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Abstract

Power equipment condition monitoring is an important practice of utility companies. It helps to
prevent unexpected outages of power systems and reduces maintenance costs. There are two
general approaches to condition monitoring: passive and active. Passive condition monitoring is
conducted by detecting abnormal signals generated by the equipment of interest. This approach is
reactive since it waits for abnormal equipment conditions to occur. Active condition monitoring is
conducted by injecting a test signal and analyzing the equipment response. It is a proactive
approach. However, due to its intrusive nature, active condition monitoring can only be performed

occasionally in an offline mode, and it involves high costs.

The proposed Ph.D. research aims to transform active condition monitoring from offline to online.
This is achieved by utilizing natural power disturbances as the test signals. The proposed approach
has the potential to enable frequent and automatic testing of equipment once the monitoring system
is set up. In addition, the statistical trends of equipment responses under repetitive tests will
provide a much more accurate picture of equipment conditions. In this research, the proposed
concept is applied to solving two challenging problems: substation grounding grid condition

monitoring and open conductor detection.

This thesis presents two online methods for monitoring the substation grounding grid impedance
and thus revealing the conditions of the substation grounding grid. Natural disturbances in the form
of a ground-fault current and a 3™ harmonic current are used as test signals, respectively. Both
methods’ performance and effectiveness are demonstrated through analytical studies and extensive
verification, sensitivity, and application studies. This thesis further presents two online schemes to

detect the open conductor condition in power plants. Natural voltage sag disturbance and 3™



harmonic power are used as test signals, respectively. The performance and practicability of both
methods have been demonstrated using simulation and experimental studies. These two methods
can work individually or in a parallel way to increase the effectiveness and reliability of the open

conductor detection.

The power-disturbance-based condition monitoring concept as presented in this thesis has the
potential to transform many offline, intrusive condition monitoring methods into online automatic
condition monitoring methods, thus creating a new opportunity to improve the “smartness” of

power equipment and power systems.
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Chapter 1: Introduction

Power equipment must operate appropriately for power system reliability and personnel safety.
However, some power equipment, especially aging equipment, may work with abnormalities.
These undetected abnormalities may result in power equipment damage, which may escalate into
a wide range of failures of power systems. For example, a report showed that a failing coupling
capacitor voltage transformer (CCVT) exploded and sent shrapnel yards away, causing other
equipment failures [1]. Thus, condition monitoring has been widely performed to detect
abnormalities within power equipment and prevent adverse consequences. In fact, there is an
industry trend towards using online equipment condition information to provide essential
recommendations on operation actions and asset management. A new product embodying this idea

is Siemens’s Integrated Substation Condition Monitoring (ISCM) system [2].

Condition monitoring is generally performed in two ways: passively and actively. Passive
condition monitoring is performed by detecting abnormal signatures generated by the equipment
of interest. Some unique signatures can be extracted in the current and voltage waveforms before
permanent failures so that the corresponding abnormalities within power equipment are monitored.
Typical examples are the detections of sub-cycle and multi-cycle incipient faults to signal that the
power cable’s permanent failure is approaching [3, 4]. More examples of passive condition
monitoring applications for different power equipment are presented in Tablel.1. In recent years,
the potential of passive condition monitoring has been further explored due to the availability of
synchronized waveform data [5]. However, passive condition monitoring is reactive, i.e., it waits
for abnormal signals from the equipment. It could be too late for equipment failure prevention by

the time when abnormal signatures are successfully captured and confidently confirmed.

Active condition monitoring is conducted by injecting a test signal and receiving an associated
response or responses. The test signal and response are then jointly analyzed to develop an
indicator whose critical change could indicate the condition of the power equipment. A typical
example is the cable voltage withstand test [6]. A test voltage higher than the nominal is applied
on a power cable, and the partial discharge signals produced are chosen as the responses to indicate

the cable’s condition. More examples of active condition monitoring applications for different



power equipment are presented in Table 1.1 [7-11]. Artificial test signals are used in particular for
different applications. Active condition monitoring has unique and irreplaceable applications, and
it can provide valuable information in comparison with passive condition monitoring. However,
active condition monitoring can only be performed occasionally in an offline mode due to its
intrusive nature. The de-energization of the power equipment under assessment may be required,
which strongly discourages utilities from performing active condition monitoring. In addition,
active condition monitoring is conducted by skilled maintenance crews. As a result, active
condition monitoring is very costly. Therefore, active condition monitoring is typically performed
on new equipment and regularly on operating equipment at long time intervals. More importantly,
it is often too late, as power equipment may have been damaged between two rounds of tests [12].
In view of the performance advantage but usage limitation of active condition monitoring, there is

strong interest in improving active condition monitoring techniques.

Table 1.1 Examples of passive and active condition monitoring applications for different power

equipment
Power Testing Passive condition Active condition monitoring
equipment content monitoring Indicators Artificial test signals
) Partial discharge L Voltage of very low
Insulation . Dissipation factor .
Cable ) signals generated by frequencies (0.01Hz to
degradation . (Tan Delta) . .
the operating voltage 1Hz) and in 1.5V,
o Short circuit )
Winding i ) Voltage of a varying
Transformer ) Not available inductance or transfer
deformation . ) frequency
admittance function
. . Current of power
Substation Grounding . ) ) )
. . . Not available Grounding resistance frequency or certain
grounding grid condition )
frequencies
. Leakage current Capacitance or .
. Insulation ) ) Voltage of certain
Capacitor . generated by the equivalent series .
degradation . ) frequencies
operating voltage resistance (ESR)

* V¢ is the nominal voltage of the cable under test

This Ph.D. research aims to transform active condition monitoring from occasional offline
assessment to continuous online monitoring. The idea is to use natural power disturbances as the
test signals. Natural power disturbances are the voltage/current waveform changes caused by
various regular or unexpected events in power systems, such as short-circuit faults or equipment
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energizations. This is an important strategy to overcome the disadvantages of the traditional active
condition monitoring methods while maintaining their advantages [5]. Online monitoring can
perform more effectively and cost-efficiently since it can generate an indicator frequently and
automatically. The statistical trend provides a much more accurate picture of the condition of the
equipment than a single change of the indicator. The proposed power-disturbance-based condition
monitoring approach will increase the awareness of equipment conditions, reduce the risk of

equipment failure, and improve the reliability of power systems.

1.1 The Concept of Power-Disturbance-Based Condition Monitoring

Power-disturbance-based condition monitoring can generally be described using the diagram in
Figure 1.1. Typically, a natural power disturbance such as a short circuit fault caused large current
is generated somewhere in the system. This disturbance may transmit to the power equipment of
interest. Since the power disturbance has an electrical impact on the equipment, it can be used as
a test signal. Multiple equipment responses associated with this test signal are recorded and
stamped with precision time tags. The measurements of power disturbances and equipment
responses at different locations are transmitted to a processing unit via a communication network
and then jointly analyzed to draw a conclusion on the condition of the equipment. The main

components of the proposed approach are explained as follows.

Thevenin equivalent Power disturbance Equipment response ~ Thevenin equivalent
_ _system1l measurement locations measurement locations _ system2
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Figure 1.1 Illustration of power-disturbance-based condition monitoring



Natural power disturbance: natural power disturbances refer to electrical disturbances
naturally existing in power systems. They are produced by various regular and unexpected
events at different locations in the power systems. Examples are voltage/current transients
caused by faults, energizations, switching activities and so on. Power disturbances manifest as
deviations, which can be in transient and steady-state, from steady-state power-frequency
voltage/current waveforms. For example, when a short-circuit fault occurs on a feeder, it results
in a voltage sag on the distribution bus. Such a voltage sag is a typical power disturbance.
Natural power disturbances are quite common in the power systems, and they have been

intensively studied involving classification, detection, and measurement [13].

Power disturbance monitor: the power disturbance monitor refers to a device with
synchronized measurement capability, such as a digital fault recorder, digital relay, power
quality monitor, and dedicated condition monitor. The locations, types, and numbers of the
power disturbance monitors are application/case-dependent. Such devices record voltage and
current waveforms that contain disturbances. The sampling rate is application/case-dependent,

with a rate of 64 samples/cycle is commonly seen.

Precision time signal: the precision time information is assigned to each measurement data at
the power disturbance monitors. As a result, all the measurements of power disturbances and
equipment responses at different locations can be synchronized. Several methods are available
to obtain the precision time information [14-20]. Generally, substation clock signals such as
Inter-Range Instrumentation Group (IRIG)-B and Precision Time Protocol (PTP) are
preferable if all power disturbance monitors are within one power facility such as a substation.

The GPS-timestamping is useful if some monitors are located outside the substations.

Communication network: a communication network is needed to transmit the measurement
data at different locations to a central location for processing by the processing unit. If all
monitors are inside a substation, substation Ethernet is sufficient for this purpose. If the
monitors are located at different substations or outside the substations, the synchronous optical
network (SONET), cellular and other communication networks could be used. Since condition

monitoring does not require immediate actions, real-time transmission and processing of the



data at a central location are not necessary [5]. As a result, the requirement for communication

networks is not very stringent.

e Processing unit: a processing unit is used to collect and synchronize the measurement data
from all power disturbance monitors. The processing of the data is completed according to the
algorithms developed to achieve different condition monitoring functions. This unit can also
be designed to have data storage, reporting, and other necessary functions. Multiple processing
units of different condition monitoring functions could be combined into one unified unit, such

as Siemens’s Assetguard MVC [21].

The proposed approach transforms active condition monitoring from offline with occasional tests
to online with continuous monitoring. Thus, it has significant advantages. First, it shortens the
testing interval and increases the abnormality detection rate. Second, it does not interrupt the
operations of power equipment and power systems since the monitored equipment does not need
to be de-energized. More importantly, it can address some challenges that both passive and active
condition monitoring are ineffective to solve. Cost efficiency is another advantage. The proposed
power-disturbance-based condition monitoring approach requires neither specialized monitoring
devices nor manual work from skilled workers once the setup is done. Instead, it performs online
active condition monitoring through the data collected by power disturbance monitors, which in

many cases may already be deployed for other applications.

1.2 Research Topics

This Ph.D. research aims to develop online active condition monitoring methods using natural
power disturbances for two subjects: substation grounding grid condition monitoring and open
conductor detection. Literature reviews on the existing techniques and the motivations of both

research topics are presented in this section.
1.2.1 Substation Grounding Grid Condition Monitoring

A grounding grid is an essential component of a substation. It supports the operation of substation
equipment by providing proper ground potential and serves as an essential means to protect

personnel safety. Unfortunately, a grounding grid can deteriorate over time due to corrosion, aging,
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vandalism, and other factors. As a result, utility companies need to evaluate the grounding grid

conditions of their substations regularly.

Accordingly, a lot of research has been conducted to develop substation grounding grid condition
monitoring techniques [22-48]. The majority of the methods, such as the far-away method [31-38]
and the fall-of-potential method [39-46], target the measurement of the grounding grid impedance.
It has been reasoned that such an impedance can reveal, indirectly, the condition of the grounding
grid. If unusual impedances are observed, detailed and costly diagnostics such as touch and step

voltages testing and grounding grid integrity testing are then pursued [22, 49].

In grounding impedance measurement, a current is injected into the substation grounding grid and
the resulting Ground Potential Rise (GPR) of the grid is measured using auxiliary electrodes (i.e.,
current electrode and potential electrode), as illustrated in Figure 1.2. The grounding impedance is

estimated by calculating the ratio of the measured GPR to the injected current.

est \ead
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Figure 1.2 Illustration of grounding impedance measurement setup

As is further shown in Figure 1.2, the success of the measurement requires an elaborate setup:

e A dedicated power source is indispensable for injecting a test current and generating a GPR.

e A current electrode is needed to collect the return current. It should be at a substantial distance
away from the grounding grid. This requirement aims to ensure the current flows through the

grounding grid and into the deep soil.

e A potential electrode is needed to provide a reference for the GPR measurement. It should be

placed at a location of zero soil potential. This location can be obtained at the remote earth or
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at a specific point between the grounding grid and the current electrode, as shown in Figure

1.3.
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Figure 1.3 Examples of zero soil potential locations

Depending on how to locate the potential electrode, the existing methods of grounding impedance
measurement can be mainly categorized into two major streams: the far-away method and the fall-
of-potential method. The far-away method achieves the zero potential point at the remote earth, as
shown in Figure 1.3(a). The remote earth is determined by trying different distances to find a point
beyond which the measured impedance no longer varies. Thus, this method requires a very long
test lead, and it is time-consuming and laborious. In comparison, the fall-of-potential method gets
a specific zero potential point between the tested grounding grid and the current electrode, as
demonstrated in Figure 1.3(b). Specifically, a zero potential point was first found at 61.8% away
from the center of the grounding grid, known as the 0.618 method [39, 40]. The angle offset method
[42] further expends this single point to a closed curve. These findings assume hemispherical
electrodes and uniform soil [22, 50]. A computer-aid method [44] was proposed to find an exact
zero potential point to locate the potential electrode by calculating the potential distribution at the

soil surface via computer simulation studies.

Many improvements have been made to improve the methods’ accuracy and reliability in terms of
eliminating the inductive interference of the test current and background noise [47, 48, 51, 52].

The improvements require more complicated measurement setups and operation procedures.

It can be concluded from the above literature review that almost all the existing techniques are

offline types, i.e., they require elaborate manual setup by specialists and can only be performed



occasionally. Surveys have shown that the typical testing intervals are five to ten years for utilities
in North America [49, 53]. If a substation is in a crowded area, there are also considerable
difficulties in conducting the measurement due to space constraints. Moreover, grounding
impedance is dependent on not only grounding grid conditions but also on the soil resistivity that
can be affected by various factors, such as temperature, weather, and season at the moment of
testing [54, 55]; therefore, the results obtained through occasional measurements described above
are insufficient to reveal the true condition of a grounding grid in a timely manner. This situation
motivates researchers to develop online methods to monitor substation grounding grid conditions

continuously and automatically.

1.2.2 Open Conductor Detection

An open conductor is an abnormal operating condition in which one of the three-phase conductors
is open. Undetected open conductor conditions expose power plants to a potentially risky situation
that may develop into a severe failure. One representative example is Exelon’s Byron Nuclear
Station incident in 2012 [56]. An open conductor made the reactor coolant pump motors unable to
start when required, which resulted in the shutdown of Unit 2 at the nuclear station. The open
conductor condition shown in Figure 1.4 has occurred in many conventional and nuclear power
plants, and detecting the open conductor condition involving the backup system has become an
essential requirement, especially for nuclear power plants [57, 58]. There have also been incidents
where an open conductor condition has affected the operation of distributed generators [59, 60].
IEEE Standard 1547-2018 has also established a requirement for detecting the open conductor
condition [61].
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Figure 1.4 Description of the open conductor problem in power plants




Detecting the open conductor condition described in Figure 1.4 is especially difficult because it
causes no apparent current and voltage abnormalities. Specifically, the phase current is almost zero
since the transformer supplies no load. Moreover, such a transformer can recreate a “normal”
voltage on the open phase through electrical or electromagnetic coupling from the two intact
phases [62]. As a result, conventional current- and voltage-based open-phase detection methods
are ineffective [63-65]. To solve this problem, General Electric (GE) proposes a solution to use
high-accuracy optical CTs installed at the primary side of the transformer to differentiate the
“expected” low magnetizing current on the opened phase from normal magnetizing currents on the
two intact phases. The performance of this solution was further tested from field experiments not
very desirable due to the influence of the measurement error of CTs and the capacitive coupling
between the three-phase conductors, considering normal magnetizing currents can be as low as a
few tens of milliamps [66]. In recent years, Electric Power Research Institute (EPRI) has conducted
a series of research to solve this problem, but the methods proposed so far are not very desirable
[67, 68]. The first of EPRI’s methods suggests monitoring the 1%, 31 5% and other harmonic
components in the transformer neutral current and using the change of dominant components to
indicate the open conductor condition. However, the technical justifications behind this method
are not clear. The threshold is difficult to set since the measured harmonics could be affected by
other factors such as harmonic resonance. As a result, it is difficult to conclude whether this
approach would be applicable to many other cases. The second of EPRI’s methods is to apply a
voltage source at the transformer neutral and measure the corresponding excited current. The open
conductor condition is detected if the current is low. This method is expensive and complex as it
requires an additional voltage source. This unsatisfactory situation shows a need for researchers to

develop effective and practical open conductor detection schemes.

1.3 Thesis Scope and Outline

The scope of this thesis is to establish the concept of power-disturbance-based condition
monitoring by developing multiple condition monitoring methods for different types of power
equipment. Specifically, the thesis aims to solve the substation grounding grid condition

monitoring and open conductor detection problems described in the previous section.



This thesis is divided into two main parts. The first part concentrates on substation grounding grid
condition monitoring and is presented in Chapters 2 and 3. The second part focuses on the open
conductor detection problem, and the findings are presented in Chapter 4. The individual chapters

are organized as follows.

Chapter 2 presents an online method for monitoring the substation grounding impedance and thus
the substation grounding grid conditions. The proposed method continuously and automatically
monitors the substation grounding impedance using natural fault currents. The trend of the
impedance change can be observed, providing much more reliable information on the substation
grounding grid conditions than that provided by offline methods. The idea, algorithm, and setup
of the proposed method are explained. Extensive verification, sensitivity, and application studies
are conducted to prove the feasibility and effectiveness of the method using industrial data. A guide

for the implementation and operation of the proposed method is presented.

Chapter 3 presents an improved method over that presented in Chapter 2. The new method uses a
novel test lead consisting of multiple measuring wires, permanently installed in a transmission line
corridor or on a distribution feeder, to eliminate the inductive and soil potential interferences in
the GPR measurement. In addition, by utilizing the 3™ harmonic current as test signals, the method
can estimate the substation grounding grid impedance at short time intervals. The proposed
improvements also make it possible to monitor transmission and distribution substations that

contain transformers with all types of winding connections.

Chapter 4 begins by explaining why an open conductor condition in power plants fails to be
detected by all the existing methods, thus resulting in significant consequences and losses. Two
power-disturbance-based detection methods using natural voltage disturbances and 3" harmonic
power, respectively, are proposed to address this challenging issue. Good performance by both
methods is proved using extensive simulation and experimental studies. Implementation and
practical considerations are discussed so that both methods may be developed into applicable
schemes. These two methods can work individually or in a parallel way to increase the

effectiveness and reliability of the detection.
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Chapter 5 concludes the thesis, highlights its contributions and provides suggestions for future

research.
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Chapter 2: Substation Grounding Grid Condition Monitoring

Using Natural Fault Currents

This chapter presents the initial research completed for the substation grounding grid condition
monitoring topic identified in Chapter 1. Through this research, an online method is proposed to
monitor the substation grounding impedance and thus the grounding grid conditions. The proposed
method utilizes phase-to-ground faults occurring in downstream feeders as the “test current”
sources and a specially selected feeder neutral as the electrode for the Ground Potential Rise (GPR)
measurement. The measured fault currents and GPRs are used to estimate the substation grounding
impedance. Once established, the proposed online method can continuously and automatically
monitor the substation grounding impedance. Since short-circuit faults frequently occur in
distribution systems, the method can estimate the grounding impedance continuously and thus
discover the trend of the grounding impedance change. As a result, the proposed method can yield
much more reliable information on the substation grounding grid conditions than that gleaned by
offline methods. The proposed online method also overcomes many disadvantages of the offline

techniques.

2.1 Substation Grounding Grid

A grounding grid of a substation is an essential component to provide protective functions for the
safety of substation equipment and personnel, especially during faults and other contingencies. A
substation grounding grid typically comprises numerous square or rectangle metallic grounding
conductors, vertical grounding rods, and other auxiliary electrodes such as counterpoises. Such a
grounding grid is buried underground the substation in a size of approximately as large as the

substation footprint. Figure 2.1 illustrates an example of a simple substation and its grounding grid.
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Figure 2.1 An example of a simple substation and its grounding grid

A grounding grid may have external interconnections in substations, such as transmission line
shield wires and feeder neutrals. The entire interconnecting grounding structure for a substation is
called the substation grounding system. Figure 2.2 shows a representative substation grounding
system for distribution substations in North America. Specifically, a substation grounding grid
shown in the center is the main component of the substation grounding system. The upstream
transmission lines may have shield wires for lightning protection. These shield wires are directly
connected to the substation grounding grid. The downstream feeders often have multi-grounded
neutrals. The multi-grounding neutrals refer to the neutral wires grounded at multiple points along
the feeder. The feeder neutrals are interconnected with the substation transformer neutral, which
is grounded to the substation grounding grid. Generally, there are three configurations for feeder
neutrals in North American power systems. (1) Some neutrals may be connected to the substation
grounding grid, as shown in Feeder 1 in Figure 2.2. This configuration is called the full multi-
grounded neutral. (2) Some neutrals may not be connected to the substation grounding grid, as
shown in Feeder 2 in Figure 2.2. Such a configuration is called the isolated multi-grounded neutral.
(3) A few lightly loaded feeders may have no neutral to save installation costs, such as Feeder 3 in

Figure 2.2. Such feeders use earth only as a return path for the zero sequence currents.
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Figure 2.2 Illustration of a typical substation grounding system in North America

The protective capability of a grounding grid is dependent on its conditions. A well-installed and
maintained grounding grid creates an effectively low grounding impedance path for the ground
current dissipation down to the remote earth. As a result, the maximum Ground Potential Rise
(GPR) can be limited within an acceptable range for all possible faults. Moreover, a grounding
grid in good condition can reduce the potential difference on the earth’s surface in and around the

substation and thus eliminate the possible step and touch voltages hazards to personnel safety.

