the circuit design which was used in software for simulations.

Equations used for calculations were also developed to show how the estimate

of the effective inductance of the reactor was made both in single layer and

multi-layer coils.
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4. PROPOSED PROTECTION SCHEMES

4.1. Study Considerations for Protection Scheme Development

The protection element design for sensitive turn-to-turn fault detection on an
air core reactor is challenging, especially in the absence of mechanical pressure
relays and other sensitive protection which can be used in oil filled reactors or
transformers. Observing the known industry recommendations and applications
for transformer protection, the neutral current or the zero sequence current
measured at the reactor will be key factors to detect inter-turn faults when
developing a scheme. Similar observations can be seen from the ATP simulation
results on the reactor. However, a comparative concept is utilized to further

improve a technique for the detection of these faults.

Using the system data from Noxon, the model described in Chapter 3 was
created in ATPdraw to aid in the search for new solutions. One concept that
can be applied to a case with multiple three phase reactor banks is to compare
the neutral current of one reactor bank against the neutral current of the other
reactors. The neutral current of a faulted reactor bank is different from the
neutral current of the unfaulted reactor, which can be used to differentiate
internal faults from external imbalances. This method also requires both the
reactors to be connected to the bus for detection. Two possible solutions based

on this concept are described below:

1. Ideal comparison case: In an ideal case the reactors have zero error on

their phase impedances and there should be no current flowing through



27

the neutral when there is no external source imbalance. In case of a turn-

to-turn fault in a phase of one of the reactors, the difference in the

currents through the neutral can be used as a potential trigger for fault
detection. This is for an ideal condition, hence there are no errors to be
considered in measuring instruments, reactor design and source voltage.

The difference in the currents can be observed at the relay through two

methods:

a. Calculating sequence quantities on each reactor using a protection
IED, or on measurements communicated to the IED through DNP3,
IEC61850 GOOSE messages, sampled values, vendor specific
propriety communication interfaces such as Mirrored Bits or Network
Global Variable List (NGVL).

b. Physical connection of the differential CTs in anti-parallel in the
neutrals of the two reactors and observing the difference in currents
at the relay.

2. Actual condition: In actual conditions, there are several sources of error

including current transformer error, reactor design tolerance, system
unbalances and unequal cable lengths. AIll this data needs to be
considered to determine the settings. Calibration of the element is
required before energization for implementing a correct protection

scheme.

The steps for developing the protection scheme are as follows:
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a. Find a solution allowing clear identification of a turn-to-turn fault.

b. Implement the scheme for calculations using measured field data from
reactors in normal operating conditions, including slight imbalances
in phase reactances.

c. Verify proper operation of scheme in external system voltage
unbalance conditions.

d. Verify correct operation of scheme during faults on the system
external to protection zone.

e. Identify response of scheme for a faulted reactor.

4.2. Proposed Detection Methods

The currents seen on the neutral CT primary when a small number of turns are
shorted is on the order of a few amps, primary. This raises concern about the
ability of the relay to pickup the current using CT secondary current. This is
because the current transformers in these applications are usually designed with
high ratios to avoid saturation due to the long-lasting DC offset for external
faults because of the high X/R ratio of the reactor impedance. Given a ratio CT
ratio of 80, a neutral current of 3A primary has a secondary current of 0.0375A.
Small currents such as that falls below the relay A/D converter minimum pickup
and are within CT measuring error. A better solution is to directly measure this
current by the protection relay or an intermediate relay since there is no danger
of high voltages observed during normal operation. However, a surge protection
device should be connected across the relay for added protection during ground

faults with large currents. Another option is to add a low ratio isolating
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transformer for any surge in current due to external or internal ground faults.
The connection design can be made as shown in Figure 4.1, where In1 is the
primary neutral current in reactor 1 and In2 is the primary neutral current in
reactor 2. This method of fault detection can be highly effective and should be
preferred for accurate detection of turn-to-turn fault in a reactor in the case

with two three phase reactors on the same bus.

e (D 1) I

MOV RRelay IRes

Figure 4.1: Neutral current differential current with reactor 1 and

reactor 2 neutral currents.

This neutral current differential comparison can be used only in a condition
where the both reactors are operational when the fault occurs. It can’t be
applied for free standing reactors where there isn’t another reactor neutral to
measure against. The current Ires is the difference in the reactor neutral currents

which can be formulated as in (4.1).
Ipes = IODiff = Iy — In2 (4.1)

A more general option that can work for a single reactor is to use the bus VT

to measure the bus zero sequence voltage, which will have a very small change
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during internal faults when compared to an external fault on the system. The
change in 3V0 during a turn-to-turn fault is usually not noticeable and can be
solid reference to compare against the change in neutral current of the reactor.
Some other options are using core flux summing CT at the terminals or a neutral

current on the bus CTs, neither of which is possible in many cases.

The broken delta arrangement of the bus VTs shown in Figure 4.2(a) will
readily provide the system 3V0. Figure 4.2(a) shows a hypothetical
arrangement to effectively implement a relay pick up element for any air core
reactor. The comparison between the terminal 3V0 and the neutral current can
be used as for fault detection. Converting the 310 to a voltage can ease the
comparison. The voltage across the relay resistance or an intermediate resistor
will be the deciding quantity for this protection element. A large resistance,
sized based on the system voltage level, is placed in series with the measuring
resistance to protect the relay from system unbalances and to sensitize the
circuit for this scheme. The potential across the relay resistance will allow an

effective quantity for making a decision.
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Figure 4.2 (a): Bus zero sequence voltage differential measurement with

reactor neutral current.
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Figure 4.2 (b): Bus zero sequence voltage differential with reactor neutral

current after source transformation

The hypothetical illustration in Figure 4.2 (a) is a simple visualization of the
concept and cannot be implemented since it violates Kirchoff’s laws. For the
scheme to be implemented, the source transformation for the zero sequence

voltage should be made using a resistor RrLim. RLim cannot be implemented as a
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real resistance as it needs to be dynamic responding to changing bus zero
sequence voltage but it can be calculated term in a relay. The calculation and
application of the variable resistance RrLim is explained in the following

sections.

4.3. Polarizing Quantity for Turn-To-Turn Faults

The zone of protection can be defined using the phase angle relationship of the
zero sequence voltage (V0) and zero sequence current (10). Reference [11]
discusses methods to identify a turn-to-turn fault in a shunt reactor and
differentiate it from an external fault. Two possible ways for polarizing the

protection element and defining the zone of protection are:

a. Direction of zero sequence power flow:

Compare the phase relationship of VO to 10 to differentiate based on the
direction of zero sequence fault current flow.

b. Magnitude and sign of measured amplitude of zero sequence impedance:
Measuring zero sequence impedance clearly differentiates an internal
fault from an external one. The zero sequence impedance (Z0) is equal
to the effective system zero sequence impedance for an internal fault in
the reactor whereas the measured effective impedance is the negative of

the zero sequence of the reactor for an external fault.

This research applies the concept of zero sequence power flow direction to
identify a fault as internal and provide a polarizing reference. In the case of an

external ground fault VO leads 10 by 90 degrees, whereas for an internal fault
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such as turn-to-turn or turn-to-ground I0 leads VO by 90 deg. The known
polarity of the neutral CT can be used for identifying this difference as shown
in the one line diagram in Figure 4.3. Reference [11] also provides two
solutions for configuring the ground overcurrent protection element (50G) with
a zero sequence directional element (67N) and a negative sequence directional
element (67Q) to effectively differentiate the turn-to-turn fault from the phase-

to-ground fault.

<-Shunt Reactor->

o|—1 o|—11
3

Internal fault External fault

Figure 4.3: Differentiation of internal fault versus external fault using

neutral current polarity

4.4. Calculations for Detecting the Turn-To-Turn Fault

The previous sections of this chapter described the scheme and logic required
to identify a turn-to-turn fault in the reactor. Appendix-D has the complete set

of MathCAD calculations for the settings for the detection of turn-to-turn
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faults. In these calculations, the parameters of the substation are considered
and tested through simulation for an imbalance caused in the reactor due to a
turn-to-turn fault. This section will describe the procedure to perform
calculation to determine the existence of such a type of fault from measured

quantities.

In an ideal condition, i.e. when the system voltage is perfectly balanced and
the coils of each phase are of the same inductance, the zero sequence current
would be the only determining factor needed to identify a turn-to-turn fault
condition. However, if there is a disturbance on the power system, or
unmatched inductances of the individual coils, or standing unbalances in the
power system, a zero sequence current detection element needs a dynamic
comparison to confirm a fault condition. To utilize the zero sequence voltage
comparison scheme, the zero sequence voltage needs to be scaled to be
compared to the zero sequence current. Since the voltage unbalances are
dynamic, the scaling factor (Rrim), which acts as a limiting resistor in Figure
4.2 (a), needs to be pre-calculated with respect to a reference bus zero sequence
voltage and a predetermined zero sequence current in the reactor neutral for an

unfaulted reference case.