Unfortunately, the condition of a grounding grid can degrade due to various factors such as grid
corrosion, conductor discontinuity, and even conductor theft. Corrosion is the most dangerous
since it 1s hard to visualize and predict among all these factors. The corrosion can damage effective
connections among conductors in a grounding grid. It would be worsened if critical conductors
such as vertical grounding rods were corroded and broken off the grounding grid. The corrosion
rate can reach up to 8.0mm per year for the copper grounding grid. The rate would be even faster
for the steel grounding grid, which is widely used for economic considerations. Undetected
condition degradation or damage of the substation grounding grid may eventually fail the

protective functions, resulting in severe consequences such as personnel injury and death.

Therefore, the condition of a substation grounding grid needs to be assessed as frequently as
possible throughout its service life. The assessment is done by means of grounding impedance
measurement, touch and step voltages testing, and grounding grid integrity testing, depending on
the expert judgement of the condition of the grid [22, 23]. In practice, North American utilities

periodically conduct the grounding impedance measurement every five to ten years unless a
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problem occurs or a substation expansion [49, 53]. Once a large grounding impedance is observed,
diagnostic testing of grounding grid integrity and touch and step voltages is then performed at all
possible locations in and around the substation to locate the suspected degradation and damage.
Only the damaged and corroded parts of the grounding grid will be replaced based on the test
results. This industry practice implies a strong need for technologies that can frequently measure

the grounding impedance and thus timely confirm the condition of the substation grounding grid.

2.2 The Proposed Online Monitoring Method

The proposed method was conceived based on the following observation. When an unbalanced
ground fault occurs in a feeder, a zero sequence fault current flows into the substation grounding
grid through substation transformer neutrals, producing a GPR. This current can be treated as the
“test current” used in offline methods. Estimating the substation grounding impedance becomes

possible if one can measure this current and the corresponding GPR.
2.2.1 Main Idea and Setup of the Proposed Method

The proposed method needs to set up a current loop and a potential loop for current and GPR
measurements. The measured data are then processed using a relay-like processing unit installed
inside the protection and control cabin of the substation. Figure 2.3 shows the overall setup of the

proposed method. The main components of the proposed method are explained as follows.

e Current Loop: The feeder experiencing a phase-to-ground fault serves as the current loop.
The current loop varies with faulted feeders. However, the “test current” is invariably recorded
by a permanently installed current monitor at the transformer neutral, although a portion of the
fault current may return through some neutral rods and conductors if the faulted feeder has a
neutral. Figure 2.3 illustrates the test current loop without showing actual fault current
distributions. A substation typically supplies multiple feeders, and faults may occur on any of

them. Consequently, more feeders bring more opportunities for injecting the “test current”.

e Potential Loop: In North America, the downstream feeders of a substation often have multi-
grounded neutrals. One specific multi-grounded neutral (called neutral M) is selected for the

proposed method to establish the potential loop. A neutral that does not connect to the
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substation grounding grid is not uncommon in North American systems. This is a permanent
setup. The GPR is recorded using a voltage monitor installed at the front-end of the neutral in

the substation.

Synchronized Data Processing: The current and voltage (i.e., GPR) are measured as sampled
waveforms. They are precision timestamped using substation clock signals such as PTP or
IRIG-B and then transmitted using substation Ethernet to the processing unit installed in the
substation. The current and voltage data from all measurement locations are synchronized
based on precision timestamps in the processing unit. This unit extracts the changes of current
and voltage caused by the fault and estimates the substation grounding impedance. This device

can also be designed to store the measured impedances and to perform trend analysis.
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Figure 2.3 Main idea of the proposed online monitoring method

The main advantages of the proposed online method are summarized as follows:

It takes full advantage of existing facilities, such as using natural faults as the power source of
testing, using the faulted feeder as the lead wire for the “test current” injection, and using the
isolated multi-grounded neutral to form the GPR measurement loop. Once set up, continuous

and automatic monitoring can be achieved.

It uses the changes of voltage and current during a fault for grounding impedance estimation,

thus reducing the interference of background voltages and currents. The large fault current also
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enhances the accuracy of the measurements. As a result, more accurate online monitoring

becomes possible while the substation continues to operate normally.

e [t can produce a large number of estimated impedance results by utilizing frequently occurring
faults in multiple feeders and locations. The literature search shows hundreds of ground faults
in a single utility’s distribution network within three to four years [69, 70]. The continuous
repeated measurements reduce the impact of environmental factors on the results and reveal
the trend of substation grounding impedance change. Hence, the corrosion of the substation
grounding grid in incremental progress can be continuously monitored. Moreover, abrupt
changes of the grounding grid conductors due to theft, damage, loss of a detrimental electrode,
and any other issues, which are reflected in a considerable increase of substation grounding

impedances, can be timely detected.

The proposed method uses an existing multi-grounded neutral for the GPR measurement. If such
a neutral does not exist, a dedicated conductor installed along a feeder may be used. Alternatively,

the grounded side of a neutralizing transformer (used for communication systems) can also be used.
2.2.2 Algorithm of the Proposed Method

The voltage monitor at the front end of neutral M and the current monitor at the transformer neutral
record the voltage and current waveforms before and during the fault. The changes in voltage and

current due to the fault can be obtained by subtracting two waveforms as

AV =V it O =V pregiauae (£ = 1o AD)] ‘ig o (2.1)

Al(t) = [iTrn_ﬁzult (l) - iTrn _ prefault (t - nOAt)] |;g o (22)

where Av(t) and Ai(t) are the extracted fault-caused GPR and transformer neutral current;
Vprefault (t — MoAt) and vVfqy (t) are the measured GPRs before the fault and during the fault
steady-state; and irrp prefauit(t — NoAt) and irpp feuue(t) are the measured transformer
neutral currents before the fault and during the fault steady-state. In (2.1) and (2.2), ny is an

integer, t, is the start point, and At is the window length. The window length is selected based
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on power frequency, which can be a single cycle or multiple cycles. The window moves from the

before-fault waveform to the during-fault waveform.

Then, the Discrete Fourier Transform (DFT) algorithm is applied to find the power frequency
components of Av(t) and Ai(t). With the help of the synchronization signals, the corresponding

phasors of GPR and fault current at power frequency can be obtained. They are denoted as

VGPR_measure and Itest .

Finally, the substation grounding impedance Zgys meqsure at power frequency is estimated using

Z Sys _ measure = VGPR _ measure / I test (2 . 3 )

It is important to notice that the injected current may split into three parts, as shown in Figure 2.4,
i.e., the currents passing through the grounding grid I_grim the shield wires of upstream power
lines I, and the feeder neutrals that are connected to the grounding grid Iy. This suggests that
the estimated substation grounding impedance contains the grounding grid impedance Zg,4, the
grounding impedances of transmission shield wires Zg, and feeder neutrals Z, in parallel. The
true value of this grounding system impedance is denoted as Zg,s. The true GPR Vepr can be
then expressed as Vgpgp = Zgysliest. Furthermore, one can also have Vgpr = Zgriqlgriq, since the
transfer voltages from all the neutral/shield wire rods have negligible impacts on the soil potential
at the substation grounding grid. The characteristic of a grounding rod’s small zone of influence is
concluded and compared with that of a substation grounding grid in Appendix A. The target of the

substation grounding grid condition monitoring is the grounding grid, i.e., Z

grid- To improve the

accuracy, excluding those feeder neutral currents may be necessary if there are many such neutrals.
Fortunately, feeder neutrals in North America are often bonded together and then connected to the
transformer neutral through one conductor. In this case, an additional current monitor can be
installed on this conductor to obtain the synchronized current I. With Iy in hand, the substation
grounding impedance Zg,ig measure that can better reflect grounding grid conditions can be

estimated as

4 grid _measure = I7GPR _ measure / (Ttest - 7 N ) (2 4)
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The process to obtain the phasor of Iy is the same as that for I, This action is not needed for
a substation with few or no neutral connections to the grounding grid. For a substation with many
neutrals that are not clumped into one conductor, the current on each neutral wire needs to be
measured individually using current monitors. The total neutral current Iy can be then obtained.
Furthermore, the effect of the transfer voltages on neutral rods from the substation grounding grid
and the effect of the inductive interference in neutral conductors due to the fault current and any
other sources are eliminated by excluding Iy in (2.4). Since installing a current monitor on shield
wires may not be easy, the estimated substation grounding impedance always includes the
grounding impedance of shield wires. Generally, there are only one or two upstream power lines
with shield wires for a distribution substation. Moreover, the shield wire tower-footing electrodes
(rods) suffer negligible transfer voltages from the substation grounding grid since the transmission
line typically has a considerable span length, as seen in Appendix A. The impact of shield wires
on the results is limited [50]. It is also the practice of offline measurements not to isolate the shield
wires. Thus, the substation grounding impedance can be considered to be the results calculated

using either (2.3) or (2.4).

Fault-caused test
Transformer neutral ~ current injection

Distribution feeder
neutrals

Figure 2.4 Fault-caused test current splits within the substation grounding system

2.3 Interference Issues

Although the proposed method is simple in concept, its successful application requires solving

several challenging interference issues. The main issues are identified and analyzed in this section.

2.3.1 Interference Due to Fault Current Injection Caused Substation Soil Potential Change
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When a fault current flows into the substation grounding grid, the soil potential will change. This
implies that the soil near the substation will also experience a non-zero potential. As a result, the
neutral M rods nearing the substation are not at zero potential. This can be understood using the
extra voltage sources (Vsq, -+, Vsp)added to each rod of neutral M, as shown in Figure 2.5. These
extra voltages fade with the increased distance from the substation. With this interference, the
voltage at point X is no longer zero, and the GPR obtained by the voltage monitor is not exactly

equal to the true GPR.

Transformer ~_Soil potential change ) )
neutral — T NeutralM 7 %

Ve 7, - s
7 ,-dl 1 VX LNl NS R e Ai{
an V Zsl Zsz Zs(n-Z) Zs(n-l)

Ground surface { "GP

Ry URp Ry(n-1) H Rgn

S b t t d Xsoil — - = - -
upstation groundin
g & Va @ V5, Vs T Ven

grid -~

Figure 2.5 Impact of the soil potential interference on GPR measurement

The circuit theory shows that if neutral M is long enough, the soil potential change has a negligible
impact on the voltage at point X (i.e., the reference of GPR measurement). Now, the question
becomes how long it is necessary for neutral M to measure the GPR with acceptable accuracy. To
obtain the answer, an index &,;; is introduced to quantify the GPR measurement error due to the

soil potential interference.

Esoil = I7)(soz'1/ I7GPR (2-5)

where Vg, is the voltage at point X due to the soil potential interference. V;pg is the true GPR

of the substation grounding grid.

The equation to calculate &g,;; is derived by nodal analysis using the neutral M circuit shown in
Figure 2.5. In this circuit, node X is considered open since there is a very large impedance of the
voltage monitor. The nodal voltages from node L to node R are denoted as Vy, (k = 1,2,-+,n).

The nodal voltage equation for the neutral M circuit can be written as
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|:I7Nk lm =Y,/ |:I7Sk /ng ]nxl (2.6)

where n is the number of rods of neutral M, and Ry is the grounding resistance of the k'™ rod.

Y,, is the admittance matrix of the neutral M circuit in the dimension of n X n. It can be written

as follows:

L L 0 0 0
Rgl ZSI Z\l
2
1 RN ol 1 0 0
Zsl g2 i=1 Zsi ZSZ
0 0
n=1
0 0 _— L, > € _—
Zx(n—Z) Rg(n—l) i=n-2 Zsi Zs(n—l)
0 0 0 1 1 + L
L Zs(n—l) Rgn Zs(n—l)

where Z, is the series impedance of the k™ span conductor of neutral M.

The voltage Vyg,; at point X is equal to the voltage Vy; at node L, and it can be calculated as

follows:

Vit =V = TY3f [V Ryt | 2.7)

nxl

where vector T=[1 0 --- 0] in the dimension of 1 X n.

Since the k™ rod of neutral M is at some distance from the substation grounding grid, the transfer

voltage at the k'™ rod can be roughly estimated by (2.8) [22].
Ve = pTgrid /(2”dk) (2.8)

where dj, is the distance between the k™ rod of neutral M and the center of the grounding grid.

lgrig is the fault current flowing into the grounding grid. If there are some shield wires or feeder

neutrals connected to the substation grounding grid, I_gn-d is only a part of the fault current.

21



Substituting (2.8) into (2.7), one can have
I7Xsoil = TY]EIIGIDTgVid /27[ (29)
where vector G = [1/(d1Rg1) - 1/(dnRgn)]T in the dimension of n x 1.

Upon substitution of (2.9) and V;pr = Z grid jgn-d into (2.5), the error is obtained as

gsoil = TYﬂ}lG/(Zﬂ-Sgrid ) = fl (Sgrid ’ ng ’ Zsk ’ dk ’ n) (2 10)

where Sgriq = Zgria/p- Since the grounding impedance is always in proportion to soil resistivity

p [22], Sgria 1s actually an indicator of the conditions of the metallic grounding grid.

It is revealed in (2.10) that the error &,;; is dependent on the parameters of neutral M and Sg;4.
The deterioration of the metallic grounding grid, i.e., the increase of Sg;.;4, Will reduce the error,
which is good for grounding grid condition monitoring. The neutral M circuit in Figure 2.5 also
indicates that the soil potential change cancels a part of the true GPR, which tends to reduce the

estimated substation grounding impedance results.

It is worthwhile noting that some neutrals and shield wires (including the neutral in the faulted
feeder if there is one) may exist connecting to the substation grounding grid. Unlike the substation
grounding grid, neutral/shield wire rods have a small zone of influence due to their slender
structures, as shown in Appendix A. Therefore, all the neutral/shield wire rods can be considered

to have little impact on the soil potential at the substation grounding grid and the neutral M rods.
2.3.2 Interference Due to Fault-Caused Voltage Sag

When a fault occurs, the faulted phase experiences a voltage sag. This voltage sag may result in a
noticeable load current change in this phase, causing an unbalanced three-phase load. The
unbalanced load current in the feeder M will induce an electromotive force (EMF) in each span of
neutral M, interfering in the GPR measurement. This phenomenon is described in Figure 2.6,

where these EMFs are denoted as Viyg1, ..., Vingmn-1) and Vign.
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Figure 2.6 Impact of the voltage-sag-caused inductive interference on GPR measurement.

To quantify the GPR measurement error caused by these induced voltages, the index &4 i
introduced in (2.11).

Eind =V ina / Varr

(2.11)
where Vy;,q is the voltage at point X due to the fault-caused voltage sag.

In neutral M, the voltage-sag-caused induced EMF V4, onthe k™ span can be expressed by

Vi = ZamiLavta + Zomic svm +

I

cmk* AMc

(2.12)
where Iy, Inmp, and Iy are the changes of three-phase load currents in feeder M due to the

fault-caused voltage sag on the distribution bus. Z,mk, Zpmk> and Z.py, are mutual impedances

between the three-phase and neutral M conductors in the k™ span, respectively.

One can assume that Z,,x = Zpmk = Zemk = Zmi Since the distances between the neutral and
three-phase conductors are almost equal. Thus, (2.12) can be rewritten as

Vi = Zoe Ut + Ias + Tante) =3Zie L pago

(2.13)
where I, is the change of zero sequence load current in feeder M during and before the fault.

Lyyo can be determined by the zero sequence circuits shown in Figure 2.7. In the figure, Zp, is

the zero sequence impedance of the substation transformer, Zy, and Z.qotherso are the
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equivalent zero sequence impedances of feeder M and all other feeders, including loads, seeing
from the distribution bus. Zs,s is the substation grounding system impedance, including shield

wires and feeder neutrals.

Ver Zrg BUS
| — |

BUS
I Vuso I
\L]AMO
1
3 Z test
s 3 VBUSO ZMO Zeq.otherso

Figure 2.7 Zero sequence circuit for determination of the unbalanced current

Since the zero sequence impedance of the system side is much less than that of the load side, it is
reasonable to assume that the whole fault current flows into the system side. The zero sequence

voltage at the distribution bus can be approximated by
I ]_tesl
Vauso = (3Zg + ZTO)T (2.14)

Since Iiese = Vgpr/Zsys, one can have

32 +Zp,
SLRLLY 7 (2.15)

TAMO — I7BUSO —
ZMO 3ZsysZMO

Substituting (2.15) into (2.13), the voltage-sag-caused induced EMF V4 on the k™ span is
given by:
_—_— 3Z

V _ SyS
indk
z sys z MO

+Z _
2 Z,iVirr (2.16)

Following the same nodal analysis approach in section 2.3.1, the nodal voltage on the neutral M

conductor, Vyy, can be determined by
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Vinar [ Z51
Va2 Zs2 =Viar | 251
7 ] =Yt : 2.17)
Vind(n—l) /Zs(n—l) - _ind(n—2) /Zs(n—Z)

- Ian(llfl)/Zs(nfl)

L dnx1

Substituting (2.16) into (2.17), the voltage at the node L is given by:

_ 1 3ZSyS +Zry =
Vo =TYH—2 "0 (2.18)
sys“MO

where vector H is in the dimension of n X 1 as

T
[Zml/Zsl [Zm(i+1)/Zs(i+1) - Zmi/Zsi] - Zm(n—l)/Zs(n—l)] , L= 1,2,---n—2.

1x(n-2)
Thus, the voltage at point X due to the voltage-sag-caused inductive interference can be expressed

as
32y +Zpy

Vina = Vo1 * Vinan = (TYy H+Z,,)—"——Vspp (2.19)
sys“MO

where Z,,, isthe mutual impedance between the connection wire X-L and phase conductors, and

Vinan 1s the induced EMF on the connection wire X-L.
Finally, the error &;,; can be expressed as

+Z

_ —1 3Zsys T0
Eind = (TYM H+ Zmn)— = f2(Zsys’ZTO’ZMO’ng’ka’Zsk’Zmn’n) (220)

sys“=MO

It can be seen in (2.20) that the error &;,4 is determined by the parameters of neutral M and the
substation transformer, the load level of feeder M, and the grounding system impedance. Since the
lower the load level, the higher the zero sequence impedance Z,, it is preferred that the feeder

with lower loads is considered as feeder M. Equation (2.20) also shows that the increase of
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grounding system impedance Zg,,, which is caused by the grounding grid deterioration, reduces

the error. There is no out-of-control error increase with deteriorated grounding grid conditions.
2.3.3 Interferences Due to Fault Location

The fault location may impose interferences on GPR measurement in three ways, as illustrated in
Figure 2.8. First, the fault changes the soil potential near the fault location and thus changes the
substation GPR if the fault is too close to the substation. Second, the transfer voltages in the soil
coupled on the neutral M rods (V&, -+, V) may interfere in the GPR measurement if the fault
occurs too close to neutral M. Third, the fault current in the faulted feeder may induce an EMF on
each span of neutral M as V£ ,;, -, Vifld(n—l)ﬂ and V£ ., if the neutral M is close enough to the
faulted feeder. These induced voltages will result in a non-zero voltage at terminal X and cause

errors on the measured GPRs.

Feeder

/auff(1 test 60“£(¥“Ce
] —i v&‘i Feeder M
Equivalent 7 B V 7 V
indi ind 1 ind2 ind(n—1)
system V) @1 O = R Neutral M
Ground surface Z; Zs_‘Z - k) ..,.Fault point
A VL -f%f:‘_:;:::;:rs‘-: ‘‘‘‘‘ 17 ™™ rest
S v Sl $2 Sn
Gro;};a]};“g uuuuuuuuuuuu Seil potential'interference
system 1

Figure 2.8 Impacts of fault current’s interferences on GPR measurement

2.3.3.1 Soil Potential Change at Substation

The impact of soil potential change, when a fault is close to the substation, can be understood by
Figure 2.9, where Z; fqy; indicates the grounding impedance at the fault location. The measured
GPR of the substation grounding grid is reduced by the soil potential dip due to the soil potential
change at the fault location. As the fault point should be at some distance from the substation, this

change can be approximately estimated by [22]

26



Vepia = Pl [(27d ) 2.21)

where V.., is the transfer voltage from the fault point to the substation grounding grid, and ds

is the distance between the fault point and the substation.

Since liesr = Vgpr/Z sys» the error caused by the transfer voltage is introduced as
6_‘Fgrid = Vé;id /VGPR = 1/(27rdesys) = f?x(Ssys’df) (222)
where S, is defined as Zgy,s/p.

True GPR “'Ground potential
175; id | * Ground potential without interference (around substation)

Measured GPR K‘ ~/ Gr:ynd potential with interference I/Faul‘ted feeder

-

~7
.......  r—

Ground surface

Zg.fault

Figure 2.9 Illustration of the impact caused by the fault close to the substation

It is revealed in (2.22) that the error &ggyiq is determined by the distance between the substation
and the fault location, and Sg,s. Again, the deterioration of the grounding grid always reduces the

error. This error can be significantly reduced if the fault is at some distance from the substation.
2.3.3.2 Soil Potential Change at Rods of Neutral M

Similarly, the rods of neutral M may experience soil potential change if the fault point is close to
neutral M, as described by V&, -+, VI, in Figure 2.8. This decreases the potential of the neutral
M rods, resulting in a negative potential at point X and an increase of the GPR read. To quantify

this error, the index &gg,;; 1s introduced as follows:
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Epsoil = V)Zoil / I7GPR (2-23)

where V{,,; is the voltage at point X under fault-current-caused soil potential change at each rod

of neutral M.