In part A of the calculation in Appendix-D, the limiting resistor is calibrated
such that the measured differential current [04ifr is zero. The voltage unbalance
is varied over a range of -10% to +10% where the voltages are calculated as a
factor of the unbalance Kun in equation (4.2). The unbalance factor is

predominantly a real number and the unbalance is an artifact of the magnitude
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alone. The zero sequence current for reactor is calculated for the range of

unbalance of voltage in (4.3).

Kun * Vo
Vabcun (Kun) = Vb (4.2)
Ve
Vabc (Kun)
I Ky, = —"— 4.3
abcun( un) \/§ N th ( )

The scaling factor Riim is calculated as a ratio of the magnitude of the zero
sequence bus voltage and the magnitude of the zero sequence reactor current

measured at the neutral.

_ VO(Kun)

tim = 00K,y (4.4)
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Figure 4.4: Variation of calculated limiting resistance magnitude with

system voltage unbalance.

The variation of limiting resistance with voltage unbalance is demonstrated in
Figure 4.4. The size of the limiting resistor Rrim varies over a range of (0 -
2250Q) over the range of system voltage unbalance from 0.85-1.1 (where 1 is
no imbalance) considered in calculating it. Physical implementation of such a
variable resistor in field is not possible as this is a sensitive protection element

for which accuracy is important. For this reason, the proposed method using
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this scaling factor needs to be limited to microprocessor relays or other IEDs,

where it is a calculated parameter to use in an equation.

Part B of the calculations in Appendix-D shows the range of relay pickup
currents required under different levels of unbalance on the system. It is
observed that the pickup current lies with a narrow range simplifying the pickup
limits. The pickup current (I0dirfa) is calculated as shown in equation (4.5),
calculated with phase A referenced sequence quantities.

IO (lm) _ VO (Kun)
CTR  PTR * Ry, (Ky)

IOdiffa(Kun) = (45)

The pickup current, a differential current, is calculated using secondary
measurements of the potential transformer and the current transformer. It is
preferable that the current transformer in the neutral of the reactor have a small
turns ratio, up to 50, for better accuracy. This is considering other neutral
protection CT is available for primary protection functions. Figure 4.5 shows
the variation of pick up current for a range of zero sequence voltage variation
of £+10%. These calculations are done for a turn-to-turn fault with 2.5% of the

inductance in one phase faulted.
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Figure 4.5: Variation of selected pick up current with system unbalance.

4.5. Faulted Phase Selection

It is also beneficial for the relay to identify the faulted phase in the reactor.
One approach is to use the difference between the phase angle of the zero
sequence current and the negative sequence current of the reactor to identify
the faulted phase. Part C of the calculation in Appendix-D shows the
identification of the faulted phase of the reactor. Since the fault is created on
phase A in the example case and the phase of reference for the symmetrical
components is phase A, the angle difference between 10 and 12 is close to 0 deg

as calculated from equation (4.6).

9fault =010 — 0 (4.6)
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However, if the fault is on one of the other two phases, the angle difference is
displaced by approximately plus or minus 120 deg based on the faulted phase.
Figure 4.6 shows the difference in phase angles for a fault shorting 2.5% of the
reactor turns on each of three phases using phase A referenced symmetrical
components. The blue trace shows the angle for a fault on phase A. The red
trace shows the angle is +120deg for a fault on phase C, and the black trace

shows the angle is -120deg for a fault on phase B.
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Figure 4.6: Angle difference between zero sequence current and negative
sequence current using A referenced components with fault on phase A
(blue), phase B (black) and phase C (red) as system voltage balance varies

respectively.
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4.5. Summary

This chapter introduced two methods to identify turn-turn faults in a reactor.
The two-reactor method described to be a better choice to identify sensitive
faults. The other method compares a reference bus voltage and a reference
neutral current from an unfaulted condition against the measured [04iff which
the relay calculates during a turn-to-turn fault. A scheme to differentiate an
internal fault from an external fault using polarizing methods is discussed. The
calculations in the chapter and Appendix-D show that the pickup current is not
impacted for system imbalances or for faults external to the reactor. The scheme
can detect turn-to-turn faults and identify the faulted phase. The following

chapter tests the logic in a transient simulation program.
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5. SIMULATION STUDY

Chapter 2 introduced the software used in this research and described the setup
of the model used. This chapter will discuss the observations made from the
simulations considered in this research. Based on real installations of
protective equipment the measurement instruments, measurements from of
currents and voltages taken at similar locations in the simulated system will be

plotted.

The ATPdraw software provides free and comfortable design of circuit models
and plotting for electromagnetic transient conditions. The design of the circuit
was discussed in Chapter 2. Using this circuit design, we observe the currents
and voltages at different points in the circuit and compare them with some
normal operating conditions to determine signatures for faults. Each test

condition is described separately.

5.1. Turn-To-Turn Fault in Balanced System Condition:

In an ideal condition with no system anomalies and balanced conditions, a turn-
to-turn fault is created shorting 2.5% of the total impedance in phase A. The
current flowing through the faulted turns is measured, although this is
approximate as the accurate model of the reactor winding configuration is not
available to model. The present model shorts a specified percentage of
inductance on the reactor to match observable currents and voltages at
measuring points. It does not take into account the effect of the mutual
inductance the reactor coil has with the multiple layers on the same section,

and the mutual inductance linked with other sections of the stack. Since the
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design of sections and size of reactor is modular, a universal approach to
measure circulating current is not possible since the currents aren’t accessible
in practice and are also not the primary concern for this research. Appendix C
shows the calculations utilized to estimate the inductance of each coil section
using the number of turns per layer. Chapter 3 described the model used for
simulating the turn-to-turn faults in ATP, where the reactor coil is represented
by section and not as per the actual multi-layered construction. The simulations
observed in this chapter do not require the actual detailed model as current and
voltage measurements are only seen from the terminals. Phase currents at the
reactor terminals are plotted in Figure 5.1 for prefault conditions and Figure

5.2 for the faulted condition.
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Figure 5.1: Prefault currents measured at reactor terminal
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Figure 5.2: Faulted currents measured at reactor terminal with 2.5% of

phase A the reactor shorted at 0.05s.

As observed, the change in the currents of the faulted phase is difficult to
differentiate within the phase currents alone and is no different than system
imbalance or reactor imbalance from manufacturing tolerances. The simulation
study is to observe differences in steady state operation instead of transients as
the relay is not intended to trip instantly. The neutral currents of the two

parallel 3 phase reactors are plotted in Figure 5.3.
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Figure 5.3: Zero sequence currents observed through the neutral of

reactor 1 (Red) and reactor 2 (Green)

After fault is triggered at 0.05s, the difference in neutral current of reactor 1
(IR10) and reactor 2 (IR20) is observable. This demonstrates the advantage of
using a differential current unit I[04irr as defined in Chapter 4 to use the
difference in currents between the neutrals, which is plotted in Figure 5.4, and

is based on equation (4.1).
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Figure 5.4: Zero sequence differential current, 104ifr

The RTDS simulations yield similar results and are not shown here.

5.2. System Imbalances

Earlier it was noticed that the drop in inductance due to the shorted turns
increases the current flowing in the circuit. The same phenomena can be
observed even when there is change in system voltage, which is a regular
occurrence. A case with source voltage imbalance is simulated and the 3VO0

measured at the terminals of both reactors is plotted in Figure 5.5.
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Figure 5.5: Zero sequence voltages recorded at each reactor terminal
when the system voltage has a 3% imbalance. Reactor 1 (with turn-to-turn

fault) in red and reactor 2 in green

Both the reactors seen the same imbalance in voltage. In the same simulation,
a turn-to-turn fault was triggered at t=0.05s to observe the I04iff quantity.
Figure 5.6 shows the neutral currents in each reactor where a change in

magnitude due to the fault can be observed between them.
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Figure 5.6: Zero sequence currents observed between the two reactors.

Reactor 1 in red and reactor 2 in green.
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Figure 5.7: Differential zero sequence current 10q4itf for case with system

imbalance and a turn-to-turn fault at 0.05 sec.
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There is a noticeable change in I04irf when the fault occurs as seen in Figure
5.7. The pre-fault I04ifr is 0A Peak, whereas the 104ifr during the fault is at 0.3A
peak which corresponds to 0.7% of the reactor shorted. This was a case with a
perfectly balanced set of reactors, hence the standing zero sequence current

difference is not noticed. The system imbalance does not impact [0difr.

5.3. Fault External to Reactor

In this case a SLG fault is simulated at the bus to observe the response of the
[04irr element. Since this is a system fault and not internal to the reactors, the
fault effect should be the same on both reactors. Figure 5.8 shows the neutral
currents in both reactors with a turn-to-turn fault. Note the dc offset with very

slow decay. Figure 5.9 shows the differential current I04dirr.
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Figure 5.8: Zero sequence currents of reactors during ground fault on bus

with reactor 1 current in red and reactor 2 current in green.
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Figure 5.9: Zero sequence differential current of the two reactors with a

ground fault on the bus.