Ersoir 18 derived following the same nodal analysis approach in section 2.3.1. The nodal voltage

Vi is determined by

(7 ] =Yar [ 75 /Rat | (2.24)

nx1

where V&, isthe soil potential change at the k'™ rod of neutral M due to the transfer voltages from
the fault point. It can be roughly estimated using (2.25), as the fault point should be at some

distance from each rod of neutral M.
Vi = Pl /(27d ) (2.25)
where dyy is the distance between the fault point and the k" rod of neutral M.
Substituting (2.25) into (2.24), one can have
Voot =V =TYy Ppl [22 (2.26)
where vector P = [1/(df1Rg1) - 1/(dnRgn)]" in the dimension of n X 1.

Substituting (2.26) and Vipr = LiestZ sys 1nto (2.23), the error is expressed as

5Fmil = TYAjIIP/(zﬂssyx ) = f4(Ssysadfkang’Zsk’ n) (227)

It can be seen from (2.27) that the error €gg,;; is determined by the parameters of neutral M, the
distance between the fault point and neutral M rods, and S;,s. Again, the deterioration of the
grounding grid always reduces the error. The error can be significantly reduced when keeping the

neutral M an adequate distance from the faulted feeder by properly selecting faulted feeders.
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2.3.3.3 Fault Current Caused Induction on Neutral M

If the faulted feeder is close enough, the fault current may induce significant EMFs on neutral M.
The mechanism of this interference is the same as the one presented in section 2.3.2. To quantify
the error, the index &pjpq is introduced in (2.28), where V5, is the voltage at point X due to the

fault current induction.
EFind = V)gnd / VGPR (2-28)

Erina can be studied using the same nodal analysis approach in section 2.3.2. The final equation

can be obtained as

— -1 F F
EFind = (TYM Q + Zmn )/Zsys = fS(Zsys’ ka ’ ng ’ Zsk ’ I’l) (229)

where ZE . is the mutual impedance between the connection wire X-L and the faulted feeder. Q

T
isa nx1 vector, [Zrlizl/zsl [Z a1/ Zsgivny — Zrili/zsi]lx(n_z) _Zan(n—l)/Zs(n—l)] .
The error &g;py is determined by the parameters of neutral M, the distance between the faulted
feeder and neutral M, and Zj,,s. Once again, the deterioration of the grounding grid always reduces
the error. The proper selection of the faulted feeder to give neutral M enough space from the faulted

feeder can significantly reduce this error.

It is worthwhile noting that the impedances Zy and Zgy,, are represented in a concentrated way
in Figure 2.8; however, the location of these neutral/shield wire rods is diffuse. Due to the transfer
voltages from the fault point to these grounding rods, the estimated errors €ggriq and &pgoy may
have a slight difference, especially when observing the grounding system impedance Zsys measure
using (2.3). In addition, the fault current flowing through the neutrals of adjacent feeders can
induce EMFs in the neutral M and thus changes the error &g;,4. However, this is a minor impact
because sufficient distances between the selected neutral M and the other feeders have been a

requirement proposed by the methodology.
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2.4 Discussion on the Interference-Caused Errors

The interferences essentially originate from the fault current. This fault-caused disturbance affects
the GPR measurement in different and independent ways. Each interference-caused error is added
at either terminal X or terminal G, as shown in Figure 2.10. The true value of GPR, V;pg, can

therefore be obtained by (2.30).

74 72 . 74 78 7 7 F 7 F
VGPR - VGrid - VGPRimeasure + VXsoil + VXind - VXsoil - VXind (230)

G VGPR _measure 7

s (O—— 00—
VG*(R l 7 VXind Xind V eoil
& Sys i
_ I 24
VGrid test VXsoi /

Figure 2.10 GPR measurement with various interferences

The total substation grounding impedance estimation error € can therefore be expressed as

& =Epip T Epg t+ EFgrid ~ €Find ~ €Fsoil (23 1)

2.4.1 Characteristics of Interference-Caused Errors

According to the analysis and expressions of the five errors, one can find that all these errors are
independent of the fault current. This suggests that the magnitude of the fault current does not
affect the measurement accuracy. During the fault, these errors exist simultaneously, but they do

not impact each other.

The deterioration of the substation grounding grid always reduces the errors, which is good for
guaranteeing the accuracy of measurements since the concern arises when the grounding grid

condition worsens.
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The parameters of neural M are involved in all the errors. This means that the neutral M must be

carefully selected to reduce the interferences.

The analysis has shown that the interference caused by the substation soil potential change due to
the nearby fault and the interference caused by the neutral M rod potential change due to the
substation potential rise during the fault reduce the GPR read, while the interference caused by the
neutral M rod potential change due to the nearby fault increases the GPR read. The phasor
diagrams in Figure 2.11 give us a rough idea of how the two inductive interferences affect the
substation grounding impedance measurements. Figure 2.11(a) shows the phasor diagram for the
voltage-sag-caused inductive interference. If the fault occurs at phase A, the voltage sag appears
at phase A. The unbalanced current I,,, has the opposite direction of V, when the load is of
high power factor. The induced EMF on the neutral M V;,,; lags I, almost90°. Figure 2.11(b)
shows the phasor diagram for the fault-current-caused inductive interference. In this case, the fault
current lags ¥, 90°. The induced EMF V£ , is therefore in the opposite direction of V. In both
cases, the induced EMF tends to increase the GPR read, leading to a higher grounding impedance
measurement. The above observations suggest that all the errors do not simply add up to make

things worse, making our expectations optimistic when dealing with interference issues.

72 i F
_ Vind : Vind < >
[ Z ] N — ‘\ A
unb : 4 VA _ \
7 : VGPR _ mea:s’qre —
test : 17 \ 1
¢ YGPR _measure VR vy test
I7GPR v Vorr™
(a) Impact of error &;,4 (b) Impact of error &gjpg

Figure 2.11 Phasor diagrams to explain the impact of inductive interferences

2.4.2 Ideas to Reduce or Limit Errors

Each error should be limited to an acceptable range for the proposed method to work. Based on
the analysis conducted in the previous sections, possible solutions to reduce errors can be identified

and are explained here:
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For the interference caused by substation soil potential change due to fault current injection,
the neutral M should be long enough to limit the error. The minimal length of neutral M needs

to be determined.

For the interference caused by voltage sag, the load impedance plays an important role. A lower
load level results in a smaller error. Therefore, a feeder with lighter loads is preferred when

selecting feeder M.

For the interference caused by substation soil potential change due to a nearby fault, the closest

distance of the fault point to the substation, resulting in acceptable errors, should be identified.

For the interference caused by the potential change of the neutral M rod due to a nearby fault,

the minimal distance between the fault point and the neutral M should be determined.

For the interference caused by induction from the faulted feeder, the fault occurring at the

feeder that is too close to feeder M should not be used.

In summary, it is possible to achieve reasonable accuracy by selecting a proper feeder as feeder M

and by using only a selected set of faults for grounding impedance estimation. These ideas need to

be investigated using realistic data from actual cases. The investigation is presented in the

following sections.

2.5 Verification Studies

To verify the proposed method, simulation studies were performed using a realistic case based on

industry data.

2.5.1 Description of the Study Case

The overall system of this study case is shown in Figure 2.12. A 138/25kV transformer in A-Y

connection is powered by a transmission line with an equivalent power supply. There are four

feeders, at the end of which all the loads are in Yy connection with a 0.95 lagging power factor.

The parameters of the transmission line and the feeders are presented in Figure 2.13 and Table 2.1.
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Figure 2.13 Physical structures of power lines

The details of the neutral of the 4" feeder (selected as neutral M for the GPR measurement) and
the substation grounding grid are shown in Figure 2.14 and Figure 2.15, respectively. Feeders 1~3
are at an angle of 180°, 135°, and 90° clockwise to neutral M, respectively. The soil resistivity is
assumed as 100Qm. To exclude the impact of feeder neutrals that are connected to the substation

grounding grid, a current monitor is installed at the neutral bonding conductor, as shown in Figure

2.12.
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Table 2.1 Conductors of transmission line/distribution feeders

Three-phase conductor Ground conductor
Outer radius (m) 0.0203454 / 0.006375 0.0055245 / 0.0039
DC resistance (Q/km) 0.03206 / 0.3375 2.8645 / 0.8530
Type Chukar / 3/0 Pigeon > High Strength Steel /#2 Haddock

Ground surface
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Neutral M
Ground surface —|
LA A A A LA R A A R 2 S Y, |
/
- UL TR | s
Grounding ,[100m_100m 100m NS
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Figure 2.14 Layout and parameters of neutral M
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Figure 2.15 Layout and parameters of the substation grounding grid
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2.5.2 Simulation Platform and Parameter Determination

This study involves grounding studies and fault studies at the power system level in the time
domain. No single software can directly conduct such simulations to verify the proposed method.
Thus, a combined simulation is used. This simulation can reflect all the interferences that exist in
the measurement of the substation grounding impedance. The key idea is that the CDEGS software
is firstly used to calculate the substation grounding grid impedance and the transfer voltages on all
the neutral/shield wire rods from the grounding grid by using the complete substation grounding
grid, all the neutral/shield wire rods, soil resistivity information, and a 1 A test current injection. It
should be noted that the calculated transfer voltage on each neutral/shield wire rod can be used as
the mutual impedance coefficient of the current controlled voltage source module, which functions
as the transfer voltage from the grounding grid, in the following simulation in Simulink. In this
way, a time-varying transfer voltage controlled by a time-varying grounding grid current ig.;q(t)
is built at each neutral/shield wire rod. The fault current, GPR and transfer voltages can be
simultaneously triggered by a fault in one simulation in Simulink. The simulation process is

presented in the following.

Step 1: A test system consisting of modules of power equipment and interferences is structured in
Simulink. The transfer voltage from the substation grounding grid on each neutral/shield wire rod
in the soil is modelled as a current controlled voltage source module with a mutual impedance

coefficient.

Step 2: Parameters of power equipment and interferences are prepared using the numerical
calculation embedded in the MATLAB codes and assigned to the corresponding modules in
Simulink, except for the grounding grid impedance and its transfer voltages on each neutral/shield

wire rod.

Step 3: The grounding grid impedance is simulated in CDEGS by building the complete substation
grounding grid and setting the soil resistivity information. This impedance is fed into the

corresponding impedance module in Simulink.
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Step 4: As the grounding grid, all the neutral/shield wire rods and the soil resistivity are set up in
CDEGS, a transfer voltage on each neutral/shield wire rod is obtained by injecting a 1A current at
the center of the substation grounding grid. The transfer voltages are respectively fed into the
current controlled voltage sources as mutual impedance coefficients at the corresponding

neutral/shield wire rods in Simulink.

Step 5: As all the test system parameters are prepared in Simulink, a time-domain simulation is
conducted (with a single-phase-to-ground fault). The outputs of interest are obtained to run the

proposed algorithm.

It is shown in Appendix A that the transfer voltage from the neutral/shield wire rod decays quickly
to a negligibly low value in a short distance (e.g., the transfer voltage from a regular rod is reduced
to 1% of its GPR in about 50m). In consideration of their separated distance in practice and for the
sake of simplification in the simulations, there is no need to consider the neutral/shield wire rods’
mutual impact and their influence on the substation grounding grid unless two grounding

electrodes are too close.

In this study, the self- and mutual impedances of the transmission and distribution lines are
determined using the equations in [71]. Mutual impedances between conductors of each neutral M
span and other feeders are determined using the method introduced in [72]. The substation
grounding grid impedance Zg.;q is determined as 0.8734€Q almost in resistive in CDEGS

simulations. The grounding resistance of neutral M rods is determined as 27.9Q using (2.32) [22].

P 4Lrod
R, = In—"% 1] 2.32
s =2 " ) (2.32)

rod Frod

where p 1is soil resistivity, L,,q and 7,4 are the length and the radius of the grounding rod as

shown in Figure 2.14.
2.5.3 Simulation Results of Substation Grounding Impedance

Assume that a phase C to ground fault occurs on Feeder 1, 3km from the substation. The current

waveforms on Feeder 1 are shown in Figure 2.16. The voltage waveforms on the distribution bus
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are presented in Figure 2.17. During the fault, the ground potential profile around the substation is
shown in Figure 2.18. The fault occurs at 0.2s and is cleared at 0.4s.

Three-Phase Current Waveforms on Feeder 1
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Figure 2.16 Three-phase current waveforms on feeder 1
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Figure 2.17 Three-phase voltage waveforms on distribution bus
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Figure 2.18 Ground potential profile around the substation during the fault
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The waveforms of transformer neutral current, feeder neutral current and substation grounding
grid voltage are “recorded” by the current and voltage monitors (seen in Figure 2.12). They are
presented in Figure 2.19 and Figure 2.20, respectively. The phase A voltage at the distribution bus
is taken as the reference. Before the fault, the currents and voltage at 60Hz are 48+j72A, 24+j40A,
and 13+j22V, respectively. They are mainly caused by unbalanced loads. When the fault enters
steady-state, the 60Hz currents and voltage are 3166-j982A, 1194-j703A, and 1231-j254V,

respectively.
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Figure 2.19 The waveforms of transformer and feeder neutral currents
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Figure 2.20 The waveform of the substation grounding grid voltage

The substation grounding impedances, including and excluding the contribution of feeder neutrals,
Zsys measure A Zgriq measure are 0.3773+j0.0391Q and 0.6317-j0.0407Q, respectively. They
are close to the true values of 0.3961+j0.0865Q and 0.6903+;0.0337€, respectively.

The absolute percentages of five GPR measurement errors, Egir, Eing> Ergria» €Fsoit> ANd Ering,

are 3.1%, 5.2%, 1.3%, 1.0% and 6.3%, respectively. Those errors have different phase angles, and
their phasor summation results in an estimated total error of 13.9%. This estimated total error is

very close to the simulation error of 13.7% when observing Z;,iq measure- The simulation results
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also suggest that the impact of the feeder neutrals is not negligible if many neutrals are connected
to the substation grounding grid. If users intend to include the contributions of the feeder neutrals

to the overall performance of substation grounding, there is no need to measure the current of

feeder neutrals.

More simulation results of eleven phase C to ground faults at different locations are presented in

Table 2.2.

Table 2.2 Simulation results of more fault events

Fault event Faulted feeder Distance to substation Z grid_measure (€©2) Simulation error (%)

Fi Feeder 1 lkm 0.6304-j0.0371 13.42%
| Feeder 1 2km 0.6316-j0.0396 13.59%
F; Feeder 1 4km 0.6317-j0.0415 13.79%
F4 Feeder 1 S5km 0.6318-j0.0423 13.88%
Fs Feeder 2 lkm 0.6434-j0.0333 11.83%
Fs Feeder 2 Skm 0.6540-j0.0463 12.71%
F5 Feeder 2 8km 0.6550-j0.0526 13.49%
Fs Feeder 2 15km 0.6610-j0.0670 15.17%
Fo Feeder 3 lkm 0.6652-j0.0045 6.61%
F1o Feeder 3 3km 0.6748-j0.0064 6.22%
Fu Feeder 3 Skm 0.6726-j0.0074 6.29%

One can see from Table 2.2 that the simulated substation grounding impedances vary with fault
locations due to the contributions of various interferences. Specifically, the errors are similar for
faults in the same feeder. Their differences are slightly larger for faults in different feeders, mainly
due to the impacts of inductive interference from the fault current. Similar to the base case, the
simulation errors in Table 2.2 are close to the corresponding estimated errors from the direct
calculation. Take the Fs case as an example: the estimated error is 12.74%, while the simulation

error is 11.83%. The slight difference (i.e., 6m€2 for 0.9%) may be due to the neglect of the transfer

39



voltages on shield wire rods from the substation grounding grid and the neglect of the inductive
interferences in neutral M from shield wires and neutrals in the estimated calculation. More
importantly, the total errors for these cases are always acceptable. This confirms that the proposed

method has adequate accuracy in measuring the substation grounding impedance.

2.6 Sensitivity Studies

Three types of interferences are expected by the proposed method. Each interference may result in
a GPR measurement error. This section presents the sensitivity studies and the findings on those

errors.
The analytical expressions of the GPR measurement errors were obtained in section 2.4. They are:

e The error &,,; due to fault-current injection caused substation soil potential change:

Zui =TY;/G/(27S,,4) as shown in (2.10).
e Theerror &,y due to voltage-sag caused induction: &, = (TY;/H + Zmn)(3Zsys + ZTO) / (ZsysZ MO)

as shown in (2. 20).

e The errors &pgrig » &psoir and Eppg due to the fault current: Epg,id=1/(27rdesys) ,

Ermg = (TY3/Q+25)/Z,, and &y =TY,P/(275,,) as shown in (2.22), (2.27) and (2.29),

respectively.

It is also shown in (3.31) that the total substation grounding impedance estimation error £ is

& =& &g T €rerid ~ €Find ~ €Fsoil -

The parameters in all the errors’ analytical equations of (2.10), (2.20), (2.22), (2.27), and (2.29)

are detailed and listed as follows:

Y, is the admittance matrix of the neutral M circuit in the dimension of n X n. n is the number

of grounding rods of neutral M. This matrix is composed of the grounding resistance Ry of each

40



rod, and the series impedance Zg;, in each span. The subscript “k” denotes a specific rod or span.

k=1,2--,n.
T:[1 o -- 0]

G=[1/(diRg1) - 1/(duRg)]”

T
- Zm(n—l)/Zs(n—l)]

H = [Zml/ Zsi |Zmeny/ Zoqery = Zmil Zail sy

P=[1/(df1Rg1) - 1/(dnRyn)]"

T
Q= [2511/251 | Zhiv1y/ Zsqiny = Zamil Zsi] - Zﬁl(n—l)/ZS(n—l)]

1x(n-2)
d; is the distance between the k™ rod of neutral M and the center of the grounding grid.

dsi 1s the distance between the k™ rod of neutral M and the fault point on the ground surface.
Zmk is the mutual impedance between neutral M and phase conductors in the k'™ span.

ZE . is the mutual impedance between neutral M and the faulted feeder in the k™ span.

Zyo 1s the zero sequence impedance downstream feeder M.

Zrq 1s the zero sequence impedance of the substation transformer.

Zsys 1s the substation grounding system impedance, including the substation grounding grid,

transmission shield wires, and feeder neutrals that are connected to the substation grounding grid.
Ssys 1s defined as Zgy5/p.

Z

gria 18 the substation grounding grid impedance.
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S

gria 18 defined as Zg,.;4/p. It can be approximately estimated using (2.33) [22], where A is the

area occupied by the substation grounding grid. The approximations of Sg,;4 for some typical

sizes of distribution substations are shown in Table 2.3.

7 .
Soug =4~ L T (2.33)
o, 4\ A4

Table 2.3 Approximations of S,;q for typical sizes of distribution substations

Size (m>xm) 30x30 50x50 90x90 100x100 150x150

Syrid 0.0148 0.0087 0.0049 0.0043 0.0030

For simplicity of investigation, it is first assumed that neutral M lies in a straight line and uses the
same conductor in each span. Thus, two independent parameters of neutral M, span length Ly and
total length L,,, can be used to replace the contributing factors dj, Zs, Zmk, and n identified
in the error equations of (2.10), (2.20), (2.22), (2.27) and (2.29), since d, = d; + (k —1)Lg,
Zg =ZiLg, Zmy = ZmLg, and n = Ly /Lg, where d; is the distance between the 1% rod of
neutral M and the center of the grounding grid, Z; is the self-impedance of the neutral M
conductor per meter (in &/m), Z,, is the mutual impedance of neutral M and phase conductors

per meter (in €2/m).
2.6.1 Error Due to Fault-Current Injection Caused Substation Soil Potential Change

The absolute value of this error, &g,;;, can be written as

o o |Smas]| TVG |

soil —‘ S H o Sgrid.B‘z ksgria€soir. (2.34)

where the subscript ‘B’ indicates the base case shown in section 2.5. Sgr.;qp = 0.0087.

kSgridzlsgrid.B /Sgrid | .

42



Equation (2.34) shows that the error is caused by two factors: neutral M and Sg,;4. The base case

erTor &g, Only varies with the total length, span length, and grounding resistance of neutral M.
In practice, the neutral span length is generally between 50m and 400m [73], and the grounding
resistance may vary from 52 to 1002 due to the soil resistivity variation. Notice that the neutral’s
grounding resistance should be normally maintained at around 25Q or less [74]. The base case
errors with varied total length, span length, and grounding resistance of neutral M are shown in

Figure 2.21.

As expected, &5, 5 decreases with the increase of the total length of neutral M and approaches a
saturated value when neutral M is longer than 2~4km. This can be understood as follows: the
transfer voltages in the soil at the first several rods of neutral M are much higher than those at the
remote rods. As a result, the resulting voltage at the substation terminal of neutral M stays a
constant, and thus the error is no longer changed when more spans are added to the remote end,
i.e., neutral M becomes longer. Also, &,;; 5 increases with the decrease of grounding resistance

and span length of neutral M.
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Figure 2.21 Error &4, p for neutral M with different total lengths, span lengths, and grounding

resistances

Furthermore, the coefficient kgg.iq in (2.34) suggests that Sg,;4 for any other grounding grids

may result in 0.59~2.91 times of error &g,;; 5. In the worst-case situation in which the substation
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area is 150mx150m, the maximum value of error &g,; is about 23% if the neutral M is longer

than 1km. This error increases with the increase of the substation grounding grid area.

The coefficient kggriq can also be interpreted as the indicator of the deterioration of the grounding
grid for a given substation. When the grounding grid condition becomes worse, the value of kggyig

becomes smaller, resulting in a lower error.

Additionally, when neutral M does not leave the substation in a straight route in some suburban
situations, the substation grounding grid’s transfer voltages on some neutral M rods, especially the
far-end rods, will be higher than those of the straight-line case used in the base case. This will only
slightly increase the error &g,;;, due to the neutral M rods experiencing similar transfer voltages
when they are more than 5Dg,iq (Dgrig stands for the diameter of the grounding grid) from the
center of the grounding grid as shown in Appendix A. In a very unfavourable situation adapted
from the base case that the neutral M has its first 2 rods (i.e., the first 200m) in a straight route and
the other rods are all 200m away from the grounding grid, the error &g,;; is 8.42%, which is still
acceptably low. If the straight route section is 400m and the other rods are 400m away from the
substation grounding grid, the error &g,;; i1s 5.19%. The increase is only 2.06%, compared with
the base case error &, 5 0of 3.13%. For substations situated in downtowns, more research is

needed as ungrounded feeder neutrals are more likely used for power distributions.
2.6.2 Error Due to Voltage Sag Caused Induction

The absolute value of this error ¢;,4 can be written as

(3+210)
Z.. \z (TYy, H+Z, )3Z, 5+ Zros)
Eind = Zsys | MO'B” ud = 20 L |:kT0kM05ind.B (2.35)
(3+ﬂ) | Zyo ” Zsys.BZMO.B ‘
sys.B

where kpg = |(3 +Zro/Zsys)/ (3 + ZTO.B/Zsys.B)l s kmo =1Zmos/Zmol - Zsysp = 0.4054Q,
ZTO.B = 094‘4‘69, and ZMO.B = 4‘89.
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There are two coefficients. The first one, krg, is determined by both the grounding system
impedance and the zero sequence impedance of the substation transformer. The second one, k.,

is determined by the zero sequence impedance of feeder M and its downstream loads.

The base case error, €45, varies with the neutral length and its span length and grounding rod
resistance, as shown in Figure 2.22. The error increases with the increase of the total length, span
length, and grounding resistance of neutral M. The error becomes constant when the total length
exceeds certain values. The shorter span length and the lower grounding resistance of neutral M
are beneficial in reducing the error. If the total length of neutral M is less than 7km, the base case

error can be limited to below 10%.
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Figure 2.22 Error &;,4p for neutral M with different total lengths, span lengths, and grounding

resistances

Coefficient kro contains Zg,s and zero sequence impedance of transformer, Zr,. The size of
transformers in distribution substations may range from 25MVA to 250MVA. Their Z;, seen at
the secondary side is in a range of 1.25Q~0.125Q at the base of 25kV (assume Z7y%=5%). If
Zsys 1s fixed at the base value 0.40544, the transformer size will change kg, between 0.62~1.14,
causing a limited impact on error &;,4. If a base value 0.9446Q is assigned to Zry, kro changes
from 1.45~0.65 when Zg,s increases from 0.2Q to 2Q. The maximum range for kgy is

0.57~1.74.
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Coefticient kj, mainly depends on the load level of feeder M. The lighter the loading is, the
larger the impedance will be. In the base case, Zyop is 48Q as the feeder M has a Y, connected
loading of 13MVA, neglecting the zero sequence impedance of feeder M conductors. Table 2.4
shows the values of Zy, for different loadings in the Y, connection. Hence, ko can be in a

range of 0.19~1.92, when the loading ranges from 2.5MVA ~ 25MVA. Therefore, the low loading

significantly helps to reduce the error.

Table 2.4 Interpretation of Z,;o from loadings of a 25kV feeder

Loading (MVA) 25 12.5 8.3 5 2.5

Zyo Q) 25 50 75 125 250

It should be noted that some industrial loads can be supplied by three-phase service transformers
connected in Delta [75]. These loads provide no zero sequence currents to the fault-caused voltage
sag. Hence, the actual Z,,, can be larger than the above loading-based estimations, which in turn

will decrease the coefficient k,;, and the error &;,4.

Combining the ranges of kg ¢ and kj;, one can have

g, =(0.11~334)x¢, ., (2.36)

Equation (2.36) shows that all factors other than neutral M may result in 0.11~3.34 times the
variation on the base case error. This error should be reduced. Since the substation grounding

impedance is not under control, using a low load feeder M is critical to reducing this error.

2.6.3 Errors Due to Fault Current

The fault current causes errors from three aspects, changing the soil potential at the substation,
inducing EMFs in the neutral M, and changing the soil potential at grounding rods of neutral M.

They are studied in the following.
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2.6.3.1 Soil Potential Change at Substation

The absolute error &pgriq can be written as

e

2ﬂ-desys.B

_ |pSsys.B
EFgrid —‘ <

Sy

% = styS EFgrid B (2.37)

where kZSy5:|ZsyS.B/ZSJ’S|'

This error is inversely proportional to Ss,,¢ and dy, i.e., the distance between the fault point and
the substation. The sensitivity study results are shown in Figure 2.23. The base case error

Ergria.p<3.9% when ds>1km. Since Zg,; may range between 0.2Q~2Q and the base case Zgy5 g

is 0.4054Q, kg, canrange between 0.2~2. Hence, €pgriq<7.8%.
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Figure 2.23 Error &pgriq p for different fault locations
2.6.3.2 Inducing Voltages on Neutral M Conductors

The severity of the inductive interference is strongly dependent on the distance between the
current-carrying feeder and the targeted conductor. Since all feeders start from the substation, the
angle 0 between the faulted feeder and neutral M becomes an essential factor affecting the

induction caused error, as shown in Figure 2.24.

The absolute value of this error €g;q can be written as
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Zsys.B
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Y, /Q+ 2",
7z

sys.B

EFind =

‘ = kzy5€Find (2.38)

For the base case dy=3km, the variation of error &pjnqp with the separation angle 6 is shown
in Figure 2.25. The results for different df are also compared in this figure. One can see from

Figure 2.25 that the angle 6 is indeed the dominant contributing factor to error &ginqgp. By
contrast, the fault distance d; has negligible impacts on this error when dy =1km. The error is

less than 12% if 45° < 0 <315° is satisfied.

Neutral M
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X L Zsl Zs2 Zs(n-2) Zs(n—l) R

Ground surface

?Rgl ‘ULRgZ ERg(n-l) ?Rgn
Substation grounding grid 1 L < <

Figure 2.24 Illustrations of the faulted feeder at an angle 8 to neutral M and the fault point location to

the substation
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Figure 2.25 Error &g;,q p for different fault point locations and angles between the faulted feeder and

neutral M

Furthermore, at the angles of 8=45° and 6=180°, the error ;4 caused by different neutral M
parameters, using the base case data (dy=3km), is shown in Figure 2.26. One can see that the error

€rina 1ncreases with the increase of the total length, span length, and grounding resistance of

48



neutral M. When the total length is longer than 2~4km, this error enters the saturated area. This
error is sensitive to the span length. A shorter span length is beneficial for reducing this error. With

angles of 6=45° and 6=180°, the error ranges from 7~16% and 4.5~7.5%, respectively.
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(b) 6=180°
Figure 2.26 Error &p;,q for neutral M with different total lengths, span lengths, and grounding

resistances

As kys,s may range between 0.2~2, the maximum value of this error &€r;,4 can be about 32% in

an extreme case. Fortunately, this case only happens when the impedance Z,; is very small as
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0.2Q, 1i.e., the substation grounding grid is under excellent condition. Once the substation

grounding grid condition declines, the error decreases dramatically.

Additionally, the angle 6 between 45° and 315° is only for the beginning section of the faulted
feeder. Take the most adverse situation as an example: assume that the faulted feeder has its
beginning section in 6=45° and the rest section of infinite length is parallel with neutral M. The
error £gipq for different distances between the rest section of the faulted feeder and neutral M is

shown in Figure 2.27.
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Figure 2.27 Error &g;,q for different distances between neutral M and the rest section of the faulted

feeder when @ is 45° for the beginning section of the faulted feeder

One can see from Figure 2.27 that the error &g;,4 1s almost unchanged if the rest section of the
faulted feeder is parallel to the neutral M with a separated distance of 1000m. The error is 35.8%
at most when the distance is reduced to 200m. Considering the different routes of outgoing feeders
in practice, 45° < 0 <315° is only required for the first 1km around the substation. The rest
section of the faulted feeder would have an insignificant impact on the error &€g;,4 unless it is in

a close parallel with neutral M.

2.6.3.3 Soil Potential Change at Neutral M Rods

The absolute value of this error &gg,; can be written as
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= stys ngoil.B (23 9)

For the base case, the error &g, 5 15 expressed using the green contour lines in Figure 2.28. One
can see that the error €pgyi; 5 15 lower than 4% when the fault occurs in the red highlighted area

in the figure, i.e., dy =1km and 45° < 6 <315°.

As discussed, kg, may range between 0.2~2. The error €gg,; for any substations can always

be lower than 8%.
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Figure 2.28 Error &g, p for different fault locations
2.6.4 Impact of Non-Uniform Neutral M Parameters

So far, the sensitivity studies assume that the parameters of neutral M are uniform. However,
grounding resistance and span length may vary in a neutral M at different rods and span sections.
Thus, some study results are presented here to show the impacts of non-uniform grounding
resistance and span length of neutral M on the estimation error €. The studies are done by

conducting Monte Carlo Simulations on the case for the verification studies in section 2.5.



2.6.4.1 Non-Uniform Grounding Resistance of Neutral M

In this Monte Carlo Simulation, each grounding resistance of neutral M is randomly selected from
a lognormal distribution with a median value of 100Qm and 95% below 2000Qm [76]. The
absolute value of error € is then computed. The error results from one million simulation events
are presented in Figure 2.29. It can be found that 95% of the simulation events have an error &
less than 14.33%, and all the errors are within 9.5%~16.5%. They are close to the error of 13.91%
in the uniform grounding resistance case. Hence, one can conclude that the non-uniform grounding

resistance of neutral M has no significant influence on the proposed method.
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Figure 2.29 Monte Carlo Simulation results of & for soil resistivity variation
2.6.4.2 Non-Uniform Span Length of Neutral M

A truncated lognormal distribution is used to select the non-uniform span length. The lognormal
distribution has a median value of 100m, with 95% below 150m and a cutoff at S00m. The Monte
Carlo Simulation is done according to the following steps. An individual value is randomly
generated from the model for one neutral M span. This step is repeated until the lengths of all the
spans are randomly assigned. The total error is then computed. The simulation is repeated one
million times, and the results are presented in Figure 2.30. It can be found that 95% of the
simulation events have an estimation error & less than 14.21%, and all the errors are in a small
range between 13% and 15%. Therefore, one can conclude that the non-uniform span length of

neutral M has a negligible impact on the proposed method.
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Figure 2.30 Monte Carlo Simulation results of & for non-uniform span length

2.6.5 Summary of Findings and Implementation Guide

The sensitivity studies show that many factors may affect measurement accuracy. All errors can

be expressed as a base case error multiplied by their coefficients. The coefficients and the base

case errors for the five errors are summarized in Table 2.5. The conditions to obtain those value

ranges are also presented.

Table 2.5 Value ranges for each coefficient and base case error

Error kande Value range Conditions
ksgria 0.59~2.91 When Sg.q increases
€soil
Es0il.B <8% When neutral M length > 1km
ko 0.57~1.74  When Z7p, increases and Zg,s decreases
Eind ko 0.19~1.92  When the load level increases
Eind.B <10% When neutral M length < 7km
kzsys 2~0.2 When Z,,¢ increases
gFgrid . . .
EFgrid.B <3.9% When the fault is 1km away from the substation, i.e., dg>1km
kzsys 2~0.2 When Zg,; increases
EFind When d;>1km and the faulted feeder is 6 apart from the feeder M
€Find.B <16%
(45°<6<315°) for the first 1km
kzsys 2~0.2 When Zg,,¢ increases
€Fsoil
EFsoil.B <4% When dy>1km and 45°<6<315°
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The base case error studies suggest the most critical factors are the length of neutral M and the
fault location. As long as the neutral M length is within 1~7km, the fault occurs 1km away from
the substation, and the faulted feeder is 8=45° apart from the feeder M, the five errors can be
limited to 8%, 10%, 5%, 16%, and 4%, respectively, as shown in Table 2.5.

When some parameters — such as the substation grounding grid condition, the substation
transformer’s zero sequence impedance, the load level of feeder M — are different from those in
the base case, coefficients kggriq, Kzsys, kro and kyo are used to qualify their impacts by
multiplying the coefficients by the base case error. Furthermore, all the errors are affected by the
substation grounding grid condition. However, when the grounding grid condition worsens, all the
coefficients Kggriq, Kzsys OF kpo decrease, which means all the errors can be less than the base

case Crror.

Error &;,4 has two coefficients, k,;, increases with the increase of the load level of feeder M.
The light-loaded feeder M can significantly reduce this error. Coefficient krq is determined by
the substation transformer’s zero sequence impedance and the grounding system impedance that
is mainly dependent on the grounding grid condition. Careful selection of neutral M can help

improve measurement accuracy.

The observation and analysis lead to the following guide for the implementation of the proposed

method.

1) Selection of Feeder M/Neutral M: A feeder far away from other feeders should be selected as
feeder M. This allows more faulted feeders to act as the test current loop. This feeder should also
have an isolated neutral with a length longer than 1km. The ideal length for neutral M is between
1~7km. If multiple feeders satisfy the above requirements, the light-loaded feeder should be

selected first.

2) Selection of Fault Location: Only phase-to-ground faults occurred at more than 1km away
from the substation and at the feeders that have their first 1km route more than 45° apart from the

feeder M are used for the grounding impedance estimation.
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3) Estimation of Error Range: For a given substation, the substation area and layout, transformer
and neutral M parameters, the load level of feeder M are known. Therefore, the base case errors
and coefficients can be more accurately estimated. With the estimated error ranges, the accuracy

of measurements can be better understood.

2.7 Application Studies

The application process for the proposed online method is presented in this section. The results of

an application study prove the feasibility and effectiveness of the proposed method.
2.7.1 Process of Implementation and Application
The proposed method can be implemented according to the following steps:

Step 1 (Applicability Check): The substation should consist of A-Y, connected transformers and

feeders with neutrals. This type of substation accounts for most of the rural and urban distribution

substations in North America.

Step 2 (Information Collection): Collect the electrical and geographic information of the
substation. This includes the configurations of grounding grid and grounding system, power
transformer, routes of power lines and ground wires, rough load levels of each feeder, and the total
length and span length of each neutral. It is also preferred, but not necessary, to collect historical

testing data of soil resistivity and substation grounding impedance.

Step 3 (Installation Planning): Select the neutral M and potential fault feeders based on the guide

provided in section 2.6.5. Estimate each error range based on the information obtained in Step 1.

Step 4 (Measurement Setup): The measurement setup is completed by adding a connection wire
between the first rod of neutral M and one terminal of a voltage monitor installed in the substation.
The other terminal of the voltage monitor is connected to the substation grounding grid. Also,
current monitors are placed at each transformer neutral and at the feeder neutral bonding conductor

(this is optional). A relay-like processing unit is used to collect the synchronized voltage and
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current measurements and the fault-related information. It also processes the raw measurement

data and runs the online monitoring.

Step 5 (Online Monitoring): For each selected fault, a substation grounding impedance is
estimated based on the guide in section 2.6.5. A trend of multiple grounding impedances can be

created over time. An increasing trend will reveal the degradation of grounding grid conditions.

2.7.2 Case Studies

In the application studies, the basic substation information is the same as that used in the
verification studies. This study mimics the grounding grid degradation and soil resistivity variation

to show what the online monitoring results look like.

The soil is assumed to be in two layers. The resistivity of the top layer soil varies during yearly
normal, raining, and freezing seasons, as shown in Table 2.6 [55]. The depth of the top layer is
1.6m. It is further assumed in the base case (see Figure 2.12) that there are nine single-phase-to-
ground faults on the feeders 1~3 in each year of the 5-year online monitoring. These faults evenly
occur in the three seasons on the feeders 1~3. The locations of all these faults (45 in total) are set

randomly and differently at a distance between 1km and 5km away from the substation.

Table 2.6 Soil resistivity information

Soil resistivity (Qm) Normal season Freezing season Raining season

Top layer 100 1000 10

Bottom layer 100 100 100

The study assumes that the substation grounding grid gradually deteriorates due to corrosion over
the monitoring period. The grounding grid degradation process can be represented by an increasing
grounding grid impedance Zg;q. To achieve this goal, one can incrementally increase the
grounding grid parameter Sg,;4 in the assumed 45 tests from the base case value of 0.0087 to 0.04
under the seasonal soil resistivities shown in Table 2.6. The simulation results of substation

grounding impedance are shown in Figure 2.31.
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It can be seen in Figure 2.31 that an increasing trend of these grounding impedances can be found,
indicating that the grounding grid is in the process of degradation. The occasional results, such as
A, B, and C in the figure, are insufficient to tell this truth. The true values of the substation
grounding impedances are also compared in the figure. The total errors are between 4.38% and

13.90%.

Using the given substation information, the errors are estimated and presented in Table 2.7.
Compared to those in Table 2.5, the ranges of these errors are narrowed down, providing more

confidence in the results.

Table 2.7 Error ranges for the application case

Errors Coefficients Base case errors
Esoil < 7.9%~1.3% kSgTidIINO-ZZ EsoilB < 7.9%
Eind < 86%"‘51% kT0:11~065 and kMozl Eind.B < 78%
Ergrid <4.7%~0.1% styS=1.2~0.2O EFgrid.B <3.9%
Erina < 17.0%~2.8% stys:1'2~0-2O €rinap < 14.2%
Ersoit < 4.8%~0.8% styS=1.2~0.2O Epsoite <4.0%
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Figure 2.31 Results of substation grounding impedance
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2.8 Discussion on the Impact of Substation Configurations

The proposed method is intended for distribution substations in North America. Many of such

substations supply feeders using A-Y, connected transformers due to protection requirements. For
a distribution or transmission substation consisting of Yg-Y, connected transformers, this method

may not be applicable. This is mainly because the zero sequence fault current in each incoming
transmission line during an unbalanced ground fault may produce an additional but significant
induced voltage on the neutral M. To avoid this additional inductive interference and the inductive
interference from feeder currents at the same time, one may fail to select a qualified feeder M /
neutral M for the GPR measurement. Also, the induced currents in the transmission shield wires
will significantly impact measurement accuracy. Fortunately, this issue can be solved by excluding
all shield wires in the substation grounding impedance measurement, at the cost of deploying
additional current measurements at the connecting points of each shield wire and the grounding
grid. The method may be applicable for transmission substations if A-Y, transformers are used.
When no outgoing feeders/neutrals are available, a dedicated test lead for the GPR measurement
should be designed and permanently installed to act as neutral M, and measurement accuracy
should be assessed having regard to different configurations between distribution and transmission

facilities.

It is also worth noting that the distribution substations in Asia and Europe may supply ungrounded
or resonant grounded feeders. Ground fault currents are very small. The proposed method cannot
work for such substations, at least directly. However, further research may show how the method

may be extended by utilizing ground fault currents on the transmission lines.

2.9 Conclusion

This chapter presents an online method for continuously and automatically measuring the
substation grounding impedance. The proposed method uses naturally occurring fault currents as
the test currents. The corresponding GPR is measured using an isolated multi-grounded neutral.
The test current and potential loops are installed permanently. Over time, the trend of the grounding
impedances estimated using the proposed method can provide a much more detailed picture of

grounding grid conditions than an occasional single test result obtained using offline methods. The
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main challenges faced by the proposed method are various interferences that can cause
measurement inaccuracy. The main factors affecting the interference-caused errors are identified
through analytical studies. Multiple ways to mitigate the impacts of those interferences are
identified. Based on the sensitivity study results, a guide for selecting the feeder for the GPR
measurement and the faults as “test current” sources has been developed. By following the guide
and the proposed implementation requirements, reasonable measurement accuracy can be achieved.
Furthermore, the estimated ranges of measurement errors due to different interference factors are
provided to give users additional confidence in the results. The application study shows that the

trend of impedance variation is a more useful indicator of the substation grounding grid conditions.
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Chapter 3: Substation Grounding Grid Condition Monitoring

Using Natural 3" Harmonic Currents

This chapter proposes an improved method for online substation grounding grid condition
monitoring. The proposed method overcomes the main limitations of the fault-current-based
method presented in Chapter 2. As a result, it is applicable for all distribution and transmission

substations.