The neutral current magnitudes are very high compared to the earlier turn-to-
turn fault cases. The magnitude of the fundamental component of I[04ifr is 0.3A
peak which is smaller than the current for the case of 0.7% of the winding
shorted. This shows a limit of sensitivity. The relay will act on filtered
fundamental component values. Comparing Figures 5.4, 5.7 and 5.9 notice that
the 104ifr current for the external fault has a direction opposite to the condition

with turn-to-turn fault.

The trip response of turn-to-turn fault protection should be delayed by at least
30 cycles to allow external fault protection elements to take precedence. The
external fault will be cleared, removing the 104ifr current before the time delay

expires. This is further explained later in the proposed logic diagram.
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5.4. Identification of the Faulted Phase

In previous section, schemes were demonstrated to effectively identify turn-to-
turn faults. However, the phase which has the fault is not identifiable with just
the neutral current. As described in Chapter 4, a separate indication is needed
to identify the faulted phase. It can be noted that in a faulted condition, the
neutral current (or 310) is the same for a fault on any of the phases. However,
the angle of the calculated negative sequence current will be different for a
fault on each phase if calculated using the Phase A components. Comparing the
phase angle of the negative sequence current with respect to the phase angle of
the zero sequence current can indicate the faulted phase. The same can be
viewed if the faulted phase doesn’t change when the Phase B or Phase C

referenced symmetrical components are used.

In Figure 5.10, A phase is faulted and the currents [0 and 12 are plotted using
the Phase A referenced components. Figures 5.11 and 5.12 repeat using the

Phase B and Phase C referenced components
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Figure 5.10: Plot of zero sequence current and the negative sequence
current calculated using A reference components for a Phase A turn-to-
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Figure 5.11: Plot of zero sequence current and the negative sequence
current calculated using A reference components for a Phase B turn-to-

turn fault.
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Figure 5.12: Plot of zero sequence current and the negative sequence
current calculated using A reference components for a Phase C turn-to-

turn fault.

Observing the contrast in the phase angle between the zero sequence currents
and negative sequence currents in different reference frames we can identify
the faulted phase. Simultaneous calculations can be performed in a
microprocessor relay to identify the correct faulted phase or results from just

one phase reference can be used to see all sections of the reactor.

5.5. Trip Logic
Based on derivations in Chapter 4 and the results shown in this chapter trip

logic can be developed.

a. The turn-to-turn fault protection is to be active only for sensitive (low

fault current) fault detections. Faults with a clear distinction in phase
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currents can be picked up by a conventional current imbalance
protection element.

b. A time delay is included to ensure other protection elements take
precedence for cases with large neutral currents. A lockout relay (86)
is used to block the turn-to-turn fault element for faults picked up by
other elements.

c. The element will be blocked for a standby imbalance, 3VO0, above a
threshold range. In ideal conditions 3V0=0.

d. The phase angle difference between zero sequence current and Phase
A referenced negative sequence current to identify the faulted phase

winding.

Based on the conditions listed above, trip logic can be defied as shown in Figure

5.13.
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Figure 5.13: Trip logic to identify fault on a phase of the reactor

5.6. Summary

This chapter demonstrated the concept of comparative measurement of zero sequence currents
between faulted and unfaulted reactors for providing information to discriminate shorted turn
faults from system imbalances and external faults. Computer simulation with a limited runtime
was used to benchmark the measurement performance for the change in neutral current, and the

ability to discriminate faults and the identification of faulted phase.
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6. HARDWARE TESTING

In this chapter, the hardware setup used to test and prove the protection scheme
proposed earlier is will be discussed. The hardware setup uses simple reactor
coils partly purchased and partly wound manually in the university. The
calculations required to size the right impedance of the reactor bank is

discussed followed by some observations made in the final setup.

6.1. Preliminary Calculation for Lab Test Setup

This project partly funded a hardware test setup built by a senior design team.
The sizing of the reactor coils required for the setup was calculated, test coils
of known inductance and similar material were hand wound and the circuit was

constructed as shown in Figure 6.1.

l.\ ; 1mkx
RELAY 1mH

1mH
/ 10mH 10mH 10mH

200uH
10mH 10mH 10mH Test
Coils
OuH
10mH 10mH 10mH
80m [—
00uH
10mH 10mH 10mH
. mH
10mH 10mH 10mH
4mH
10mH 10mH

Figure 6.1: Circuit diagram of hardware test setup
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The source voltage available in the lab is 110V (line to neutral) and the
maximum secondary steady-state current read by the relay is limited to 5A.
Therefore, the reactors in each phase were designed such that the current in the
circuit is limited to less than 5A. Equations (6.1) and (6.2) calculate the

inductance per phase at 60Hz system frequency for a wye connected reactor.

v,
Xetar = I“—” =220 (6.1)
an
Im(X
Losay = (TSW) — 58.357mH (6.2)

The reactors used in the set up are copper wire with a 15SAWG cross section.
The set up consists of several coils connected in series on each phase, with one
phase having a set of test coils of different inductances to allow varying
percentages of the reactor to be shorted. Three coils on the test coil leg are

hand wound to smaller inductances of 200uH, 300uH and 500uH respectively.

6.2. Hardware Setup and Observations

The final hardware test set up is constructed similar to circuit in Figure 6.1 and
are shown in Figure 6.2. The setup has four legs, three of which are the three
phases, and one has the set of test coils with shorting connections to imitate
turn-to-turn fault conditions. A 411L relay is used for recording the phase
voltages, currents and the neutral current for analysis in post-processing

software.

The coils on two of the phases have six coils of 10mH connected in series for

a total of 60mH. The phase where faults will be tested has five coils of 10mH
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each and another leg dedicated for small test coils totaling to 10mH. The phase
with 50mH is connected in series with the leg with the test coils for completing

the inductance to match the other phases.

The inductance measured on each of the phases (80mH) was higher than the
calculated inductance (60mH). This is because the coils were stacked on top of
each other. The coils have a common axis and share a flux path where the flux

from one coil links with the coil adjacent to it.

6.3. Test Procedure and Test Series Conducted

The test procedure involved simple connections of the test coils where a set
test coils was bypassed while they were still magnetically coupled with the rest
of the reactor to imitate shorted turns. The inductance of the faulted phase was
reduced therefore raising the currents in that phase and generating residual
current in the neutral. Events were recorded in steady state using a SEL 411L
relay. The events were then exported as COMTRADE files to be analyzed in

SEL Synchrowave and Mathcad.

The tests were done in increasing steps of bypassed inductance on the test coils.
The first test was done in steady-state with no fault on the winding. This is
done to calibrate the calculated limiting resistor, Rrim, as discussed in Chapter

4.

Shunt reactors for high voltages in the field are monitored with protection
elements such as current differential, overcurrent, restricted earth fault and

voltage unbalance protection as mentioned in Chapter 1. Overcurrent protection
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takes measurements of the flow of current in one direction and requires only
one set of CTs, although voltage measurement from potential transformers is
required to determine the direction of current. However, in the case of a current
differential element the current transformers need to take measurements on
either side of the reactor. The relay used in this project is like the one used in
the field. The SEL 411L has multiple current inputs which simplifies the
hardware set up to just one relay to take current measurements at the reactor
terminals and at the neutral end of each phase as shown in Figures 2.2 and 3.6.
Since the currents are limited to less than 5A, which is also a common current
level on the secondary of most current transformers, the current input points
are directly connected to the terminals of the relay. Current transformers are
not utilized in this circuit. The picture in Figure 6.2 can be compared with the

circuit design of the hardware in Figure 6.1.
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Figure 6.2: Reactor test set up with three phases and a leg with test coils

for short circuit tests (front left)

6.4. Summary
This chapter introduced hardware used in this project to test the protection scheme, the
calculations involved in estimating the components and the construction of the test setup. It also

described the test procedure followed to achieve the results as discussed in chapter 7.
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7. RESULTS AND VALIDATION

The behavior exhibited by the hardware test setup matched the simulation
results to a good extent. Using the test coils on the independent leg, we could
simulate turn-to-turn faults on the C phase of the reactor and record the
voltages and currents seen by the relay. The tests were first done using a SEL
411L relay with a maximum sampling rate of 133 samples per cycle and then
repeated with a SEL-735 power meter which offers a higher sampling rate of
512 samples per cycle. It was noticed that higher processing rate and sampling
rate were beneficial in identifying the turn-to-turn fault on the reactor when
there is a single reactor. In each case, the scaling factor (RrLim) was first
calibrated in the unfaulted condition and later utilized in every fault condition
for comparing the zero sequence currents with the ratio of bus zero sequence

voltage and Ririm.

7.1. Test Results with SEL-400 Series Relay

Calibration of the RLim factor is necessary for calculation of the pickup current
for the 104ifr element described in Section 4.4. Figure 7.1 shows the three phase
voltages and Figure 7.2 shows the currents for an unfaulted condition. It is

observed that they are well balanced.
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Figure 7.2: Currents in unfaulted condition
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is the ratio of the zero sequence voltage and zero sequence current shown in

variable over a period.
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Figure 7.4: Zero sequence reference Current (10Wyet)

Since the system is balanced, the zero sequence voltage in Figure 7.3 and
current in Figure 7.4 are almost negligible. Based on these results, RLim was
set based on a set of voltage data points and current data points. The pickup

current (I04ifr) is defined as per Equation (7.2)

VoY
IOdiff = R—

Lim

— 10W| (7.2)

A series of fault cases were conducted, in each case 104irr was calculated, and
the results will later be used to set the pickup current for the turn-to-turn fault

element.
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Figures 7.5 to 7.10 show the pickup [04ifr current calculated by the relay as the
shorted inductance varied over 3 mH, 3.3 mH, 3.5 mH, 4 mH, 7.3 mH and 10
mH in steps. A combination of small (0.25 % for 3 mH) and large (12.5 % for
10 mH) inductances was shorted to observe change in the 104ifr element. Notice
the noise levels observed in the Figures 7.5 to 7.10, which is due to extraction
of raw unfiltered sinusoidal quantities from the relay sampling at 133

samples/cycle.
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Figure 7.5: 10qitf with fault shorting 3 mH of the inductance
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Figure 7.6: 10qitf with fault shorting 3.3 mH of the inductance
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Figure 7.10: 10qitf with fault shorting 10 mH of the inductance

Observing the figures, it can be noticed that no valuable information can be
identified from the SEL-411L relay sampling data at 133 samples per cycle.

This was not sufficient for sensitive turn-to-turn fault detection.

7.2. Test results with SEL-735 Power Meter

The SEL 735 IED is a power meter used specially in metering applications for
revenue purposes. Accuracy of the meter is of high priority in revenue
applications, hence this IED is provided with a higher sampling rate of 512
samples per cycle. Since this has a higher sampling device than the SEL-411L,
it was used to repeat the tests mentioned in Section 7.1 to try to achieve better

results.

Similar to the procedure in Section 7.1, the first test calibrates the Rrim factor
by observing the unfaulted condition on the reactor bank. Figure 7.11 shows
the phase voltages and Figure 7.12 shows the phase currents for normal

balanced operation.
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Figure 7.12: Phase currents in pre-fault condition

Figures 7.13 and 7.14 show the raw zero sequence voltage (VOYref) and raw
zero sequence current (I0Wrer) measured by the relay at the terminals of the
reactor which will be used as reference quantities in unfaulted condition to
calculate and compare [04ifr in each fault condition. Figure 7.15 shows the Ririm
calculated with the available VOYrer and I0Wrer. Figures 7.16 to 7.22 show the
[04ifrr calculated in each fault case by shorting inductance in steps of 200uH,
ImH, 2 mH, 3 mH, 4 mH, 7.3 mH and 10 mH on the test leg of the hardware

setup.
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Figure 7.15: Reference factor RLim calculated using equation (7.1).
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Figure 7.18: 10qiff with fault shorting 2mH of the inductance
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Figure 7.22. 10qitf with fault shorting 10mH of the inductance

It can be observed from Figures 7.16 to 7.22 that the I04irf is offset from the
origin based on the amount of inductance shorted by the fault. This offset can
be used for fault detection. It can be concluded from these observations that a
higher sampling rate is required in the relay to observe such minute changes in

the reactor impedance.

7.3. Curve Fitting and Simplified Illustration of 10qifs

In the earlier sections of this chapter, we observed that the data gathered from
the tests in the lab has some noise as these are unfiltered raw data. Oscillations
in the output and pickup element are also observed due the movement of the
supply frequency when tests are performed. The system frequency is not fixed
to an exact 60.0Hz, where some error or change in frequency is observed due
to several factors caused by grid dynamics. Observing the pattern of the
oscillations, the plot can be simplified to trace the mean and have clear

illustrations from the pickup element.
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Using the Matlab™ function called “fit”, the different cases of the faults seen
in the previous section can be plotted as observed in Figure 7.23. The I04iff in
the steady-state, or reference state, is set at 0, each line is the absolute value
of 104ifr calculated in each fault case in steps. The deviation of 104iff in each
case is a clear indication of the magnitude of fault current. Figure 7.23 plots

results only for the test results obtained from using the SEL-735 relay.

10, Pickup calculated per test data from SEL-735
| T

015 =

10, (Amps)

| |
3 1 5

Time {ps) 10°

Figure 7.23. 104itt plotted for each test case and simplified with curve

fitting

7.4. Comparing Hardware Test results with Simulation

The same observation can be made when faults are created in the Noxon ATP
model. For simple comparison, only two faults in increasing steps are created

and plotted in Matlab™ using the curve fitting function. Figure 7.24 shows the
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offset of each plot from the reference abscissa. The simulation considering
ideal conditions of the model has initial reference 104ifr set at zero or the
abscissa. The red plot shows 10diff pick up for 75mH of inductance shorted on
phase A of reactor 1 in Noxon model. Similarly, the blue plot shows the offset
for 150mH of inductance faulted on the reactor. The estimates are made based

on primary current measurements.

lOdiﬂ’ trace for faults on Noxon reactor

ID_:.r [Amps)

) I | | 1 | 1 | [ |
0 - —
0 o 00z 003 004 005 006 007 008 0oy 01

Time (s}

Figure 7.24. 10qitr plotted for each faults on Noxon ATP model and

simplified with curve fitting

7.5. Alternate Method- Comparing Zero Sequence Impedance of the

Reactor

The scaling factor RrLim can be viewed simply as the zero sequence impedance
in an unfaulted condition of the reactor where only the magnitude is taken into
consideration. In normal steady-state, the zero sequence voltage is small, while
the zero sequence current is even smaller as observed in Figures 7.13 and 7.14

respectively. The factor RLim was calculated to be an average couple of ohms
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in the case shown in Figure 7.15 without a fault, in normal operation.
Subsequently, as the shorted coil on the phases is increased, the zero sequence
current increases while the zero sequence voltage remains almost the same. The
overall measured zero sequence impedance is reduced compared to Rrim. Figure
7.25 shows the deviation of Z0 in each fault case from reference RrLim. Based
on the sensitivity of the relay measurements and system errors, the deviation
of the mean of Z0 from the set reference of Ririm (shown in dotted line) will
provide the operating characteristic of the element. It can be observed that fault
case shown with a solid red line is offset from the reference RLim in a direction
opposite to the other fault cases. This is caused because the fault case of 200puH
is very small and compensates the existing small imperfection or imbalance in
the hardware set up. It shall also be noted that plots in Figure 7.25 are not
absolute values unlike as shown in Figures 7.23 and 7.24. The operating
characteristics of this method would be slightly different from the previous
method as a fault of higher intensity reaches the abscissa regardless of position

of reference RLim.
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Z0 pickup calculated per test data from SEL-735
T T I T

— T AmH

=

—_—mH

—-———-R
“Lim

Zero Sequence Impedance ()

1 1 1
0 05 1 15 5
Time (us) x \:IlG

Figure 7.25: Z0 plotted after simplified curve fitting against the reference

RLim

7.6. Summary

This chapter showed the application of the protection logic introduced in
Chapter 4 on the real hardware setup and on the ATP model of the Noxon
reactor. By creating greater turn-to-turn faults on the reactor, the change in the
processed current element [0qirf is evident. The higher sampling rate in the SEL
735 power meter helped in refining the observable change in the zero sequence
current of the reactor during the turn-to-turn faults. Defining the reference
quantity Rrim has proven to be crucial in detecting such faults and comparison
of RrLim against the new measured zero sequence impedance serves as an

alternate method.
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8. SUMMARY, CONCLUSIONS AND FUTURE WORK

8.1. Summary

Advanced technologies in insulation materials and environmental concerns
have increased demand for air core reactors. Being modular in design, the
reactors also have the capability, like capacitor banks, for replacement of
sections in case of damage. Most protection schemes isolate a fault and identify
damage to the equipment. However, turn-to-turn faults in air core reactors need
sensitive protection elements to detect faults shorting a small number of turns.
In this research, some of the objectives of the project have been achieved over

the course of the project.

Basic electrical theory has been used to identify turn-to-turn faults, where the
neutral currents of two reactors connected in parallel to the same bus are
compared. This is only feasible if two reactors are connected to the same bus.
A more general option of comparing the bus zero sequence voltage with the
neutral current of the reactor was proposed and tested, which serves as a
solution for standalone operation of reactors. The calculations in Appendix-D
show the how the pickup setting was designed considering errors in the
measurement seen from instrument transformers, tolerance errors, standing

imbalance and other likely challenges.