3.1 Limitations of the Fault-Current-Based Method

The fault-current-based method presented in Chapter 2 has limitations. The method aims to take
full advantage of existing facilities; specifically, it uses an isolated multi-grounded neutral (called
the neutral M) for online GPR measurement. As a result, the neutral M inevitably suffers inductive
interferences from the fault current on the power line nearby. Since it is not practical to redesign
the existing feeder neutrals, the way to reduce such inductive interferences is to select an available
neutral as the neutral M (for the GPR measurement) that is at a distance away from other power
lines. This could limit the applications of the method if such a neutral/feeder is unavailable.

Secondly, the method cannot work for substations with Yg-Y, connected transformers. In this case,

transmission lines also contain zero sequence fault currents and thus may generate additional
severe inductive interference on the neutral M, considering that outgoing neutrals for a substation
are often limited in numbers. A third limitation is that the method requires natural phase-to-ground
faults in the downstream distribution systems at certain locations. Thus, valid “test signals” may
not occur as frequently as desired. Consequently, the method may fail to draw reliable conclusions
on the grounding grid conditions over a specific period when there are insufficient functional

natural faults.

3.2 Proposed Improvements

In order to overcome the limitations discussed above, additional research work has been conducted.
This research has led to the invention of a multiwire technique for the GPR measurement.
Combining this invention with the idea of using the 3™ harmonic current as a test signal has

resulted in a much more versatile and effective online monitoring method.
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3.2.1 A Multiwire Technique to Reduce Inductive Interference

As discussed earlier, inductive interference can cause difficulties in selecting neutral M for the
fault-current-based method. One solution to this problem is to have a dedicated GPR measurement
wire. However, this wire can also experience inductive interference. Through extensive research,
we have developed a novel idea that can reduce inductive interference on the one hand and provide
adequate GPR measurement on the other. The corresponding method is called the “multiwire GPR
measurement technique,” or simply the “multiwire technique.” As shown in Figure 3.1, three
measuring wires of different lengths are compacted together and laid below a power line which is
the source of interference. It is worth noting that the large separation distances between measuring

wires in Figure 3.1 are exaggerated for illustrative purposes only.

Power lines

]
I Inductiv li ﬁ
", |Inductive|coup mg@
_ -
M?2 QL L3 VEMF
— L .
Substation VMI . LV, - 1 Wire#2
grounding grid p @_ 1 wire #1
LV eyr
b e

Note: Separation distances between measuring wires are exaggerated for illustrative purposes

Figure 3.1 Illustration of the proposed multiwire GPR measurement technique

For the ith measuring wire (i = 1, 2, 3) in Figure 3.1, one can have the following equation:

VMi = VGPR - LIVEMF +e, (3.1)

where Vy; is the voltage measured by the ith measuring wire’s voltage monitor. V;pp is the
GPR of the substation grounding grid to be determined. Vg is the induced electromotive force
(EMF per kilometer) on the measuring wire. L; is the length of the ith measuring wire. &,; is
the measurement error of the voltage monitor at the ith measuring wire. This noise typically

follows the Gaussian distribution [77-79].
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Assuming there are three measuring wires, a least-square algorithm can be used to estimate the
GPR while minimizing the sum of the squares of the monitors’ measurement errors. The resulting

solution is as follows:

1 -L, |1 -L, 1 =L, || Vs (3.2)

v, _
ol U -L |1 -L]] [1 -L]|7,,

_ P S 1 O S O S 9%
The technique’s performance on inductive interference reduction has been verified through
extensive field experiments. One illustrative case is presented in the following. As shown in Figure
3.2, awire of 150m was laid under a 230kV transmission line to mimic an equivalent GPR at point
A by receiving the inductive coupling from the overhead power line. This wire was called the
“GPR-generating wire.” Another four measuring wires in lengths of 25m, 50m, 75m, and 100m
were laid in the opposite direction. All the measuring wires received inductive interference from
the same power line. Their voltage measurements were used to estimate the equivalent GPR
generated at point A by the GPR-generating wire. Each wire was grounded at the far-end using a
grounding rod. Two power quality monitors were used in synchronization. Specifically, PQ
monitor 1 with four channels was used for the measurements of the four measuring wires, while
PQ monitor 2 measured the equivalent GPR at point A. Based on (3.2), the induced EMF per
kilometer and the equivalent GPR at point A at both 60Hz and 180Hz were estimated using two
measuring wires, three measuring wires, and four measuring wires, respectively. The estimated

results were compared with the direct measurements as presented in Figure 3.3.

Power line [Pexsvean [nes

Inductive coupling

4 measuring wires GPR-generating wire
100m v
l 75m LA Bk 150m
50m r
L
. | 25m Grounding rod
: B I K
L F PQ mohitor 1 PQ monitor 2
Grounding rod (4 channels) Grounding (1 channel) S
rod 1 -g‘enE(a?_fqg'wire
(a) Schematic diagram (b) Site picture

Figure 3.2 Description of the field experiments for the verification of inductive interference reduction
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Figure 3.3 Results of the field experiments for the verification of inductive interference reduction



The field experiment results show that the multiwire technique can significantly reduce the effect
of inductive interference and thus estimate the GPR with good accuracy even under situations
where the induced EMF is comparable to or higher than the GPR. Moreover, the addition of one
or two more measuring wires and the least-square algorithm slightly increases the accuracy of GPR

estimation.

The proposed multiwire technique can be easily implemented in a transmission line corridor or on
a distribution feeder. The wires are individually grounded at different locations at the far end using
regular grounding rods, which should not be very close to any buried metallic objects, such as
tower/pole footing. The front end connects to the substation grounding grid with a voltage monitor
at the substation edge. It is important to note that the measurements of the voltage monitor should
be converted to digital signals first or be transmitted within the substation for processing using

audio cables. This avoids inductive interference inside the substation.

e Implementation in a transmission line corridor

Figure 3.4 illustrates the implementation of the multiwire technique in a transmission line corridor
using an actual case. The measuring wires can be shallowly buried parallel to the transmission

lines in the corridor. No other additional work is needed in this implementation.

Figure 3.4 Illustration of the implementation in a transmission line corridor

e Implementation in a distribution feeder
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The implementation of the multiwire technique in feeders is illustrated using an actual case shown
in Figure 3.5(a). The measuring wires are suspended overhead on the poles parallel to the phase
and neutral conductors. There are many poles to hold conductors in a feeder. The multi-grounded
neutral is not grounded at each pole but at least every three to four poles to achieve a required span
length, such as 150m. Thus, the poles without a neutral grounding rod are useful to ground the
measuring wires. Considering that the neutral span length may vary between 50m and 400m in
practice for various feeders, it is possible to ground the three measuring wires within the first
neutral span in some feeders. This practice is the implementation Scenario 1, as illustrated in
Figure 3.5(b). For example, the first neutral span is long enough, such as 150m~400m, and the

three measuring wires are in lengths of 50m, 75m, and 100m, respectively.

Research has been conducted to determine the usefulness of implementation Scenario 2, which is
shown in Figure 3.5(b). This is a more general arrangement where the neutrals are grounded along
the measuring wires. Such an implementation lowers the multiwire technique’s performance on
the inductive interference reduction due to neutral rods will drain currents and thus result in
unequal currents among adjacent neutral spans above the measuring wires, which will cause
unbalanced EMF inductions on the measuring wires. Study results reported in Appendix B indicate

that the errors introduced in this arrangement seem to be high.

Additionally, the multiwire technique can also be implemented in feeders with no neutral or a

single-point grounded neutral. This practice is equivalent to implementation Scenario 1.

PR < W
500 Distribution feeder:

N

\ Substation

(a) Bird’s eye view

65



Three-phase conductors

i 1 i ’l Neutral wire’ i ’
To 3 Measuring wires
substation
«"lu s B o o o B B o o o B o o s st«" . o
Wire #1 Wire #2 Wire #3 1> neutral
rod rod rod rod
Three-phase conductors
i . I Neutral wire” 7 7
To 3 Measuging wires
substation
Neutral Wire #1 Neutral Wire #2 Neutral Wire #3
rod rod rod rod rod rod

(b) Horizontal view

Figure 3.5 Illustration of the implementation in a distribution feeder

In summary, the proposed multiwire technique can be easily and permanently implemented in a
transmission line corridor or on a distribution feeder. Moreover, due to the advantage of inductive
interference reduction, the multiwire technique has enabled us to extend the online monitoring

method to substations with all types of power transformers, including Yg-Yg or Yg-Yg-A (delta

tertiary winding) connected transformers.
3.2.2 Extending the Multiwire Technique to Reduce Soil Potential Inference

Another problem encountered with the GPR measurement is the soil potential inference, as shown
in Figure 3.6. Since the measuring wire is short, the grounding rod of each measuring wire
experiences a transfer voltage from the substation grounding grid in the soil. In other words, soil
potentials at the grounding locations of all the measuring wires are not zero. This phenomenon
renders the GPR measurement using one measuring wire less accurate. It turns out that the
proposed multiwire technique can also reduce the effect of such soil potential interference, thus

resulting in a general method for GPR measurement.
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Figure 3.6 Soil potential rise at the grounding locations of the measuring wires

The extension of the multiwire technique for soil potential interference reduction is explained in
the following. The profile of the soil potential rise in the surrounding area of a substation is in

proportion to the GPR of the grounding grid, and it can be expressed as follows:

Vioir (d)= £ (d)Vpp (3.3)

where V,,;;(d) is the soil potential at a distance d from the edge of the grounding grid, shown
as the dotted blue curve in Figure 3.6. f(d) is a function of the structure of the grounding grid,
the soil condition, and other structural factors. For the proposed method, we assume that f(d)

can be pre-determined using one of the following two approaches:

e The first approach is to simulate the grounding grid using electric-field simulation software
such as CDEGS. The simulation result is the GPR profile function f(d). One example is
shown in Figure 2.18 in Chapter 2. This approach is used in the proposed method in this
Chapter.

e A simpler but less accurate approach approximates the grounding grid as a hemispherical
electrode [22]. It can be shown that f(d) can be estimated as 1/7TSgn-d(2d + Dgn-d).
According to industry experience, this approach may obtain reasonable accuracy when d >

(1.5~2)Dygyigq, where Dg,;q represents the diameter of the grounding grid [22, 23, 46].

With a pre-determined GPR profile function f(d), the following relationship can be established

at the location d; of the grounding electrode in the ith measuring wire.
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VSPI' =D VGPR (3.4)

Where Vsp; is the soil potential at the grounding electrode of ith measuring wire, and p; = f(d;).
It is clear that p; =1 at the edge of the substation since V,; = V;pr at this location.
Accordingly, one can have the following relationship for the ith measuring wire when considering

the existence of both inductive interference and soil potential interference:
Vi =(1= 2 )Vopr = LV e + 2, (3.5)

In (3.5), the GPR V;pgr can be determined by using three or more measuring wires with the help
of a least-square algorithm. Results shown later indicate that three wires provide the best trade-off
between implementation complexity and GPR estimation accuracy. The corresponding equation

to determine the GPR V;pg is as follows:

-1 _

7 l-pp =L ||1-p -L l-p -L Vin

{ ot } =\|1=py “Ly||l=-p, -L, I=py =Ly | | Va2 (3.6)
I=py -Li||1-py -L; I=py =L ||V,

I7EMF
In summary, the proposed multiwire technique can overcome the interferences caused by induction
and soil potential rise. Thus, the main problems faced by the GPR measurement have been solved.
The proposed technique is useful for the online monitoring methods presented in this thesis, and it

can also improve the offline methods for grounding grid impedance measurement.
3.2.3 Natural 3" Harmonic Current as Test Signals

Another advantage of the multiwire GPR measurement technique is that it can measure small GPR
signals since interferences from induction and soil potential are reduced significantly. Accordingly,
it becomes feasible to use the zero sequence current during normal system operations, instead of
during ground faults, as the test signals for substation grounding grid condition monitoring. There
are two types of zero sequence currents: the power-frequency current and the 3™ harmonic current.
The former is caused by unbalanced loads among three phases. The latter is due to numerous

single-phase power electronic devices used in distribution systems. References [80-83] have
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shown that the 3™ harmonic current produced by such single-phase devices is mainly in the zero
sequence. The aggregate magnitude of such harmonics experienced at the substation can be even
higher than that of the zero sequence current at power frequency. Therefore, the 3™ harmonic zero

sequence current may be a more suitable candidate as a test signal.

Field measurements have been conducted to verify the above postulation. The GPR of a
distribution substation shown in Figure 3.7 was measured. A power quality monitor is placed at
the edge of the substation for GPR measurement. It connects the substation fence and a measuring
wire of 75m. The measuring wire does not experience inducive interference since it is distanced

from and perpendicular to the transmission lines.

s

Measuring wire
length=75m

Figure 3.7 Description of the field experiments on substation GPR measurement

Figure 3.8 presents the measured GPR waveform and the spectrum derived from 3 seconds of
waveforms. It demonstrates the existence of harmonic components in the substation GPR. The
180Hz GPR is higher than the 60Hz GPR for this substation. It is also worth noting that the 3™
harmonic GPR exists continuously, although its magnitude may vary over time. Such a 3%

harmonic GPR was also widely observed in many other field tests [24, 32, 33].
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Figure 3.8 Results of the field experiments on substation GPR measurement

Therefore, using the natural 3™ harmonic current as a test signal is advantageous to estimate the
substation grounding grid impedance. Estimation results are available continuously, at very short
intervals, such as one result per several seconds. As a result, the conclusions drawn on the
grounding grid conditions can be even more trustworthy and reliable than those derived from the
fault-current-based method. Since grounding grid impedance is primarily resistive and the 3™
harmonic frequency is not significantly higher than 60Hz, the results calculated using 3™ harmonic
data can be directly used to represent the power-frequency resistance of the grounding grid.
Moreover, the calculated substation grounding grid impedances at the 3™ harmonics can be

converted to the power frequency.

3.3 An Improved Online Monitoring Method

The proposed multiwire GPR measurement technique and the existence of the 3™ harmonic
substation GPR verified in the previous section can be jointly used to provide an advanced solution
to the online monitoring of substation grounding grid conditions. It is conceived as follows. (1)
The natural 3™ harmonic current and the resultant 3™ harmonic GPR on the substation grounding
grid exist continuously. They can be used to estimate the grounding grid impedance at power
frequency at short time intervals, thus fast-tracking the conditions of the substation grounding grid.
(2) The 3™ harmonic GPR can be estimated with acceptable accuracy using the multiwire technique

with the advantages of significantly reducing inductive interference and soil potential interference.
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Subsequently, an improved method for online monitoring of substation grounding grid conditions

using natural 3" harmonic currents is developed.
3.3.1 Setup of the Improved Method

The schematic diagram of the setup of the proposed improved method is shown in Figure 3.9. The
implementation of the multiwire technique has been described in section 3.2.2. It can be within a
transmission line corridor or integrated into a distribution feeder. It is noted that the exact locations
of the measuring wires are not explicitly shown in the figure. The minimum length of the
measuring wires is suggested to be no less than 40m for the purposes of accurate p-values
determination. This is because the GPS resolution is about 1m, and because of the sharply
decreasing nature of the soil potential rise near the substation, the typical curves of which can be
seen in Figure 3.6 and Figure 3.12. A current monitor is placed at the transformer neutral,
transmission shield wire terminals, and the clumped conductor of feeder neutrals in the substation,
respectively. For the substations with feeder neutrals not clumped into one conductor, the current
on each neutral can be individually measured using one current monitor. The current and voltage
monitors are synchronized using precision time signals from the substation clock. The substation
Ethernet is used to transmit all measurement data to a processing unit, which is installed in the
substation. The processing unit synchronizes and processes the measurement data based on the

algorithm presented next. It also reports the monitoring results.

@ Current monitor

(V) Voltage monitor | Processing unit |
MR AN

Power 1. 1nsmission line

lL W s Neutral junction box
Wire #3W 42
______________ €T Wire #1 £ The exact locations of the multi-wires
Multiwire - are not shown in the figure

Figure 3.9 Schematic diagram of the setup of the proposed improved online monitoring method
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3.3.2 Algorithm of the Improved Method

When a 3™ harmonic current I_g3rr{fl flows through the substation grounding grid shown in Figure

3.9, the generated 3™ harmonic substation GPR V35¢ can be estimated using (3.6). Thus, the

substation grounding grid impedance at the 3™ harmonics ZS;‘iid can be determined as follows:

7 3rd 773rd

V, V.

3nd _ VGPR _ GPR

Zgria = 73d " p3d _p3d 73 (3.7
grid Trn N Sw

where 1272 is the transformer neutral current at the 3™ harmonics, I3'¢ is the feeder neutral

current at the 3™ harmonics, and I35 is the summation of all the transmission shield wire currents

at the 3" harmonics.

Subsequently, the substation grounding grid impedance at power frequency Zg,.;4 is calculated as:
Z ig = Real{Zz,:f{d} + jImag {Z;:ffi }/3 (3.8)

where Real{-} and Imag{-} represent the real part and the imaginary part of a complex number,

respectively.

It is worthwhile noting that the grounding grid impedance calculated in (3.8) can directly reflect
the conditions of the substation grounding grid since the effects of all the interconnected shield
wires and neutrals are excluded. The use of the term “impedance” implies the proposed method
can provide the total impedance rather than only the resistance component, although substation
grounding grid impedances at the first several harmonics are primarily resistive [84, 85]. The
impedance information may be more valuable for some sizeable power facilities at low soil

resistivities, where the reactance is not negligible compared to the resistance.

An index of error ¢ is defined to quantify the accuracy of the grounding grid impedance

estimation. It also facilitates the analysis and presentation of the proposed method.
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_ |Z grid — Z grid _true
E=
Z

(3.9)

grid _true

where Zg,.iq irye 18 the true value of the substation grounding grid impedance at power frequency.

The procedure of the proposed online monitoring method is shown in the flowchart of Figure 3.10.

The explanation and discussion follow.
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Estimation of substation

e e e e g e e e e o e = c=oD

/ grﬁTnding grid impedances
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| * \
3" harmonic voltage and current H

H extraction

K\ ‘ |

Substation grounding grid impedance
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—_—— — — — — — — — — — - &
Analysis of the impedance
- estimation data ™
/ One-day data collection Data storage for backup use \

Bad data rejection
using (3.10

ejection rate is higher
than 25%
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Data buffer

l

Mathematical features extraction and storage

!

Grounding grid conditions update > /

Warning signal

|
|
|
|
|
|

\
~

Figure 3.10 Procedure flowchart of the improved online monitoring method

One grounding grid impedance can be estimated based on the synchronized voltage and current
waveform measurements in snapshots per a consecutive time span. A one-minute time span is
suggested, which is sufficient for this long-term monitoring task. A shorter time span is also useful
at the cost of more demands and requirements on infrastructure, such as data communication and

storage. It is noted that gapless data recording and real-time streaming of data are not necessary.
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In other words, the synchronized waveform data measurement and processing can be easily done
within the substation. Estimated impedances are stored in the time sequence for the subsequent

statistical analysis.

Each estimated impedance is preliminarily verified based on the primarily resistive feature of the
substation grounding grid impedance. An estimation is rejected and discarded if the criterion in
(3.10) is satisfied, i.e., the resistance is negative or too small compared to the reactance. If there is
a high rate of data rejection in one day, which can be set at 25%, a warning signal will be sent, and

a subsequent investigation into the monitoring system will be applied.

Real {Z grid }

g 2] <n, (3.10)

Real{Zg”.d} <0 or

where n, is a user-defined coefficient, adjustable for different substation grounding grids. It can

be generally determined as 1 for regular substations.

To further reduce the influence of measurement and background noise on each single estimation
result when 3™ harmonic quantities may be in low values for some situations, the statistical mean

value Z, gria Of all the qualified estimation data in one day is determined as follows:
~ 1 N
Z, . =—SZ |k 3.11
grid Nkzzll grld|: :I ( )

where Zg,;4[k] is the estimated grounding grid impedance for the kth minute in one day. N is

the number of qualified data after the bad data rejection operation. It can be up to 1440 when one

impedance estimation is generated every minute.

The statistical mean value is an index to be continuously tracked to reveal the substation grounding
grid conditions. The additional advantage of this statistical process is to avoid unnecessary storage
and computation burdens, especially when the estimation data accumulates overwhelmingly
during long-term monitoring. Other mathematical features, such as the lower and upper bounds of

the 95% confidence interval, can also be extracted to provide additional confidence in the results.
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3.4 Case Studies and Sensitivity Studies

Preliminary case studies and sensitivity studies are carried out through extensive simulation studies.
The goals are (1) to test the performance of the proposed method in the aspect of the measurement
of substation grounding grid impedance; and (2) to check the possible impacting factors and their
influence. The findings can help to implement the proposed method better. This section presents

some of the representative results and corresponding discussions.
3.4.1 Description of the Test System

A simple test system is built in the “Multiphase Harmonic Power Flow (MHPF)” software
combined with CDEGS software simulations. All the inductive and soil potential interferences are
considered and included in the simulations. The test system is based on industry data. It consists
of a Thevenin equivalent supply system, a transmission line, a power transformer, a substation
grounding grid, a distribution feeder, and a three-phase load functioning as a 3™ harmonic source,

as shown in Figure 3.11(a). The power frequency of this test system is 60Hz.