The study also yielded a solution to determine the faulted phase of the reactor

efficiently through angle comparison with the negative sequence current of the
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reactor. Finally, faulted phase and trip logic was proposed to identify a turn-

to-turn fault on any phase of a reactor.

8.2. Conclusions

The simulation results in ATP and RTDS verified the concept of an element
based on the differential current between two reactors connected on the same

bus with a sensitivity down to 2.5 % of the reactor turns.

The hardware test setup was used to demonstrate a viable solution to apply for
standalone reactors for detecting a turn-to-turn fault on one of its phases. The
results in Chapter 7 show the scheme is viable down to faults with a small
number of turns. However, a relay with higher sampling rate of at least 512
samples per cycle is necessary to observe such a small magnitude fault
condition, thus improving detection of sensitive faults of magnitudes of 10%-
15% limited by a ground overcurrent relay. Using the results observed in
Chapter 7, the operating characteristics was defined as shown in Figure 8.1.
The reference I0difr ref 1s shown as the bold line parallel to the time axis, with
the restraint region (green) defined for standing errors and measurement
sensitivity. The IOdifr ref is set based on the standing unbalances and regular
abnormalities in the system. For comparison, the plots in Section 7.3 have the

104iff ref set at 0.
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104ifs ref

Figure 8.1. Operating Characteristics of the 10q4itf turn-to-turn fault

protection element.

8.3. Future Work

Complete validation of the protection scheme requires implementing the
scheme in a hardware device and testing in a real time digital simulator and
then testing in the field. The following activities can be undertaken to validate

and further strengthen the scheme:

i. Validate the hardware model setup with more tests with standing
imbalance, external faults, and other cases with other protection

functions such as restricted earth fault and reactor differential (87) in
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service. Coordination with other protection elements present for the
reactor protection needs to be justified in order to avoid misoperation.
As mentioned in earlier chapters, the turn-to-turn fault protection takes
less precedence over other critical protection functions.

Extend trip logic to include more real-time functions, making it plausible
to be implemented in field. The trip logic proposed in Chapter 5 is
incomplete and ignores other functions in the trip logic such as other
protection functions, device status, breaker gas pressure status etc.
Estimate the magnitude of the fault current observed in the faulted
winding based on the real construction of a reactor coil. All
measurements made were from the terminals of the reactor and observed
voltages and currents from a simplified view as shown in Figures 3.6 and
3.7. Estimation of the fault current in shorted turns requires study of the
construction, geometry and mutual coupling between coils. Verification
of simulations and calculations will also be required on a hardware test
setup.

Explore sizing characteristics of the software based limiting resistor
based on the system imbalances and maximum zero sequence voltage
observed. This exercise will be to find boundary conditions of the range
over which it will be feasible to size the limiting resistor. Limiting
factors include high standing zero sequence bus voltage, long-standing

phase unbalances etc. The size of the limiting resistor will need to be
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recalibrated in these cases to keep sensitive turn-to-turn fault
identification operational.

Studying characteristics of a metering CT to determine if it can be used
to observe shorted turn faults at lower currents. In addition, the response
of CT should be observed at higher current levels in the linear region and
with different CT ratios.

Validate modifications on the present scheme with the hardware setup.
Verify the parallel reactor current differential scheme with respect to
another unfaulted reactor and include in logic. This verification will
allow proof of more precise detection of fault on a reactor when
compared with another reactor connected live on the same bus. Systems
with this setup should be implemented with added protection. A hardware
test setup can validate the simulations presented in chapter 5.
Formulate a method to identify faulted section of the faulted phase. In a
reactor coil with a series and parallel combination of coils, it will be

hard to identify where the shorted turn is in the faulted phase.
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Figure A.1. ATPdraw model of two parallel three phase reactors
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Rs1

Cgi

Figure A.2. Distributed equivalent circuit for a single section of a phase

reactor, with a fault switch included.



Appendix-B

Inductance of parallel connected concentric coils

Estimating inductance of concentric conductors
turns:=1 innermost N1, Outermost N10

Data received from Avista about the reactor:

N1:=841 turns [Turns on inner layer]

N10:=1285 turns [Turns on outer layer]

r1:=1150 mm [Radius of coil]

Al=m.rl’ [Area of coil]

[1:=3391 mm [length of one section of coil]

layer:= ile—(])\rlO! =44.4 turns [estimated difference of turns per layer]

Number of turns in each consecutive layer:

N2:=N1+layer N3:=N2+layer N4:=N3+layer N5:=N4+layer
N6:=N5+layer NT7:=N6+layer N8:=NT+layer N9:=N8+layer

Inductance seen on each coil:

2 2
N12.10-p,-A1 N2% 9., - Al
L1:= Ho'#' 1089 H  L2:= Hot22 10.863 H
n n
2 2
N3% .8 - Al NAZ 7oy - Al
L3:= Ho'2” 10649 H  Ld:= Ho 2% _10.220 H
n n
2 2
N5% < 6ep, Al N6% 5.0, -Al
L5:= Ho'22 9585 H L6:= Ho 22 _g.699 H
n n
2 2
NT%edep - Al N8% 3. - Al
L7:= Hot 22 553 H L8:= Ho*?” 6128 H

11 11
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N10% + 15+ A1

2
N9” e2.p,+ Al
= Ho =4.406 H L10::—l1—:2.542 H

1

L9:

Resultant inductance of the coil

-1

Lye=(L17 4027 + 137 + L4 4+ L5 + L6 ' + L7 '+ L8 +L9 ' +L107") =661.931 mH

Inductance of one coil section:

L,,,=695 mH [Actual inductance of one section received
from reactor test report]

L
error:=1—_""% =4.758%

nox

Inductance of hand wound multi layer coil:

L = 115 “H Lmiddle = 148 NH L

inner *

=250 uH

outer *

L =119 uH [measured]

‘parallel :

-1

+ <3°Linner> _1> =97.305 [,I,H

-1

Lcalc B (Louter_l + (2 ° Lmiddle)

L
error:=1—_——%_—18.231%
Lparallel
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Appendix - C
Sizing Calculations for laboratory air core coil reactors

j=V-1 f=60 Hz w:=2.7-f

Source voltage: V=110 V£0 deg
Model power I,,:=5 AZ-90 deg=5i A
system current:

. Vo
Equivalent reactance: Xpor = 7 =(224£90°) 2

In

. . Im (X
Rating of inductance Lstar::M:58.357 mH
per phase: w
Desired inductance per coil: 10 mH

Based on the maximum current in the circuit, we can size the per phase inductance to be
about 60mH.
Number of coils of 10mH required = (60mH/10mH)= 6 Coils/Phase

Assumptions:
1. Angle of voltage source set at Odeg.

2. The coils have negligible resistance.
3. Star configuration will be implemented.
4. Coils of 15AWG with inductance of 10mH each .



Appendix D

Calculations with Noxon Model
Graphing calculations for inter-turn fault detection on Air Core reactors

Constants:

j=V-1 a:=1-¢""%*  £.-60 Hz wi=2.7r+f

[1] [230£0°
Vape =230 KV - ! a ! | 230£120°
la” ]

X R:=55

X powi=283.21 2

4 'XLnox
X_R

= =20.597 2

Select ratios of measuring instruments:

oTRN =204 _5
1A

230 Ii_ 1154.701

V3.115 v

PTRB:=

| 2302£-120°]

[X/R ratio of Noxon
reactors]

[Inductive reactance of one
section of reactor per phase]

[Resistance of 4 sections of reactor
per phase]

[Neutral CT of reactor]

[Bus PT]

87
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Tolerance in Inductances defined by manufacturer

Inductance of each reactor as per test report:

L, ppa:=3011.57 mH L, =3006.41 mH L, :=3008.92 mH
tol:=—2.5%,—2%..2.5% [Range of tolerance]
La(tOI) ::Lnoaza'(1+t0l) Lb (tOl)::Lnomb'(1+t0l) Lc (tOl)::Lnomc'(1+tOl)
[Ryp+j+w-L,(tol)]
Z,,(tol) := l Ryp+j-w- Ly (tol) l
| Rpp+jeweL.(tol) |
[Phase currents]
Vabc
Iabc(tOl) =
V3.2, (tol)
[Sequence currents in
Iy, (tol):=Ays+ 1. (tol) Unfaulted condition]
1165
1159
1153
1147
th (tOl)O (‘Q) 1141

Zy, (tol)1 ()

Zu(tol) | ()

v

—0.025 —0.02 —0.015 —0.01 —0.005 0 0.005 0.01 0.015 0.02 0.025

tol

Variation of impedance with error tolerance



System unbalances

K,,:=0.9,0.91..1.1 [Range of unbalance]
[Kun Vabc ] .
| ° [Creating voltage unbalance]
Vabc_un <Kun> = | ‘/tzbc1 |
| |
i- Vab02 Jl
[Current imbalance with 0
tolerance error of
I (Ku) = Ve un Fun) impedance]
abc_un un) " —
V3.2,,(0)
Vabc_un <K un) 0 + Vabc_un (K un> 1 + Vabc_un (K un> 9
VO (K,,) = 3 [Zero sequence bus voltage]
Iabc_un <Kun>0 +Iabc_un <Kun> 1 +Iabc_un (Kun>2 [ZeI’O sequence current
10 (K,,) == through neutral]
3
Sizing the limiting resistor:
[V0(0.9)|=7.667 kV [V0(1.1)|=7.667 kV
|10(0.9)|=3.949 A |10(1.1)|=3.847 A

(o) [Limiting resistor is
Ry (K ) i=———2L dynamic and to be
lim un, 10 (K .
0( un) calculated in the relay]
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1.08+

1.06+

1.04+

1.02+

un

0.98+

0.96+

0.94+

0.92+

0.9+

v

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

The limiting resistor calculation needs to be dynamic. As seen from the curve, based on the
variation of zero sequence voltage, the limiting resistor needs to be recalculated to negate the
effects of standing system imbalance.
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Case With faulted turns on the winding A in A _reference frame:

m

im:=0.8,0.81..1

[Rph+j'w°Lnoxa'im-|
Zfault (Zm) = l Rph +j W Lnowb l
|_ Rph+j'w'Lnoa:c J
. Va c
Ifault (Zm) = i
\/g ¢ Zfault (Zm)

1012f (zm) =Apo Ifault (im)

0 fauit_a (im):=arg (I012f (im)o) —arg (Iouf (im)2)

[Amount of imbalance in the
reactance]

[fault in Phase A]
[Phase currents when
faulted]

[Sequence Currents]

[Angle difference in 10 and
12]

A

1

0.98+

0.96+

0.94+

0.92+

0.9+

0.887

0.86+

0.84+

0.82+

0.8+

38 _28.5 _19
efault_a (Zm) (deg)

The angle difference is close to zero for up to 20% error in the reactance. Good measure of
faulted phase.
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Validation of protection logic:
Bus zero sequence voltage vs Reactor Neutral current

Vo (K,
::M [Zero sequence voltage on
PTRB secondary]

I,;.+(0.975 |
012f ( )0 - VO_sec <Kun> |
CTRN Ry (Koun) i

[Differential current with
2.5% fault]

0.061+

0.06+
0.059+
0.059+
0.058+

0.058+

Iodiffa (Kun> (A) 0.057+

0.056+

0.056+

0.055+

0.054+

0.054+

v

0.9 0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08 1.1 1.12

un

Variation of pickup currents on secondary side of CT with system unbalance

104;4/,(0.9)=0.06 A [Differential current with -10% system voltage
imbalance]

104;47,(1.1)=0.054 A [Differential current with +10% system voltage
imbalance]

10447, (1)=0.057 A [Differential current with Balanced system]



Case With faulted turns on the winding B in A reference frame:

[ Rph+j'w'Lnoza ]

Zfault (Zm) = l Rph +j W ‘Lnowb'im
|_ Rph+j'w'Lnoa:c J
%

abc

Ifault (Zm) =
\/g ¢ Zfault (Zm)

Imzf (zm) =Apo Ifault (im)

O fault b (im):=arg (1012f (im)o) —arg (I012f (im)z)

m

0.98

0.96

0.94

0.92

0.9

0.88

0.86

0.84

0.82

0.8

—120 —114 —108 —102 -96 -90 —84 =78

efault_b (Zm) (deg)

The angle difference is close to -120deg for upto 20% error in the reactance. Good

identification of faulted phase.




Case With faulted turns on the winding B in A reference frame:

[ Rph+j'w'Lnoma -I
|

Zfault (Zm) = l Rph+j Twe Lnomb
|_Rph + 7w Lpgge s tm
. Vabe
Ifault (Zm) = i
\/g ¢ Zfault (Zm)

Imzf (zm) =Apo Ifault (im)
O fault c (im):=arg (1012f (im)o) —arg (Iomf (im)2)

A

0.98

0.96

0.94

0.92
. 0.9
m

0.88

0.86

0.84

0.82

0.8

—60 —40 -20 60 80 100 120

0 20 10
efaultfc (Zm) (deg)

The angle difference is close to +120deg for upto 20% error in the reactance. Good measure
of faulted phase.



Comparitive comparison of fault in A phase and angle comparison in other reference frame.

0.98+
0.96 ]
0.94
0.92
im 0.9
0.88
0.86

0.84

0.82

0.8

—100 100 125

_125 75 50 25 0 25 50 75
efault_a (Zm) (deg) efault_b (Zm) (deg) gfault_c (Zm) (deg)
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Steady state phase voltages recorded by relay

IOW'ref (A)

A
0.021+

0.02+
0.019+
0.018+
0.017+
0.016+
0.015+
0.014+

0.013+
0.012+
0.011+

0.01+

0 2.5.10* 5.10% 7.5.10* 1.10° 1.25:10°  1.5.10°  1.75.10° 2.10° 2.25.10°  2.5.10°
time (ms)

Zero sequence reference current measured by relay

VoY, (V)

A
0.001
0.001
0.001
0.001 u

0 2.5.10% 5.10% 7.5.10* 1.10° 1.25.10°  1.5.10°  1.75.10° 2.10° 2.25.10°  2.5.10°

time (ms)

Zero sequence reference voltage measured by relay

RLim ( n )

A
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

v

200 225 250

34
ot

0 25 50 75 100 125 150

time (ms)

v
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Reference quantity Rlim for utilization in identifying fault conditions

. VoY,
IOdefsteady =

Lim

I Odlf f steady (A)

ref

0.02+

0.018+

0.016+

0.014+

0.012+

0.01+

0.008+

0.006+

0.004+

0.002+

I0W,

0
(
—0.002+

) 2.5.10*  5.10"  7.5.10* 1.10°  1.25.10° 1.5.10° 1.75.10°  2.10°  2.25.10° 2.5-10°

time (ms)

Verifying that the pick up current 10diff is zero for steady state condition



3mH inductance shorted on test coils in lab setup

test10242 := READFILE (“.\040617_tests_411L\10242.csv”, “delimited”)
) W)
time:=1est10242" " ms

TOW := test 10242 A 12W := test 10242 A VoY := test10242" v

VoY

10diff = — IOW

Lim

A
0.021+

0.02+
0.019+
0.018+
0.017+

100)%%4 (A) 0.016+

0.0151
I0W,.; (A) 0.0144

0.013+

0.012+

0.011+

0.01+

0 2.5.10* 5.10* 7.5.10* 1-10° 1.25:10° _1.5.10°  1.75-10° 2.10° 2.25.10°  2.5-10°

time (ms

o
o

Comparing I0W in faulted case vs I0Wref in steady state

A
0.001+

0.001+
0.001+
0.0014
0.0014
0.001+ I

voy (V)

VOY,.; (V)

v

(] 2.5.10* 5.10% 7.5.10* 1.10° 1.25.10°  1.5.10°  1.75.10° 2.10° 2.25.10°  2.5.10°

time (ms)

v



Comparing VOY in faulted case vs VOYref in steady state

A
0.105+

0.09+
0.075+
0.06+

0.045+

10diff (A) 0.034

0.015+

"‘

(
—0.0151

—0.03+

‘l' Ad| l"l‘ WLl " J-|‘,w‘v- L II\‘.'.""\".’il“', 1‘ Mttt et ‘li\..u‘\”" ¥ LAY l.“‘\H
s |V I g RANEEY YD VY T W) W e om0

time (ms)

Plot of 10diff pick up current in faulted case

3.3mH inductance shorted on test coils in lab setup

test10244 := READFILE (“.\040617_tests_411L\10244.csv”, “delimited”)

time := test10244" ms

TOW :=test10244° A

VoY

10diff = —IOW

Lim
A

0.105+

0.09+

0.075+

0.06+

0.045+

I0diff (A) 0.031

0.015+

10)

I12W := test 10244 A VOY := test10244"” v

100

—0.015+

0.03+

WM

time (ms)
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Plot of 10diff pick up current in faulted case

A
0.021

0.02

0.019

0.018

0.017

ow (A) 0.016

_— 0.015
0.014
0.013
0.012
0.011
0.01

IOW'ref (A)

v

0 2.5.10*  5-10° 7.5-10* 1-10°  1.25-10°  1.5-10° 1.75-10°  2.10°  2.25-10° 2.5-10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

A
0.001

0.001
0.001
0.001
0.001

U

2.5.10" 5e .5:10% 1-10°

voy (V)

VoY, (V)

®  1.5.10° 2.10° 5 2.5.10°

time (ms)