The three-phase and single-phase fault levels for the 144kV supply system are 20kA with an X/R
ratio of 30 and 16kA with an X/R ratio of 40, respectively. The substation transformer is Yg-Yq
connected with a buried delta tertiary winding. The capacity is 25MVA, and the voltage ratio is
144kV/25kV/13.8kV. The equivalent leakage reactance is 11%, -0.5%, and 7% for the primary,
secondary, and tertiary winding, respectively [86]. The transformer neutral is connected to the
substation grounding grid, which is presented in Figure 3.11(b). The transmission line is 20km
with a span length of 400m and a 12-foot-%4-inch grounding rod at each tower foot. The feeder has
a total length of 1.5km, a span length of 100m, and a 12-foot-%-inch grounding rod at the pole.
The physical structures of the power lines are shown in Figure 3.11(c). The soil resistivity is
100Qm. Thus, grounding resistances of the transmission line and the feeder are determined as
Ry =15.0Q and Rp; =27.9Q, respectively. The routes of transmission line and feeder are shown
in Figure 3.11(b). The three-phase load is in a capacity of 17MVA (i.e., load current [;,,4 is 392A).
Its 3" harmonic current spectrum is I3™% = 6%l,pqq, 137 = 1%I,0qq, and I37% = 1%]I,,,4 for
the zero, positive and negative sequence, respectively. This harmonic spectrum is from field data

statistics in Alberta [81]. The grounding resistance at the load location R, is assumed as 10Q.
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Figure 3.11 A simple test system
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The measuring wires in the lengths of 50m, 75m, and 100m are shallowly buried directly below
the phase A conductor of the transmission line, as shown in Figure 3.11(c). A voltage monitor is
installed at each wire terminal at the substation edge for 3™ harmonic GPR measurement. A current
monitor is placed at the transformer neutral, transmission shield wire, and feeder neutral wire at

their substation terminals, respectively, for 3™ harmonic current measurement.

The arrangement and equipment parameters described above are used as the base case for the case

studies and sensitivity studies in the subsequent sections.
3.4.2 Case Studies
3.4.2.1 Base Case

With the input of the substation grounding grid, the true grounding grid impedance at 60Hz is
determined as 0.8734+j0.0011€Q2 using CDEGS simulations. Also, by injecting a current into the
grounding grid, the transfer voltage coefficients (i.e., p values) in the route of the measuring wires

are obtained from CDEGS simulations. They are presented in Figure 3.12 and Table 3.1.

0.8 ]
= ]
E 0.6
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=
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Distance to substation edge [m]

Figure 3.12 Transfer voltage coefficient in the route of the measuring wires
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Table 3.1 Transfer voltage coefficient for some specific distances away from substation edge

Distance (m) 50 75 100 125 150

p (p.u.) 0.2479 0.1836 0.1461 0.1214 0.1039

The 3™ harmonic GPR measurements of the measuring wires in lengths of 50m, 75m, and 100m

are -11.80+j7.73V, -12.81+j8.39V, and -13.38+j8.78V, respectively. The 3™ harmonic current

measurements at the transformer neutral, feeder neutral, and shield wires are I3r¢ = -

29.34+i53.65A, I37% =-12.34+j44.96A, and IZ,* =0.83-j3.32A, respectively. Thus, the 3™

harmonic GPR V3%¢ and current I_gfﬁl are determined as -15.72+j10.27V and -17.88+j12.01A.

The substation grounding grid impedance at 60Hz is determined as 0.8716+j0.0036€2. The error
1s 0.3473% in comparison to the true value of 0.8734+j0.0011Q. The error may be majorly due to
the end effect of induction [72, 87] (i.e., due to the measuring wires not being of infinite lengths),

and minorly due to the effect of the nearby tower/pole footings.
3.4.2.2 Cases of Different Types of Substation Transformers

The substation transformer used in the base case is a three-winding transformer connected in Y-
Y;-A. This type of substation transformer is widely used in Alberta. Other winding connections
suchas A-Y, and Yg-Y, may also be used for some substation transformers. Table 3.2 summarizes

the performances of the proposed method for substation transformers in different winding
connections. All two-winding transformers have a short-circuit reactance of 8%, a voltage ratio of

144kV/25kV, and a capacity of 25SMVA in this study.

Table 3.2 Results for substation transformers in different winding connections

73rd 73rd 73rd 73rd 73rd 73rd
DLine N Trn TLine sw GRID Error &
(A) (A) (A) (A) (A) (A)

Base Case 71£-63° 46£105° 614119° 34£-61° 3.42£-75° 214146° 0.35%
Yg-Yg 714£-61° 452107° 60£123° 12£-62° 2.52£-166° 182£156° 0.82%
Y—Yg 39427° 394£117° 304148° 0£-118° 4.9230° 24,-121° 0.40%
A-Yg 40432° 274-160° 354£-147° 0£32° 2.6£29° 13£-121° 0.29%
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Table 3.2 shows that the errors are negligible for all types of substation transformers, even though
the resultant 3™ harmonic current on the transmission line is significant in some cases. This is
because the measuring wires can significantly reduce the induced EMFs. For the worst case of the
Y,-Y, connected transformer, the substation grounding grid impedance at 60Hz is estimated as
0.8827+j0.0050Q2. The error is 0.82%. Therefore, one can conclude that the proposed method is

applicable for substations consisting of power transformers of all types of winding connections.
3.4.2.3 Cases of Different Sizes of Substation Grounding Grids

Various substation grounding grids in different sizes are used to test the performance of the
proposed method. In this study, each grounding grid is composed of 10m X 10m meshes. Simulation
results presented in Table 3.3 show that the estimated impedance is close to the true value for each

grounding grid in different sizes. The maximum error in all the cases is less than 1%.

Table 3.3 Results for different sizes of substation grounding grids

Estimated True
Size of Grid P1 P2 P3 Impedance Impedance Error &
(®) ()
Base Case 0.2479 0.1836 0.1461 0.8716+j0.0036 0.8734+j0.0011 0.35%

100mx100m 0.3570 0.2813 0.2323  0.4694+j0.0042 0.4673+j0.0025 0.57%
200mx200m 0.5044 0.4253 0.3680  0.2280+j0.0035 0.2265+j0.0026 0.75%

300mx300m 0.5821 0.5087 0.4526  0.1507+j0.0034 0.1495+0.0028 0.89%

3.4.2.4 Cases of Different Horizontal Displacements of the Multiwire in the Transmission Corridor

The three measuring wires are packed together to share one route along the power line. This route
can be horizontally different. Figure 3.13 presents the simulation results for different horizontal
displacements of the measuring wires with respect to the phase conductors and the shield wires of
the transmission line. Figure 3.13 reveals that the errors change only slightly for all the possible
horizontal displacements of measuring wires, even though the 3™ harmonic currents on three

phases are very unbalanced in this case. Therefore, one can conclude that the horizontal
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displacement of the multiwire in the transmission line corridor has negligible influence on the

method.

0355 Phigg A sg 1 Pha}sg B S%Z Pha{sg C
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Horizontal distances between the measuring wires and the phase A [m]

Figure 3.13 Errors for different horizontal displacements of measuring wires in the transmission corridor
3.4.2.5 Cases of Different Lengths of the Multiwire

Results for different lengths of measuring wires are presented in Table 3.4, which shows that the

length of measuring wires has little impact on estimation accuracy.

Table 3.4 Results for different lengths of measuring wires

. . . Estimated
Wire #1 Wire #2 Wire #3
Cases Impedance Error &
(m) (m) (m)
(D)

Base Case 50 75 100 0.8716+j0.0036 0.3473%
1 50 75 125 0.8724+7 0.0039  0.3400%
2 50 75 150 0.8731+ 0.0042  0.3545%
3 50 100 125 0.8721+j 0.0038  0.3396%
4 50 100 150 0.8730+j 0.0041 0.3508%
5 75 100 125 0.8735+ 0.0044  0.3729%
6 75 100 150 0.8743+ 0.0047  0.4261%
7 75 125 150 0.8741+ 0.0046  0.4064%
8 100 125 150 0.8753+j 0.0051 0.5115%
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3.4.2.6 Cases of the Implementation of the Multiwire in Feeders

When implementing the multiwire technique in the feeder in this test system, the neutral’s first
grounding rod is removed to facilitate the implementation. As shown in Figure 3.11(c), the three
measuring wires are suspended on the feeder poles at the height of 7m and in lengths of 50m, 75m,
and 100m, respectively. In this arrangement, the transfer voltage coefficients are determined as
p;=0.2480, p,=0.1463, and p3=0.1040. The 3" harmonic voltage measurements are determined
as V31%=_11.43+8.58V, V374=-12.40+j10.47V, and V23*=-12.39+j11.78V, respectively. Thus,

the 3™ harmonic GPR is estimated as V354=-16.10+j10.25V. With the 3™ harmonic current

determined as Itgsrri‘fi =-18.13+j12.11A, the substation grounding grid impedance at 60Hz is

estimated as Zg,.;q =0.8753+j0.0064€. The error is 0.65%.

Results for different heights of the measuring wires are shown in Figure 3.14. It can be seen from
Figure 3.14 that the impedance estimation errors vary in a small range of 0.12% for all the possible
heights of measuring wires in this feeder. Therefore, one can conclude that the vertical

displacement of the multiwire on the feeder has little influence on the proposed method.
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Figure 3.14 Errors for different heights of measuring wires installed in the feeder pole
3.4.3 Sensitivity Studies

In this section, the results of sensitivity studies are presented to study the influence of the

uncontrollable impacting factors for the proposed method.
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3.4.3.1 Influence of 3™ Harmonic-Generating Load Locations and Power Line Parameters

The feeder carries the load-generating 3™ harmonic currents into the substation grounding grid.
The load can be at different locations, which is represented by the length of the feeder in this study.
Also, the distribution of the 3™ harmonic current returning through the neutral can be different for
the neutral parameters: total length, span length, and grounding resistance. Moreover, the induced
EMFs from the feeder current may not be entirely linear for the length of the measuring wires
(which are set in the transmission line corridor in this case) due to the possible separation angle
and the end effects of induction. Thus, the influence of different feeder parameters is studied and

presented in Figure 3.15 and Figure 3.16.
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Figure 3.15 Errors for different total lengths, span lengths, and grounding resistances of the feeder
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Figure 3.16 Errors for the different separation angles between the wires and the feeder

It can be concluded from Figure 3.15 that all the practical total lengths, span lengths, and grounding
resistances of the feeder do not affect the proposed method significantly. The errors stay low for
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different feeders. This is especially true considering that the load is not usually at one or two spans
away from the substation in practice. Furthermore, Figure 3.16 shows that, due to the method’s
advantage of inductive interference reduction, the separation angle between the feeder and the
measuring wires imposes little influence on the accuracy of impedance estimation, even though
there is a large 3™ harmonic current in the feeder. In summary, the proposed method imposes no

requirement on the location of the 3™ harmonic source in power systems.

Additionally, since the measuring wires run parallel to the transmission line, they can always
significantly reduce the 3™ harmonic EMF induction from the currents on the transmission line

regardless of its physical structures.
3.4.3.2 Influence of Grounding Resistance at the Load

The grounding resistance at the load R, is contributed by the load’s local grounding electrodes
and the interconnected downstream grounding electrodes. It may vary substantially in different
situations. Figure 3.17 reveals that the errors differ slightly when the resistance R, continuously
changes from 0.1Q to 50Q. Therefore, one can conclude that the grounding resistance at the load

(i.e., the 3™ harmonic source) has almost no impact on the proposed method.
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Figure 3.17 Error for different grounding resistances at the load
3.4.3.3 Influence of 3" Harmonic Currents

The 3™ harmonic current on each phase can be in a different spectrum and time-variant for various

loads. The influence of 3" harmonic current variation is tested using 100,000 cases generated from
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Monte Carlo Simulations. In each case, a 3™ harmonic load current on one phase is randomly
selected from a lognormal distribution with a median value of 2%l;,,4 and 95% of the value

below 10%I;,44- The simulation results are presented in Figure 3.18.
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Figure 3.18 Results for different load-generating 3™ harmonic currents

Figure 3.18 demonstrates that all the impedance estimation errors are within a small range between
0.340% and 0.352%, although the 3™ harmonic current varies considerably. Therefore, one can
conclude that the variation of the load-injecting 3™ harmonic current has a negligible influence on

the proposed method.
3.4.4 Summary

Extensive case studies and sensitivity studies imply that the proposed method can use the naturally
existing 3™ harmonic current to estimate the substation grounding grid impedance at 60Hz with
reasonable accuracy. The proposed method is applicable for transmission and distribution
substations, consisting of grounding grids of different sizes and substation transformers with all
the possible types of winding connections, including Ys-Yy or Yg-Ys-A (delta tertiary winding).
The horizontal displacement in the transmission line corridor and the vertical displacement in the
feeder of the measuring wires have little influence on the proposed method. Moreover, the
proposed method has no specific requirements for transmission lines, feeders, and downstream 3™

harmonic sources such as three-phase current spectra, locations, and grounding resistances.
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3.5 Application Studies

In this section, preliminary application studies are presented to show the overall monitoring
performance of the proposed method using a realistic study case. The results prove the

effectiveness of the proposed method.
3.5.1 Description of the Study Case

The study case is shown in Figure 3.19. A power system supplies a 25M VA transformer connected

in Yg-Yg-A (buried delta tertiary winding) through a transmission line. Labelled as Feeder 1~4,

four 25kV feeders are positioned at angles of 90°, 135°, 180°, and 270° clockwise to the

transmission line, respectively. A SMVA three-phase load connected in Y is located at the end of

each feeder with a 5Q grounding resistance. The power factor is 0.95, lagging. The 3™ harmonic
spectrum of the load on Feeders 1~4 is 0.7%, 3%, 2.4%, and 0.4% of its load current,
respectively. The use of constant loads may be sufficient in this study since the 3™ harmonic current
variation has almost no impact on the method’s estimation accuracy, as concluded in the previous
section. If not listed in Figure 3.19, the equipment parameters are the same as those used in the

base case in section 3.4.

Three measuring wires in lengths of 150m, 200m, and 250m, respectively, are implemented in the
transmission line corridor, with necessary voltage and current monitors installed. Thus, the transfer
voltage coefficients can be determined as p; = 0.1039, p, = 0.0807, and p3; = 0.0660 from
CDEGS simulations with the input of substation grounding grid geometry. The soil resistivity is
assumed as 50Q2m. Assume that the substation grounding grid deteriorates during the three years
of monitoring. The deterioration is simulated in CDEGS by adding a layer of steel rust on all
grounding grid conductors. The resistivity of the iron oxide is assumed as 11kQm. The thickness
of the iron rust increases from 0 to 2.8cm. Thus, the substation grounding grid impedance at 60Hz

changes incrementally from 0.43€Q to 2.05€2 in this monitoring period.
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Figure 3.19 Description of the application study case
3.5.2 Online Monitoring Results

The results of a single test on the first day of monitoring, when the grounding grid is under normal
conditions, are presented in the following. The 3™ harmonic currents and voltage measurements in
phasors are [27%=-7.38+j17.82A, I3}%=-1.20+j0.13A, I3"%4=-2.64+j12.07A, V31%=-2.21+2.24V,
V373=2.18+j2.30V, and V,35%=-2.12+j2.34V. As a result, the 3™ harmonic GPR is estimated as
V3r4=-3.05+2.09V. Consequently, the substation grounding grid impedance at 60Hz is estimated

as Zgrig =0.4363+j0.0791€2. Compared to the true value of 0.4371+j0.0011€2, the error is 2.59%.

To better mimic practical situations, random Gaussian noise is added in each waveform to generate
a signal-to-noise ratio of 36dB. Figure 3.20 illustrates all the grounding grid impedance estimations
on the first monitoring day. There are 1440 in total. Their mathematical features of interest are that
the statistical mean value is 0.4458+j0.0069Q and that the lower and upper bounds of the 95%
confidence interval are 0.3060+j0.0155Q, and 0.5871+j0.006642, respectively. One can find that
the estimated mean value is quite close to the true grounding grid impedance, with a difference of

0.01€Q.
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Figure 3.20 Grounding grid impedance estimations per minute with the influence of background noise in

one-day monitoring

Figure 3.21 demonstrates that the statistical mean value of the impedance estimations per day can
closely track the true grounding grid impedance at 60Hz throughout the monitoring period.
Furthermore, the increasing trend of estimations reveals the grounding grid deterioration reliably
and timely (i.e., the degradation can be conservatively found in the first year when the estimations
increase to 1€Q in this case). The most significant difference between the estimation and the true
impedance during the whole monitoring is 0.35Q. This happens on the last monitoring day when
the true grounding grid impedance is the largest, at 2.05Q. The maximum error during the entire
tracking time is 16.79%. Such an error is acceptable for online monitoring compared to the
requirement of 25% for offline testing according to IEEE Standard 142-2007 [74]. Moreover, it is
worth comparing that occasional measurements in this impedance range of less than 2.05Q
obtained from the offline methods, even if in full accuracy, cannot determine the gradual

degradation of the grounding grid.
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Figure 3.21 The results for the three years of monitoring on the grounding grid deterioration
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3.6 Recommendation

Compared to the applicable limitations of the fault-current-based method as discussed in section
3.1, the improved method has almost no usage constraints. The method has been proved applicable
for transmission and distribution substations containing grounding grids of different sizes and
substation transformers with all the possible winding connections. Moreover, this method can
estimate the grounding grid impedance at much shorter time intervals and thus provides more
reliable conclusions on substation grounding grid conditions than the fault-current-based method.
Hence, it is recommended to use the improved method for all the applications unless 3™ harmonic
current and GPR are too low in some particular cases. The fault-current-based method is adopted

for those cases if all the application requirements can be satisfied.

3.7 Conclusion

An improved method for substation grounding grid condition monitoring is proposed in this
chapter. The proposed method uses a novel multiwire technique for substation GPR measurement.
Using the naturally existing 3™ harmonic current as test signals and the resultant 3" harmonic GPR,
the method can estimate the substation grounding grid impedance at 60Hz at short time intervals
and track the impedance estimations over time to reveal the substation grounding grid conditions.
It is easy to implement the proposed method, with current measurements in the substation and the
GPR measurement using the proposed multiwire technique permanently installed in a transmission
line corridor or on a distribution feeder. Extensive case studies and sensitivity studies show that
the proposed method performs well in estimating substation grounding grid impedances. The
method is virtually unaffected by the GPR measuring wires’ horizontal displacement in the
transmission line corridor and vertical displacement on the feeder pole. Also, it has no specific
requirements for transmission lines, feeders, and 3" harmonic sources such as three-phase current
spectra, locations, and grounding resistances. Due to the advantages of a significant reduction of
inductive and soil potential interferences, the proposed method is applicable for transmission and
distribution substations that contain grounding grids of different sizes and power transformers with
all the possible winding connections. A realistic case is used for application studies to show that

the proposed method can reliably and timely reveal the substation grounding grid conditions.
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Chapter 4: Open Conductor Detection

The open conductor detection topic identified in Chapter 1 is a unique but important condition
monitoring problem. The problem and its technical difficulties are analyzed, and two promising

power-disturbance-based condition monitoring methods are proposed in this chapter.

4.1 Open Conductor Situation in Power Plants

Power plants are complex electrical systems. The stable output of power plants requires
appropriate operations of each primary and auxiliary equipment, such as the generator step-up
transformer (GSU) and cooling pumps. Figure 4.1 shows a typical electrical system of power
plants. In the power plant electrical system, a standby auxiliary transformer (SAT) is installed to
provide backup power from the power grid to each plant auxiliary segment and critical safety-
related equipment when the plant is unable to provide its own power, such as upon startup or during
accident scenarios. For example, when the main generator is tripped due to an emergency, the
breaker “T” is switched off so that the auxiliary equipment such as cooling pumps will lose power.
In this situation, the breakers “X”, “Y” and “Z” are required to switch on immediately to provide
the necessary backup power. Such a backup function must be reliable especially for nuclear power

plants to avoid any possible failures related to reactors.

P lant
Power grid @ }verpan

N
Main bus
;: _ Generator step-up
Breakers are ON Station transformer unit
loads (GSU)
Standby auxiliary Main generator Unit auxiliary
transformer transformer
(SAT)
Z Breaker is ON
Breakers are OFF
Emergency Emergency Auxiliary
generator loads Equipment

J

Figure 4.1 One-line diagram of power plant electrical system
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However, the power supply to the plant’s backup system may experience an open conductor
situation, as described in Figure 4.2. Three-phase conductors feed the standby auxiliary
transformer (i.e., SAT) that supplies the backup system in the power plants, i.e., the transformer is
unloaded. The open conductor condition is a break in a single phase conductor. It can also occur
due to equipment malfunction, such as breaker pole discordance. The open conductor point may
exist anywhere between the main bus and the transformer terminal. If such an open conductor
situation exists, the plant’s auxiliary and emergency equipment may fail to provide the essential
backup functions when required. In fact, such a situation is not uncommon. For example, the Byron
nuclear power station in the United States and the Dungeness B nuclear power station in the United
Kingdom ran into such situations in 2012 and 2014, respectively [56]. It is likely that the problem

may also be encountered in other power plants or similar industrial facilities.

. . Standby
Main bus Open conductor condition auxiliary Breaker is OFF
Power grid \Z transformer
~ 3 phases / T Backup \:
\ 1 system !
>(;\_ ________ 7
= No Load

Loads

Figure 4.2 Open conductor problem description

Detecting this open conductor condition is difficult due to two special features [67]. First, the phase
current on each conductor is almost zero since there is no load. As a result, one cannot use the
conductor current to detect the open conductor condition. Second, the transformer has Y,
connected primary windings and A connected secondary windings or a three-legged core. As will
be explained in detail in the following, such a transformer can recreate a “normal” voltage on the
open phase through electrical or electromagnetic coupling from the two normal phases [62]. As a
result, phase voltages at the transformer terminals cannot be used to detect the open conductor
condition either. In summary, the open conductor condition produces no abnormal signatures in

the phase current and voltage measurements under common power system conditions.
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e Voltage recreation due to electrical coupling

For a transformer with Y, connected primary windings and A connected secondary windings,
the recreation of the voltage on the primary side opened phase is illustrated in Figure 4.3. Assume
that the transformer is with a transformation ratio n; and an arbitrary phase shift ¢ between the
primary side and the secondary side (¢ is usually zero). On the primary side, it is powered by a
balanced three-phase source with the voltages expressed as V,y, Vgy, and Vcy, respectively. On
the secondary side, the voltages across the windings, which correspond to the primary A, B, and
C windings, are denoted as V;, V,, and Vs, respectively. In this case in which phase A is under
open conductor condition and phases B and C are energized, the secondary voltages V, and V;
are induced. Due to the voltages circling A windings must be summed up to 0, the voltage V; is

created by V, and V;. It induces the voltage V,z, on the opened phase A, equaling to V.

74 74 o _Vay e/’ -jo _ 7
7 Vig =Vi-ng-e =n—'”T‘e =Vn
_ _ _ V.. .el?
v X VIZO_Vz_V_%:L
B @ A
2= — _ ;

Figure 4.3 Voltage recreation due to electrical coupling
e Voltage recreation due to electromagnetic coupling

For a transformer with Y, connected primary windings and a three-legged core, the recreation of
the voltage on the primary side opened phase is illustrated in Figure 4.4. The primary winding has
N turns. Assuming phase A is under an open conductor condition, the balanced excitations V,y,
Vgn,and Vg produce the fluxes ¢z and ¢, in the core legs B and C, respectively. The voltage
phase angle f8 is arbitrary. Since the summation of all the fluxes in the three-legged core must be
equal to 0, the flux ¢, is generated by ¢y and ¢,. It induces voltage V,z on the opened phase

A, which equals to V.
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Figure 4.4 Voltage recreation due to magnetic coupling

The problem represents a unique open conductor detection challenge encountered by power plants,
especially critical plants such as nuclear power plants and other safety-critical facilities that
involve backup power supplies. The open conductor situation does not cause operational problems
if the backup system is not energized. Thus, the goal is to detect the situation as soon as possible,
hopefully before the backup system is energized. This is a pure open conductor detection problem
while locating the open conductor point is not critical since the situation is within the power plant.
However, few solutions are available to detect this open conductor situation, leaving this unsolved
problem potentially jeopardizing power plants and power systems. In this chapter, two power-
disturbance-based methods have been developed to effectively detect this open conductor
condition. Once detected by the proposed methods, the open conductor is located with an onsite

check and repaired subsequently.

4.2 Method 1: Natural Voltage Disturbance Based Scheme

This section presents a voltage disturbance based scheme developed for monitoring the open
conductor condition. The key ideas of this method are (1) to use naturally occurring unbalanced
voltage disturbances as the test signals and (2) to use the unique responses of the transformer

neutral current to check the existence of the open conductor condition.

The proposed scheme was conceived from the following observation. When a voltage disturbance

occurs at a point upstream from the unloaded transformer, the transformer will respond differently
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depending on whether it has two or three phases connected to the system. This is especially true if
the voltage disturbance is unbalanced. Thus, the basic idea of the proposed method is to use natural
voltage disturbances as the test signals and the associated transformer neutral current response to

check if an open conductor condition exists.

4.2.1 Equivalent Circuit Analysis

An open conductor condition can be modelled in the phase domain as a resistor of infinite
resistance inserted into the opened phase (assume that phase A is open), as shown in Figure 4.5(a).
The open conductor condition equivalent impedance R in the sequence domain can be, therefore,

obtained as follows:

I 1 1/ TR ool !l 11 R R R
R =la’ a | OOOazal:%RRR 4.1
a at 1 0 0 0llg &% 1 R R R
where a = —%+j§, a? = —%—j?, and R is infinity. The equivalent circuit of the open

conductor condition in the sequence domain is shown in Figure 4.5(b).

R=c0 R/3=00
A Positive )ﬂ_w\\
|
R/3=00 IR/3=c0 | R3m
B Negative »L_1 :
o | [
R/3=0 \R/3=c0
C Zero W
(a) Phase domain (b) Sequence domain

Figure 4.5 Equivalent circuits of phase A open conductor condition

Therefore, for the system of Figure 4.2, the sequence admittance of the circuit downstream from
the main bus (denoted as Y, . and illustrated in Figure 4.6) can be transformed from the sum of
the open conductor condition equivalent impedance R in (4.1) and the transformer impedance

Zr,, as follows:
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where Zrs = [Zr1 Zr1  Zgpo]T is the transformer sequence impedance, and Zy; and Zp, are

the positive and zero sequence impedances, respectively.

| Open conductor

Powergrid  Mainbug  condition Transformer

A Q) |
B |
C @ |

Sequence admittance Y

oce

seen from the main bus L ——— e — — — I

Figure 4.6 Illustration of downstream circuit sequence admittance

For the system of Figure 4.2, the equivalent circuits in the sequence domain can be established as
Figure 4.7. The power system upstream from the main bus is modelled as a Thevenin equivalent

in the circuits.

Dist}lrbance Main /" Phase A OIE _Trarg)rm_; B

equivalents bus | conductor condition ] Al

poiive ML Zogr Ri=o  Zn | |
ositive .I,_@ J T | Y - | Vl
sequence  + AV, ‘ | | L

_ R/3=c0 R/3=c0 _

. AV, Zgg, | | R/3=00 | Zn | AL
Negative I'_(m) 3 f S+ — I >
sequence . AV | J.-

52 R/3=c0 | | |
Jero ATy Zigy | | R/3=c0] Zro A
sequence + AV, \ - J"
Voltage disturbance Downstream circuit Current response
[AVS] [Y()u] [AIS]

Figure 4.7 Equivalent circuits in sequence domain
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In Figure 4.7, the sequence voltage disturbance, AVg = [AVs; AV, AVsol”, experienced at the

main bus, can be obtained as follows:

Vg = %(AV&Z +atVg +a’AVs,)
_ 1 - _ _
AV, = 3 (O, +a® MV +atVy,) (4.3)

_ 1 - _ _

where AVs,, AVs,, and AVs. are measurements of three-phase voltage disturbances at the main

bus, respectively.

Thus, the sequence current response Alg = [AI; Al, Al,]" in Figure 4.7 can be determined
by substituting Y,.. obtained from (4.2) and AV obtained from (4.3) into the nodal voltage

equation Alg = Y,..AVs. The zero sequence current response Al, in Alg is given by

= 1

AV +T 4.4

4.2.2 Principle of the Method

The transformer neutral current response is triple the zero sequence current response and can be
obtained from (4.4) as follows:
= 3

Al

neu—occ — 3A70: ZT] (AVSb +AVSC) (45)

+247

One can conclude from (4.5) that, under a phase A open conductor condition, the transformer
neutral current response is determined by the voltage disturbances on the intact phases (phase B
and phase C) and the unloaded transformer’s zero and positive sequence impedances. Furthermore,
due to the large positive sequence impedance, the transformer neutral current response has almost
no zero sequence component for all types of voltage disturbances under the open conductor

condition.
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By contrast, the transformer neutral current response to the voltage disturbances under the normal
operating condition is as follows:

Al

neu—normal — Z_ (AVSa +AVSb +AI7Sc) (46)
T0

Equations (4.5) and (4.6) reveal the characteristics of the transformer neutral current response to

the voltage disturbances. They are summarized in Table 4.1.

Table 4.1 Transformer neutral current response to voltage disturbances

B Conditions
|Alneu| . . o
Normal operating condition Phase A open conductor condition

Balanced AVgy + AV, + AV, 3 AVgy + AV,

voltage Zro Zr1 +2Zpg
disturbance (=0) (= 0)
Unbalanced AV, + AV, + AV, 3 AVgy + AV,

voltage Zrg Zry + 2Z7g
disturbance (# 0) (= 0)

As shown in Table 4.1, a balanced voltage disturbance does not induce a transformer neutral
current change under the normal operating condition. However, it will stimulate a transformer
neutral current change under the open conductor condition, but this change is insignificant due to
the large positive sequence impedance of the unloaded transformer [88-90]. Thus, higher accuracy
measurement instruments are in additional need so that the balanced voltage disturbances as the
test signals can be used. By contrast, the transformer neutral current response to an unbalanced
voltage disturbance is much more noticeable under the normal operating condition but limited to
almost unnoticeable under the open conductor condition. Therefore, unbalanced voltage

disturbances are preferred for use as the test signals in the proposed method.

An open conductor condition exists if an unbalanced voltage disturbance does not cause a

noticeable neutral current change. A quantitative index to describe this condition can be established
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as the ratio (K) between the change percentage of the zero sequence voltage at the system side (K,,)

and the change percentage of the transformer neutral current (K;). It is expressed as follows:

_K, _ ‘AVSO/VSO‘

AT T @7

where AV, is the change of the zero sequence voltage caused by a voltage disturbance at the
main bus. AL, is the transformer neutral current response to this voltage disturbance. I,,.,, and

Vso are the neutral current and zero sequence voltage before the voltage disturbance, respectively.

The detection index is calculated when a desirable unbalanced voltage disturbance is detected.
According to the requirements of the IEEE standard, PTs’ measurement accuracy deviation should
be less than 1.2% of the rated voltage [91]. Thus, the unbalanced voltage disturbance is selected
as the test signal if AV, is greater than 6% of the rated voltage, thus reducing the impact caused

by PTs’ measurement errors.

The following shows the mathematical analysis with practical considerations of the detection
criterion. Under the normal operating condition, the equivalent circuits of the system with
unloaded transformers can be decoupled in the sequence domain. The detection index K is solved

in (4.8). It shows that the detection index K is always 1 under the normal operating condition.

K: . :ZTO.YTO :1 (4.8)

A]

neu

(4.9)

eu

where Vp;, is the rated phase voltage.
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It is shown in (4.9) that K, is determined by the background voltage imbalance and the
unbalanced voltage disturbance. In practice, the background voltage imbalance is at most 2-3% of
the rated voltage [92]. When the detection index calculation is triggered, the zero sequence
component of the voltage disturbance is greater than 6% of the rated voltage. Thus, K,, is always
larger than 2. Meanwhile, based on the conclusions summarized in Table 4.1, during a desirable
disturbance, the neutral current response |Al,.,| is only a little under the open conductor
condition. It is calculated by the subtraction of neutral currents during and before the disturbance.
The neutral current itself has a measurable magnitude because the transformer is energized by a
two-phase power supply. Therefore, K; is small, approaching 0. As K, has been proved to be
larger than 2, the detection index (K = K,,/K;) is a big value, much larger than 2 under the open

conductor condition.

Considering that the detection index K is equal to 1 under the normal operating condition and is
much larger than 2 under the open conductor condition, the threshold for the open conductor
identification is recommended as 2. If the detection index is less than the threshold, the operating
condition is determined normal; if the detection index is greater than the threshold, the open

conductor condition is identified.
4.2.3 Implementation and Practical Considerations

Implementation issues, including the hardware deployment and the monitoring algorithm, and the
prevalence of voltage disturbances are discussed to develop the proposed open conductor detection

method into a practical application scheme.
4.2.3.1 Hardware Deployment

Figure 4.8 presents the hardware deployment of the proposed method. It requires two power
disturbance monitors to measure the voltage at the main bus and the current on the transformer
neutral, respectively. The monitors are commonly equipped with signal processing modules to
perform data analysis, GPS modules to receive the precision time signal, and communication
modules to transmit recorded data. Since both power disturbance monitors are in one power plant,

the sampled data at each location is tagged using substation clock signals and is transmitted to the
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processing unit using the substation Ethernet [19]. The processing unit synchronizes the data from

both monitors based on the precision time tag and runs the detection algorithm.

) Main bus
Power grid

Open conductor condition ~ Transformer

B (B —
e | oo 0T

Q) s < 2
l e ey,
S %,

Substation Ethernet <

‘ Processing unit ‘

@

i

Power disturbance
monitor

Power disturbance
monitor

Figure 4.8 Illustration of hardware deployment
4.2.3.2 Monitoring Algorithm

The monitoring algorithm is shown in the flowchart of Figure 4.9 and is explained as follows. The
main bus phase voltages and transformer neutral current are continuously monitored by power
disturbance monitors. Power frequency components of the voltage and the current are extracted
using the Discrete Fourier Transform (DFT) algorithm implemented in the signal processing
module. A phase domain to sequence domain transformation is adopted to obtain the zero sequence
voltage at power frequency. After a desirable unbalanced voltage disturbance (AVsy = 6%Vpy) is
detected, the changes in the power-frequency neutral current and zero sequence voltage are
calculated by subtracting the pre-disturbance value from the during-disturbance values,
respectively. Then, the voltage change ratio K,, and the synchronized neutral current change ratio
K; are determined. Consequently, the detection index K 1is calculated, and the detection criterion
is applied to identify the operating condition. An alarm signal is sent if an open conductor condition

1s identified.
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Figure 4.9 Monitoring algorithm flowchart

4.2.3.3 Prevalence of Voltage Disturbance

The proposed method requires the existence of upstream voltage disturbances. Therefore, a survey
has been conducted to check how often a voltage disturbance may occur. Reference [13] showed
that a bus experienced 45 fault-caused voltage sags in 17 months. Reference [93] presented 16
severe voltage sags in 3.5 months at a power plant distribution bus. Reference [94] showed 4.94
voltage sags happened per month per monitoring bus. The survey [95] showed that 7.05 voltage
sags were found per month per monitoring bus in 9 European countries. These field-measurement-

based statistics show that voltage disturbances are common in power systems.

The problem to be solved is a condition monitoring problem rather than a protection problem. The
open conductor does not cause any operational issues if the backup system is not energized. The
goal is to detect the open conductor condition as soon as possible, hopefully before the backup
system is energized. In other words, the immediate detection of this problem is not necessary.
Therefore, the frequency of occurrence of natural power disturbances is sufficient to detect this

open conductor condition.

4.2.4 Simulation Studies
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An IEEE test system [96] was built in MATLAB/Simulink to study the effectiveness and
robustness of the proposed scheme. The test system consists of 13 buses, and it is representative

of a medium-sized industrial plant. The single-line diagram is shown in Figure 4.10.

The power frequency of the test system is 60Hz. The power plant is fed from an equivalent utility
supply of 69kV, and the local plant distribution system operates at 13.8kV. The transformer Trl
between Bus 9 and Bus 10 has no loads connected to its secondary side. It has Yg-A connected
windings and a three-legged core, with a capacity of 1.5MVA and a voltage ratio of 13.8/0.48kV.
The transformer’s short-circuit resistance and reactance are 0.8743% and 5.6831%, respectively.
The zero sequence magnetizing impedance Z,, is j63.482Q. The positive sequence magnetizing
resistance R, is 63480Q, and the positive sequence magnetizing inductance L,, is 168.39H.
Therefore, its positive sequence magnetizing impedance Zy4 is 31741+j31740Q. The motor at

Bus 7 has a capacity of 1.25MVA.

The voltage disturbances are introduced by phase-to-ground faults at the power supply side
(illustrated by the red sign in Figure 4.10) and motor starting, respectively. All disturbances last
for five cycles at the end of the total ten cycles. Phase B of the power line between Bus 3 and Bus
9 is set to be open (if necessary). The sampling rate of both monitors is 256 points/cycle.

Generator Utility

— Bus 4 —‘é' Bus 1
AN

A\pplied fault
Bus 5 — Bus2

Bus 3

l* ‘Open conductor
(single phase)

Bus 6 Bus 9 Bus 12
Tr1
Bus 7 Bus8 Bus 10 Bus 11 Bus 13

Motor

—
I

Figure 4.10 IEEE 13-bus test system
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4.2.4.1 Verifications of Unbalanced Voltage Disturbance Based Scheme

A single-phase-to-ground (Cg) fault is first applied to verify the effectiveness of the proposed
scheme. The monitor at Bus 3 detects a desirable unbalanced voltage disturbance (AVy = 20%V),).
The three-phase voltage waveforms at Bus 3 are shown in Figure 4.11.

20 Three-Phase Voltage Waveformes at Bus 3

Phase B Phase C ‘
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—
=

0 1 1 1 1 1
0 0.02 0.04 006 008 01 012 0.14 0.16
Time [ms]

Figure 4.11 Three-phase voltage waveforms at Bus 3 for a case with an unbalanced voltage disturbance

caused by a Cg fault

Under the phase B open conductor condition, the transformer neutral current waveform and the
detection index are presented in Figure 4.12. It shows that the neutral current response to this
voltage disturbance is about 0.07A. The calculated detection index is stable and much larger than

the threshold during the disturbance. Thus, the open conductor condition is detected.
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(a) Neutral current waveform (b) Detection index

Figure 4.12 Neutral current response results under the phase B open conductor condition
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Under the normal operating condition, Figure 4.13 illustrates a significant neutral current response
to this voltage disturbance. The detection index is always calculated around 1, which is less than

the threshold during the disturbance. Thus, the normal operating condition is identified.
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(a) Neutral current waveform (b) Detection index

Figure 4.13 Neutral current response results under the normal operating condition

As a two-phases-to-ground (CAg) fault is applied, a desirable voltage disturbance (AVy = 10%V),y,)

at Bus 3 is monitored. The three-phase voltage waveforms are presented in Figure 4.14.

Three-Phase Voltage Waveformes at Bus 3
‘ —Phase A - Phase B ----- Phase C ‘

15

Voltage [kV]

-15

0 0.02 0.04 0.06 008 01 012 014 0.16
Time [ms]

Figure 4.14 Three-phase voltage waveforms at Bus 3 for a case with an unbalanced voltage disturbance

caused by a CAg fault

Under the phase B open conductor condition, the transformer neutral current waveform and the
detection index are shown in Figure 4.15. It shows that there is almost no neutral current response.

The detection index is stable and always much larger than the threshold during the disturbance.

Thus, the open conductor condition is detected.
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(a) Neutral current waveform (b) Detection index

Figure 4.15 Neutral current response and detection index during the CAg fault under the phase B open

conductor condition

Under the normal operating condition, a significant neutral current response to the same
disturbance and the detection index are shown in Figure 4.16. The detection index is always around

1, less than the threshold, indicating that the operating condition is normal.
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(a) Neutral current waveform (b) Detection index

Figure 4.16 Neutral current response and detection index during the CAg fault under the normal

operating condition

It is shown from the two cases above that the proposed scheme can effectively distinguish the open

conductor condition from the normal operating condition.
4.2.4.2 Verifications of Balanced Voltage Disturbance Based Scheme

The motor starting event is applied to generate balanced voltage disturbances. The three-phase

voltage waveforms at Bus 3 are presented in Figure 4.17.
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{5 Three-Phase Voltage Waveformes at Bus 3
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Figure 4.17 Three-phase voltage waveforms at Bus 3 containing a balanced voltage disturbance caused

by the motor starting

Under both operating conditions, the transformer neutral current responses to a balanced voltage

disturbance are in small magnitudes, as shown in Figure 4.18. This proves that the balanced voltage

disturbance is not a good test signal as a high accuracy CT is needed.
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Figure 4.18 Neutral current responses to a balanced voltage disturbance under both operating conditions

4.2.4.3 Impact of Background Voltage Imbalance

The International Electrotechnical Commission (IEC) recommends that the degree of background
voltage imbalance should be limited to 2%. Meanwhile, the American National Standard (ANSI)

C84.1 recommends a maximum voltage imbalance limit of 3% for electric power systems [92]. In
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the simulations, the voltage of phase A is changed to simulate a background voltage imbalance
from -3% to 3%. The 10" cycle detection index under both operating conditions is presented in
Figure 4.19 and Figure 4.20. These two figures confirm that the proposed scheme can work

effectively within the maximum range of background voltage imbalance.
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Figure 4.19 Detection index under phase B open conductor condition with different degrees of system

imbalance
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Figure 4.20 Detection index under the normal operating condition with different degrees of system

imbalance
4.2.5 Experimental Verification

The proposed scheme has been investigated through laboratory experiments. The experimental
system is shown in Figure 4.21. The experimental transformer is 120/208V, and Yg-A connected
with a three-legged core configuration. Its capacity is 30kVA. No loads are connected to its
secondary side. One phase of the line between the system side bus and the transformer side bus is

set to be opened (if necessary). A three-phase 10Q resistor is added between the power supply and
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the system side bus to trigger large enough voltage disturbances. The unbalanced voltage
disturbance is introduced by energizing a single-phase heater connecting at the system side bus.

Two power disturbance monitors are installed at the main bus and the transformer neutral.

By

T ransformer

Figure 4.21 Experimental system

This section presents two representative cases. Ten cycles of measurement data are presented in
each case — the first five cycles are before the disturbance, and the remaining five cycles are
during the disturbance. To simplify the illustration, some voltages and currents are presented in

magnitude.