Comparing VOY in faulted case vs VOYref in steady state
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3.5mH inductance shorted on test coils in lab setup

test10246 := READFILE (“.\040617_tests_411L\10246.csv”, “delimited”)
) W)
time:=test10246 * ms

10)

TOW :=test10246"° A I2W := test10246" A VOY := test10246"” V

VoY

10diff := —I0W

Lim
A
0.105

0.09

0.075

0.06

0.045

I0diff (A) 0.03

0.015

S |1 RRE T T et

—0.015

—0.03

time (ms)

Plot of 10diff pick up current in faulted case

A
0.021

0.02

0.019

0.018

0.017

TOW (A) 0.016
_— 0.015
0.014
0.013
0.012
0.011
0.01

IOWref (A)

0 2.5-10* 510 7.5-10* 1.10° | 1.25.10°  1.5.10° 1.75.10°  2.10°  2.25:.10°  2.5-10°
time (ms)



Comparing I0W in faulted case vs I0Wref in steady state

A

0.001+
0.001+
0.001+
0.001+

0.001+

voy (V)

H“ H\M\

} H J J H “‘M

\4

time (ms)

Comparing VOY in faulted case vs VOYref in steady state

4mH inductance shorted on test coils in lab setup

test10248 := READFILE (“.\040617_tests_411L\10248.csv”, “delimited”)
) )
time:=1test10248 " ms

TOW :=test10248° A I2W = test10248" A VOY := test10248"" v

VoY

10diff := —I0W

Lim

0.105
0.09
0.075
0.06
0.045

10diff (A) 0.03

0.015

( 0° 1.2(,).10 1.5.10° 1.75-10° 2.10° 2.2(,).m 2.5:10°

v

I o
—0.015 M

—0.03

time (ms)
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Plot of 10diff pick up current in faulted case

0.021+
0.021

0.019+

0.018+

0.017+

101" (A) 0.016+

0.015+

IOWTef (A) 0.014+

0.013+
0.012+
0.011+

0.01+

0 2.5:10" 5.10* 7.5:10" 1.10°  1.25.10° 1.5-10° 1.75-10°  2.10°  2.25.10° 2.5-10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

A
0.001

0.001
0.001
0.001
0.001

| uymummmnmmmammmummmmuw»nmummmumlmmnmmmuuumummm

0 ).u-l() 5.1 )t 1. Ill 1.25.10° 1.5-10° 1.75-10° 2+ I() 2.25.10° ),;)-l()

voy (V)

0.001

VOY,.; (V)

v

time (ms)

Comparing VOY in faulted case vs VOYTref in steady state



7.3mH inductance shorted on test coils in lab setup

test10250 := READFILE (“.\040617_tests_411L\10250_ReactorTest1.csv”, “delimited”)
time := test10250" ms
TOW :=test10250° A I2W := test 10250 A VOY := test10250"" V

VoY

10diff = —I0W

Lim
A
0.105+
0.09+
0.075+
0.06+

0.045+

Iodiff (A) 0.031

0.015+

¢ ( i ‘l 11\ A M“ “| ‘d“l”,ywl.)! [“.Mi“Hl ’.\IJ“L‘ | “u‘ H 1'\|‘”m Ml JI“ A .“ [ ’I”ln“. !

—0.015+

—0.03+

time (ms)

Plot of 10diff pick up current in faulted case

A
0.021+

0.02+
0.019+
0.018+
0.017+

TOW (A) 0.016+
_ 0.015+
IOW’r'ef (A) 0.014+
0.013+

0.012+

0.011+

0.011

WA ! :
WA TS g 2.7.10°

3.10°

0 2.5.10* 5.10% 7.5.10* 1.10° 1.25.10° 1.5.10°  1.75.10° 2.10° 2.25.10°

time (ms)

2.5.10°

v

105



Comparing I0W in faulted case vs I0Wref in steady state

106

A
0.001+
0.001+
0.001+
0.001+
0.001+
VoY (V) 0.001+ | | |
(|— “\ “']l\\‘*“‘fr<|‘"r‘\1""\
VOY,.; (V)
e 0+
0+
0+
’J 2.5:“)‘ 5~f(1‘ 7.3~‘m‘ l.fu"’ |.27;.|1)“ I.3~‘IU" |.7r;.|(17 z.iu" z.z.im" 2.3.‘”;‘ >
time (ms)
Comparing VOY in faulted case vs VOYTref in steady state
10mH inductance shorted on test coils in lab setup
test10252 := READFILE (“.\040617_tests_411L\10252_lasttest.csv”, “delimited”)
time := test10252" ms
TOW = test10252" A 12W = test10252" A VOY :=test10252"" v
1odiff="Y"Y _ ow
Lim
A
0.1
0.09
0.08
0.07
0.06
0.05
0.04
IOdz‘ff (A) 0.03
0.02
0.01
(1] DHIID ! 11D 2.7-10° 3-10°
—0.01
—0.02

time (ms)
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Plot of 10diff pick up current in faulted case

A
0.021+

0.02+
0.019+
0.018+
0.017+

TOW (A) 0.016+

0.015+

II)‘lfref (11) 0.014+

0.013+
0.012+
0.011+

0.01+

v

0 2.5-10" 5.10* 7.5-10* 1.10° | 1.25-10°  1.5-10° 1.75.10°  2.10°  2.25.10°  2.5.10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

A
0.001
0.001
0.001
0.001
0.001

voy (V)

0.00

VY, (V)

oY

0 )4 11() ,,,,, 0° 1.5 u) .7 ._),)-1() 2.5 1()

time (ms)

Comparing VOY in faulted case vs VOYTref in steady state
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Tests with SEL-735

Graphing calculations for Inter-turn fault detection on Air Core reactors- Lab model

Calibration of Rlim:

, “delimited”)

test00 := READFILE (“.\040917_735_w_neutral\Event0.csv”

time := test00" ms

ICW :=test00™” A

IBW := test00” A

00” A

VCY :=test00” V

VBY :=test00® V

00" v

test00"” v

VOY,,ef =

= test00” A

12,

st00" A

¥ 9

TAW :=tes

VAY :=tes

=1

10W,f

ICW (A)

Steady state phase currents recorded by relay

(ms)

time
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Steady state phase voltages recorded by relay

0.018

0.018

0.017

0.016{

0.016-

0.015

I0W ¢ (A) 0.015
— 0.014
0.014

0.013

0.013

0 3.10* 6-10" 9.10* 1.2.10° 1.5.10° 1.8.10°  2.1.10°  2.4.10°  2.7.10° 3.10°
time (ms)

Zero sequence reference current measured by relay

0.35
0.32

0.29

0.26

0.23

0.2

0.17

VOYTef V) 0.14
0.11

0.08

0.05

0.02

0 3.10* 6-10* 9.10* 1.2-10° 1.5-10° 1.8.10°  2.1.10°  2.4.10°  2.7-10° 3.10°
time (ms)

Zero sequence reference voltage measured by relay

21.5+

19.5+

17.5+

15.5+

13.5+

11.5+

RLim (Q) 9.5+
- 7.5+
5.5

3.5

1.5+

0 2.5.10% 5.10* 7.5:10% 1-10° 1.25.10°  1.5-10°  1.75.10° 2.10° 2.25.10°  2.5.10°
time (ms)
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Reference quantity Rlim for utilization in identifying fault conditions

VOY s

10difF teaay = I0W, s [Pickup current in steady state]

Lim

0.02+
0.018+
0.016+
0.014+
0.012+
0.01+

IOdiffsteady (A) 0.008+

0.006+

0.004+

0.002+

N
0 3.10* 6-10" 9.10* 1.2.10°  1.5-10°  1.8.10° 2.1.10° 2.4.10° 2.7.10°  3.10°
—0.002+

time (ms)

200uH inductance shorted on test coils in lab setup

test01:= READFILE (“.\040917_735_w_neutral\Event01l.csv”, “delimited”)

time := test01"” ms

TOW :=test01” A 12W = testo1” A VoY :=testo1"” v
10diff=YY _ ow 70.= V0¥
Lim ow
A
0.021
0.02
0.019
0.018
0.017 H ﬂ H H
oo [
- 0.015
IOWref (A) 0.014
— 0.013
0.012 H r “ ” r r ’
0.011
0.01

0 3.10* 6-10* 9-10* 1.2:10°  1.5-10° 1.8-10° 2.1-10° 2.4.10° 2.7-10° 3.10°
time (ms
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Comparing I0W in faulted case vs I0Wref in steady state

voy (V)

0.27

0.22

VOY,.; (V

~—

0.17

0.12

0.07

0.02

v

Comparing VOY in f

0.1

0.09+
0.08+
0.07+
0.06+
0.05+
0.04+

Iodiff (A) 0.031

0.02+

0.01

—

-0.01
—-0.02

0 3-10* 6-10* 9-10* 1.2:10°  1.5:10°  1.8:10°  2.1.10°  2.4.10°  2.7-10° 3:10°
time (ms)

aulted case vs VOYref in steady state

A

( 3.10°

time (ms)

Plot of 10diff pick up current in faulted case
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1mH inductance shorted on test coils in lab setup

test04 := READFILE (“.\040917_735_w_neutral\Event04.csv”, “delimited”)

(10)

time := test0d"” ms TOW := test0d” A VoY := testod"” v

VOY_ _ row 70:=YY
now

10diff =

Lim

A
0.1
0.09
0.08
0.07
0.06
0.05
0.04
Iodsz (A) 0.03
—_— 0.02
0.01
%‘*] B P PR L TR i TG 3 UL A A DRI
—0.01
—0.02
—0.03

3.10°

time (ms)

Plot of 10diff pick up current in faulted case

A
0.026-

0.025-

0.024

0.023

0.022-

0.021-

V(0% (A) 0.02
_ 0.019-
0.018
0.017-
0.016-
0.015
0.014
0.013-

IOWref (A)

v

0 3.10* 610" 9-10* 1.2:10°  1.510°  1.8.10°  2.1.10°  2.4.10°  2.7-10° 3-10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state
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0.52

0.47

0.42

0.37

0.32

voy (V) 0.27
0.22
VOYref (V) 0.17
- 0.12
0.07

0.02

0 3.10° 6-10* 910"  1.2.10° 15.10° 1.8.10° 2.1.10°  2.4.10° 2.7.10°  3.10°
time (ms)

Comparing VOY in faulted case vs VOYref in steady state

2mH inductance shorted on test coils in lab setup

test02 := READFILE (“.\040917_735_w_neutral\Event02.csv” , “delimited”)

time := test02" ms

TOW := test02” A 2W = test02” A VoY := test02"” v

VoY 70:="V9Y

T0diff = — IOW
oW

Lim

A

0.105
0.09
0.075
0.06
0.045
0.03

0.015

T W At

—-0.03

10diff (A)

»>

T

—0.045

time (ms)

Plot of 10diff pick up current in faulted case
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0.0511
0.048+
0.044+
0.041+4
0.037+
TOW (A) 0.034+
- 0.03+
IOWref (A) 0.027-
- 0.0231

0.02+
0.013+

0 3.10* 6-10* 9.10* 1.2:10° | 1.5.10° 1.8-10° 2.1-10° 2.4-10° 2.7-10° 3.10°
time (ms

v

Comparing I0W in faulted case vs I0Wref in steady state

A
0.52+
0.47+
0.42+
0.37+
0.32+

voy (V) 0.271
0.22+
VOYref (V) 0.17+
- 0.12+

0.07+

0.02+

0 3.10" 6-10" 9-10* 1.2:10° | 1.5:10°  1.8-10°  2.1.10°  2.4.10°  2.7-10° 3:10°
time (ms)

Comparing VOY in faulted case vs VOYTref in steady state
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3mH inductance shorted on test coils in lab setup

test03 := READFILE (“.\040917_735_w_neutral\Event03.csv”, “delimited”)

time := test03" ms

(10)

TOW :=test03” A 2W = test03” A VoY := test03"” v

VOY _ row 70:= Y0¥

10diff =
Iow

Lim
A

0.1+
0.08+
0.06+
0.04+

0.02+

bl

—0.04+

10diff (A)

—0.06+

time (ms)

Plot of 10diff pick up current in faulted case

A
0.106+
0.098+
0.089+
0.081+
0.072+

TOW (A) 0.0641
— 077 AVMAAVVAMANVVAWVAWMANVAAMAAMAWWAWWAWWAWAAVAMMAA
IOWref (A) 0.047+
—_— 0.038+
0.031

0.021+

0,013 VWWWWWAWWVWWWWWVWWVWWVVWVWAAANV AWV

v

0 3.10* 6-10* 9.10* 1.2.10° | 1.5-10° 1.8-10° 2.1.10° 2.4-10° 2.7-10° 3.10°
time (ms

Comparing I0W in faulted case vs I0Wref in steady state



A

0.52

0.47

0.42

0.37+

0.32-

voy (V) 0.27]
0.22

VOYTef (V) 0.174

0.12+
0.07+
0.02+

3.10* 6-10* 9.10* 1.2-10° 1.5-10° 1.8-10° 2.1-10° 2.4-10° 2.7-10° 3.10°

time (ms)

Comparing VOY in faulted case vs VOYTref in steady state

4mH inductance shorted on test coils in lab setup

test05 := READFILE (“.\040917_735_w_neutral\Event05.csv”, “delimited”)

time := test05" ms

TOW := test05" A 12W = test05"” A VOY i=test05 V
rodiff=""Y _ jow 70:= VY
Lim Tow
A
0.1+
0.084
0.06
0.044
0.02
IOdef (A) }< 3.10" 6-10* 9:10* 1.2:10° 1.5:10° 1.8:10° 2.1.10° 2.410°  2.7.10° 3.10°

—0.02+

—0.04+

—0.06+

—0.08+

Plot of 10diff pick up

time (ms)

current in faulted case
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A
0.106+
0.098
0.0894
0051 T WVAMAMMAWWMWWWWAMMAAMANAMAWWANWMAWAAVANAMAVNY
0.0724
oW (A) 0.064+
—_— 0.055+
IOWref (A) 0.047+
_— 0.038+
0.03

0.021+

0,013 WWMAWWVWWWWWWW WAV VWY

v

0 3.10* 610" 9-10* 1.2:10°  1.5.10°  1.8.10°  2.1.10°  2.4.10°  2.7-10° 3-10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

0.52+
0.47}

0.42}

0.37+

0.324

voy (V) 027}
0.224
VOYref (V) 0.17+
- 0.12+
0.07}

0.02+

0 3-10° 6-10* 910" 1.2.10°, 1.5.10° | 1.8.10° 2.1.10°  24.10° 2.7.10°  3.10°
time (ms)

Comparing VOY in faulted case vs VOYref in steady state



7.3mH inductance shorted on test coils in lab setup

test06 := READFILE (“.\040917_735_w_neutral\Event06.csv” , “delimited”)

time := test06" ms TOW := test06"” A I2W = test06” A VOY := test06

VOY _ row 70:= V0¥

now

10diff =

Lim

0.1
0.075
0.05

0.025

118

(10)

|4

v

)
0 3.10* 6-10* 9.10* 1.2.10° 1.5-10° 1.8-10° 2.1-10° 2.4-10° 2.7-10° 3.10°
0.025

M ~0.05
—0.075
—0.1

—0.125

—0.15

time (ms)

Plot of 10diff pick up current in faulted case

A
0.21
0.19
0.174
0151 MWAAAMAANMAANAANANAMAAAAANANNANAAANAMANMAAAANANANANN
0.13+

10W (A)

0.11+
0.09+

I0W,.; (A)
- 0.07+
0.05+

0.03+

0.01+

time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

0 3.10" 6-10" 9-10* 1.2:10°  1.5:10°  1.8.10°  2.1.10°  2.4.10°  2.7-10° 3:10°

v
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A
0.51+4
0.461
0.41+
0.36
0.31
VoY (V) 0.26+
0.21+
VOYref (V) 0.16+
0.11+
0.061
0.01+
0 3-10* 6-10* 9-10* 1.2.10°  1.5.10°  1.8.10°  2.1.10°  2.4.10°  2.7.10° 3:10° g
time (ms
Comparing VOY in faulted case vs VOYTref in steady state
With 10mH Shorted
test07 := READFILE (“.\040917_735_w_neutral\Event07.csv”, “delimited”)

. (1) (8) (9) (10)
time:=test07 ' ms I0OW :=test07 " A I2W :=test07 " A VoY :=test07 "V
1odiff=Y _ row 20=Y0Y

Lim ow
A
0.105+
0.07+
0.0351
}u 3.10* 6-10* 9.10* 12:10°  L5:10°  1810°  21-10°  24.10°  2.7-10° 3.10° "
—0.035+
0.07+
I0diff (A)
— —0.105-
—0.14+
—0.175+
—0.21+
0.2451

time (ms)

Plot of 10diff pick up current in faulted case
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oW (A)

IOWy»ef (A) 0.13+

0.1+
0.07+
0.04+

0.01+

0 3-10* 6-10* 9-10* 1.2.10°  1.5.10°  1.8.10°  2.1.10°  2.4.10°  2.7-10° 3.10°
time (ms)

Comparing I0W in faulted case vs I0Wref in steady state

A
0.5051

0.4551

0.4051

0.3551

0.3051

VoY (V) 0.2551
0.205-
VOV, \2 0.155-
0.105

0.055+

0.005+

0 3.10* 6-10" 9-10* 1.2.10°  1.5-10°  1.8:10°  2.1.10° = 2.4.10°  2.7-10° 3-10°
time (ms)

Comparing VOY in faulted case vs VOYref in steady state