Case 1: Phase B open conductor condition with an unbalanced voltage disturbance applied on

phase C.

Figure 4.22 illustrates that the neutral current response is around 0.7A. The detection index is
stable at 3.8, consistently above the threshold during the disturbance. Therefore, the open

conductor condition is detected.

Case 2: Normal operating condition with an unbalanced voltage disturbance applied on phase C.
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Figure 4.23 shows that the neutral current response is about 2.2A, and the detection index is stable

at around 0.5 during the disturbance. Therefore, the normal operating condition is detected.
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Figure 4.22 The experimental results of case 1 (open conductor condition)
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Figure 4.23 The experimental results of case 2 (normal operating condition)
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It is worthwhile noting that the detection index for both operating conditions does not precisely
match the theoretical value. This is because the transformer used in the experiment is three-phase

unbalanced due to aging.
4.2.6 Summary

A novel method for detecting the open conductor condition is proposed. The method uses natural
unbalanced voltage disturbances as the test signals. By analyzing the responses of the transformer
neutral current to the voltage disturbance, a detection index is developed as an indicator to detect
the open conductor condition. The implementation and practical considerations of the proposed
method are discussed. Simulation and experimental results prove that the technique effectively

monitors the open conductor condition.

4.3 Method 2: Natural 3" Harmonic Power Based Scheme

Since the voltage-disturbance-based method proposed above needs certain natural disturbances to
perform the detection, it cannot detect the open conductor condition immediately. In view of this
limitation, a novel and advanced method is developed using 3™ harmonic power. This method
detects the open conductor condition immediately and works as simply as a zero sequence power

relay.
4.3.1 Zero Sequence Component Based Detection Idea

The phenomenon of the voltage recreation at the open phase illustrated in Figure 4.3 and Figure
4.4 is closely related to the fact that the three-phase supply voltages are in positive sequence. If
the supply voltages were in zero sequence, the phenomenon would not exist. For example, when
a zero sequence voltage is applied to the main bus, the transformer will exhibit distinct voltage
responses for the cases with and without an open conductor condition. Therefore, the key idea of

the proposed method is to use zero sequence components for open conductor detection.

For normal power systems, the zero sequence voltage at power frequency is very low (less than
2%), and the corresponding zero sequence current is also low. It is, therefore, challenging to detect

the change of power-frequency zero sequence components. Like the power frequency, the
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sequence components of harmonics can also be transformed from phase domain quantities at the
corresponding harmonic orders using symmetrical components transformation. It is well known
that the 3™ harmonics in power systems have a significant zero sequence component. In fact, zero
sequence is the dominant component in 3™ and other triple harmonics [97]. As an example, Figure
4.24 shows a field measured 3" harmonic voltage at a 13.8kV bus in Alberta. The zero sequence
component is about three times that of the positive sequence voltage. References [80-83]
conducted in-depth investigations on the characteristics of harmonic distortions in various power
systems. The findings showed that rich 3™ harmonics exist at various locations and voltage levels.
Therefore, it is feasible and practical to use the zero sequence component of 3' harmonics to detect

the open conductor condition.
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Figure 4.24 3™ harmonics in the field measurement
4.3.2 Impact of Open Conductor on Zero Sequence Component

Based on the superposition principle, the response of the system shown in Figure 4.2 to a zero
sequence voltage can be studied by assuming there is only a zero sequence voltage at the main bus.

This means:

Vo (W) =Vry(h)+Vig(h)+ Vi (h) #0 (4.10)

where Vi4(h), Vrg(h), and Vy-(h) are three-phase voltages at the hth harmonic at the

transformer terminal. h refers to the 3™ harmonic if there is no other specification in this chapter.
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Under the normal operating condition, the zero sequence current flowing into the transformer can

be determined using the zero sequence circuit as follows:
Io(W)=Vy (h)/Zy() %0 (4.11)
where Z,(h) is the zero sequence impedance downstream from the transformer terminal.

Under the open conductor condition (e.g., phase A is open), the voltages on the main bus only
energize the transformer’s primary phases B and C. Thus, as shown in Figure 4.25, the voltages
(denoted as V,(h), and V3(h)) across the two corresponding secondary windings are induced,

respectively.

Va(hy=Vyg(h)[ny and  V3(h)=Vyc(h)/n (4.12)

where n; is the transformation ratio between the transformer primary and secondary windings.
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Figure 4.25 Voltage regeneration on the opened phase in the Yg-A transformer

In the secondary A windings, the voltage across the third winding, denoted as V; (h), is created

by V,(h) and V3(h), as follows:
Vi(h) = 0=Vy(h) = V3(h) == (Vg () + Ve (h)) /g (4.13)

The voltage in (4.13) will induce a voltage on the opened phase A, as follows:
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Vea(h) =y - Vi(h)==(Vg(h) + Ve (h) (4.14)

where Vg, (h) is the re-built voltage at the phase A transformer terminal.

Thus, the three-phase voltages at the transformer terminal add to zero, as follows:

This reveals that there will be no zero sequence voltage at the transformer terminal if one conductor

is open.

Since the zero sequence voltage is zero at the transformer terminal, the zero sequence current

entering the transformer is also zero, i.e.,
Ly(h)=Iry(h)+ Irp(h) + Irc(h) =0 (4.16)

The above conclusion also holds for the three-legged transformer that has Y, primaries and Y or

Yg secondaries.

4.3.3 Potential Detection Criteria

In summary, an open conductor condition can exhibit unique voltage and current characteristics if
it is analyzed from the zero sequence perspective. At the primary side of the unloaded transformer,
both the voltage and current in zero sequence will drop to zero once a conductor is open. Thus,

there are three possible criteria to detect the open conductor condition.
1) Voltage-Based Detection Criterion

Based on the characteristics of the zero sequence voltage response, a voltage-based detection

criterion is developed as follows:

Vo(h)| <&, (h) (4.17)
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where Vy(h) 1is the voltage detection index, obtained from the zero sequence voltage

measurement at the transformer terminal. €,(h) is a user-defined threshold.
2) Current-Based Detection Criterion

Similarly, based on the characteristics of the zero sequence current response, a current-based

detection criterion is developed as follows:
|ly(h)|< &, (h) (4.18)

where I,(h) is the current detection index, obtained from the zero sequence current measurement

at the transformer terminal. &;(h) is a user-defined threshold.
3) Power-Based Detection Criterion

Since both the zero sequence voltage and current drop to zero once an open conductor occurs, a

detection index in the form of power is proposed as follows:
So(W) = Vo(h)[-[ 1o(R)] (4.19)

where Sy(h) is the power detection index. Thus, a power-based detection criterion for the open

conductor detection is developed, as follows:

|S0 (h)| <é&g(h) (4.20)

where &5(h) is a user-defined threshold.
4) Index Processing, Threshold Setting, and Decision Making

Since the 3™ harmonic contains a rich zero sequence component, it is used to form the above
indices. The DFT algorithm is applied on the measured zero sequence current and voltage
waveforms to extract the 3™ harmonic quantities in the zero sequence. The RMS values of the zero

sequence voltage, current, and power at the 3™ harmonics are obtained.
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To reduce adverse impacts of noise and abnormal harmonic changes, such as a sudden outburst or
interruption, raw indices are further processed with a moving average algorithm as follows:

X (h)= _§N XL (h) @.21)

L

Nm p=k 1

where X,f (h) refers to the raw index at the kth cycle, which can be either I,(h), V,(h), or
So(h). XP(h) is the processed index at the pth cycle, calculated with the moving average

algorithm with a window length of N,,.

It is also important to set a proper threshold for each criterion. Based on the previous findings that
each index drops and permanently stays at zero after an open conductor occurs, the threshold for

each detection criterion can be determined in the following.

First, a daily profile of 3" harmonic zero sequence voltage at the transformer terminal is monitored.
Figure 4.26 illustrates a real-world 3™ harmonic zero sequence voltage daily profile on a 13.8kV
bus in Alberta. It is similar to a daily load curve, having a clear magnitude fluctuation. Second, the
minimum voltage (denoted as V,;, (h)) in the profile is used as the threshold ¢,(h) for the voltage
based detection criterion. If the minimum value here is less than 0.15%, this value is excluded, and
the second-lowest value is used, and so on. If the 3™ harmonic zero sequence voltage
measurements in the first 24-hour monitoring are all less than 0.15%, the threshold will not be set,
and the proposed method will not be applied. Third, thresholds for current based and power based
detection criteria (i.e., &(h) and &5(h)) are determined in V., (h)/Zy(h) and V3 (h)/Zo(h),
respectively. Zg(h) is the 3™ harmonic zero sequence impedance downstream from the
transformer terminal. This impedance is the ratio of 3™ harmonic zero sequence voltage and current,
expressed as Vy(h)/I,(h), where Vy(h) and I,(h) are the transformer terminal’s zero sequence
voltage and current at the 3™ harmonics, respectively. Specifically, Z,(h) consists of the
transformer’s zero sequence impedance and the downstream load’s zero sequence impedance.
Zy(h) does not exhibit significant changes, since the transformer supplies a backup system (i.e.,

the load is normally zero).
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Figure 4.26 Illustration of a real-world 3™ harmonic zero sequence voltage daily profile

It is worthwhile noting that the thresholds are adaptive. The settings are updated daily based on
the monitoring results from the previous day. When the occurrence of some special events, such
as an open conductor or communication channel failure, disturbs the regular daily monitoring, the
settings are updated using the monitoring results on the most recent normal day before the events.
Note that the energization of the load in the backup power system may change Z,(h) and then
affect the normal 3™ harmonic measurements. This situation is also treated as an abnormal event
and excluded in the daily threshold adaption. On the other hand, if the load in the backup system
has a noticeable impact on Z,(h), i.e., the backup load is put into service, the open conductor
condition can be easily detected by using, for example, a negative sequence current relay. This is
because an open conductor condition will result in a noticeable imbalance in the current feeding
the load. In this situation, the proposed detection method is not necessary so that it can be
temporarily out of service to avoid false detection. As such, the thresholds need no real-time
corrections when the backup load is in service. In summary, the thresholds update daily and need

no real-time modifications.

The decision-making strategy is presented in the following. The change of each index in a cycle-
level snapshot around an open conductor event could satisfy the corresponding criterion (4.17),
(4.18), or (4.20) to indicate the open conductor condition. Unfortunately, such a change can also
be caused by a sudden dip of the system 3™ harmonic under normal operating conditions. This
implies that an instant decision-making strategy may yield a false detection. Considering that open
conductor detection is not required in real time, it is possible to make decisions with a time delay.

The time delay is set as 1s to guarantee a confident detection. Thus, the decision-making strategy
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is that if an index within 1s is always less than the threshold, the open conductor condition is seen
to exist. The principle behind this strategy comes from the previous finding that detection indices
drop to zero and would not change with the 3™ harmonic voltage fluctuations when an open
conductor occurs. In addition, if the 3™ harmonic zero sequence voltage is lower than the voltage
detection threshold ¢,(h) in a short time (less than 1s), a warning signal will be sent to indicate
the existence of temporarily low 3™ harmonic excitations. It is suggested that the open conductor

decision made closely after the warning should be verified.

Note that the 3" harmonic zero sequence current and voltage can be low in some systems. For such
systems, the proposed method cannot work reliably. This is the main limitation of the proposed
method. Due to this consideration, 3" harmonic levels in various systems are investigated. As
mentioned previously, field measurements and literature survey results in [80-83] reveal that rich
3™ harmonics exist in many systems. This is due to the widespread use of single-phase switched-
mode power supplies and loads. Therefore, there is a good chance that the proposed method can
work properly for many systems. Furthermore, two measures for checking the possible low 3™
harmonic level are adopted to guarantee a reliable detection. The first is to check the 3™ harmonic
level in the first 24-hour monitoring to determine whether to apply the method; the other is to show

the existence of low 3™ harmonic excitations during the following operations.
4.3.4 Verifications and Sensitivity Studies

Verifications and sensitivity studies of the proposed criteria are carried out through extensive
simulation and experimental studies. The goals are (1) to test the performance of the proposed
criteria and (2) to find the best criterion for further real-world application. This section presents

some of the representative results and the corresponding discussions.
4.3.4.1 Simulation Verification

A 115kV backup power system was built in the “Multiphase Harmonic Power Flow (MHPF)”
software to test the performance of the proposed indices/criteria. The test system consists of a

Thevenin equivalent power source, a cable, and a transformer. The phase C conductor between the
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cable terminal and the transformer is open (if necessary). The schematic of the test system is shown

in Figure 4.27.
Main bus TranSfQTmer
terminal
! : : / &j@@E No load
Vot Ve £ Cable Transformer

Figure 4.27 Simulation test system

The power frequency of the test system is 60Hz. At the power frequency, the system self- and
mutual impedances are Zg(h = 1) =0.0830+j3.3187Q and Z,,(h = 1) =-0.0055+j0.6640Q,
respectively. A zero sequence voltage source is added in series with the system impedance to
generate a 0.33% voltage harmonic for the 3™ harmonics on the main bus. This harmonic
magnitude is from field data statistics in Alberta. A three-phase single-core cable feeds a Yg-A
unloaded transformer, which has a capacity of 35MVA and a voltage ratio of 115/13.8kV. The
transformer’s short-circuit resistance and reactance are 0.4698% and 7.9862%, respectively. The
zero and positive sequence magnetizing impedances are j63.48Q and 31741+j31740€,

respectively.

For this test system, Zy(h) is calculated as 0.59+j29.82Q. It is reasonable to assume that the
minimum value in the daily profile of the 3™ harmonic zero sequence voltage is 0.2%. Thus,
thresholds for the three criteria are set as 398.3V, 13.36A, and 5321 VA, respectively. Detection

indices under both operating conditions are presented in Table 4.2.

Table 4.2 Detection indices under both operating conditions

Indices Normal operating condition Open conductor condition
Vo(h) (V) 528.5 0.9108
Iy(h) (A 17.72 0.0316

So(h) (VA) 9364 0.0283
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It can be seen from Table 4.2 that all indices are lower than the threshold under the open conductor
condition, and they are larger than the threshold under the normal operating condition. This implies

that all the proposed detection criteria can effectively detect the open conductor condition.
4.3.4.2 Experiment Verification

The proposed criteria have also been tested in laboratory experiments. The experimental test
system is shown in Figure 4.28. The transformer is a 120/208V, Yg-A connected three-phase bank
transformer. It is directly fed by three-phase power from a lab wall outlet and has no load at the
secondary side. One power quality monitor is placed at the transformer terminal to monitor the

zero sequence current and voltage. The sampling rate of the monitor is 256 samples/cycle.

In the daily profile of the 3™ harmonic zero sequence voltage, the minimum value is 0.55V. This
value is used as the voltage threshold ¢,(h). In addition, the transformer terminal downstream
impedance Z,(h) at the 3" harmonics is obtained as 5Q. Thus, the current and power thresholds

g(h) and &g(h) are setas 0.11A and 0.06VA, respectively.

Figure 4.28 Experimental test system
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Figure 4.29 shows a 200-cycle snapshot of the zero sequence voltages at all primary harmonic
frequencies on the main bus. The 3™ harmonic is the largest component, around 0.75V (0.625%).
At this moment, the 3™ harmonic zero sequence current is 0.16A, so the power index is obtained
as 0.12VA. All three indices are above their thresholds. Once a conductor is open, all indices
experience a drop and stay below the thresholds, as shown in Figure 4.30. One can conclude from

Figure 4.30 that all the proposed criteria can detect the open conductor condition.
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Figure 4.29 A 200-cycle snapshot of zero sequence voltages at all primary harmonic frequencies on the

main bus
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Figure 4.30 Detection indices under both operating conditions
4.3.4.3 Sensitivity Studies

The simulation and experiment verifications above have proved that the proposed indices can
independently detect the open conductor condition. Since these indices share the same philosophy,

sensitivity studies are conducted to compare their performances. The goal is to find the best index.
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One can see from the simulation results in Table 4.2 that the power index has the most significant
drop (330883 times) compared to the voltage index (580 times) and the current index (561 times)
when an open conductor occurs. This implies that the power index is the most sensitive in

perceiving the open conductor condition.

In a further investigation, different 3™ harmonic zero sequence voltages are applied as a series of
test voltages on the experimental test system to evaluate the sensitivity of detection indices. The

performances of each index are shown as follows:
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Figure 4.31 Performances of detection indices for different 3™ harmonic voltages

It can be seen in Figure 4.31 that, as the test voltage changes, the power index is constantly the
lowest under the open conductor condition. By contrast, the power index and the voltage index are
comparable under the normal operating condition. The power index outperforms the voltage index

when the test voltage is high.

Based on the above sensitivity studies, one can conclude that the power index has a better
performance than the other two indices. Therefore, the power-based criterion is to be preferred for

use in detecting the open conductor condition.
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4.3.4.4 The Usefulness of Power-Frequency Zero Sequence Component

One may wonder if the zero sequence component at power frequency can also be used for detection.
The behaviours of the power-frequency zero sequence power in an experiment (the same one

presented in the experiment verification) are shown in Figure 4.32.
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Figure 4.32 Performance of Sy(h = 1) under both operating conditions

As can be seen, Sy(h = 1) is not zero after the open conductor occurs. This is because, under the
open conductor condition, the voltages on the two normal phases generate a transformer exciting
current, flowing into the ground through the transformer neutral [98]. This current is in zero
sequence. Due to the system voltage at power frequency being large, the associated zero sequence
current and voltage (i.e., Io(h = 1) and Vy(h = 1)) at the transformer terminal are both not zero.

Therefore, the proposed scheme cannot employ the power-frequency zero sequence component.
4.3.4.5 Immunity to Other Disturbances

There are power disturbances other than the 3™ harmonics existing in power systems. These
disturbances may also generate 3™ harmonic zero sequence voltage and current responses at the
transformer terminal. Thus, their influence needs to be considered. Disturbances are manually

created in the experiments to investigate the impacts of power disturbances on the proposed criteria.

1) Motor Starting

Motors are connected to the main bus in power plants, and motor starting may generate power
disturbances on the main bus. Accordingly, the influence of motor starting on the proposed method
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is investigated. Two identical motor starting events are applied under the normal operating

condition and the open conductor condition, respectively. The power index with the influence of

motor starting is shown in Figure 4.33. The purpose of Figure 4.34 is to confirm the motor starting

events by showing the motor’s 3™ harmonic current. These 3™ harmonics are very low during the

motor’s steady-state operation and are caused by non-ideal sinusoidal voltages applied to the aging

motor.
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One can see from Figure 4.33 and Figure 4.34 that motor starting generates some power

disturbances on the main bus that affect the raw 3™ harmonic power (i.e., raw Sy(h)), however,

the power index used for the detection (i.e., moving average S,(h)) is much less affected. Thus,

motor starting has little influence on the proposed method.

2) Capacitor Switching
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A 16.67uF three-phase capacitor bank is connected to the main bus. Two identical capacitor
switching events are applied under the normal operating condition and the open conductor
condition, respectively. The power index with the influence of capacitor switching is shown in

Figure 4.35. The events are confirmed by the capacitor injecting currents in Figure 4.36.
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Figure 4.35 Power index with the influence of capacitor switching
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Figure 4.36 Capacitor’s three-phase current waveforms
3) Harmonic Load Change

Two identical harmonic load change events are applied under the normal operating condition and
the open conductor condition, respectively. The power index is shown in Figure 4.37. The events

are confirmed by the load’s 3™ harmonic zero sequence current injections in Figure 4.38.
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Figure 4.37 Power index with the influence of harmonic load change
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Figure 4.38 Load injecting 3™ harmonic zero sequence current

4) Unbalanced System Voltage Disturbances

The unbalanced system voltage disturbances are also investigated. As a severe and representative
unbalanced voltage disturbance, a single-phase voltage interruption is conducted by opening one
phase conductor. Note that the testing of this disturbance’s influence is meaningful only under the
open conductor condition. Figure 4.39 shows that the unbalanced phase voltage abnormality
implies the occurrence of a single-phase voltage interruption under the open conductor condition.

As shown in Figure 4.40, this disturbance has no noticeable impact on the power index.
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Figure 4.39 Phase voltage waveforms with a single-phase voltage interruption disturbance under the open

conductor condition
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Figure 4.40 Power index with the influence of a single-phase voltage interruption
5) Summary

It can be concluded from the above cases that power disturbances other than the 3™ harmonics do
not influence the performance of the proposed criteria for the following reasons. Based on the
principle of superposition, one disturbance can be considered as an additional 3™ harmonic
excitation to the original 3™ harmonic test voltage. The responses to this additional excitation under

both operating conditions have no impact on the detection results.

Specifically, under the open conductor condition, the disturbance-produced 3™ harmonic excitation
will not increase detection indices from zero. Thus, the disturbance has no impact under the open
conductor condition. On the other hand, under the normal operating condition, one disturbance
may yield an increase or decrease in the total 3™ harmonic test voltage. Such a change can be

treated as a short-term harmonic fluctuation. Its impact on the detection indices can be removed or
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at least much alleviated by the moving average algorithm. Moreover, the decision is made with a
time delay, so the disturbance would not have a decisive impact under the normal operating

condition. In summary, the proposed criteria are immune to other power disturbances.
4.3.5 Comparative Studies of All the Existing Methods

In this section, the proposed method is compared with three known approaches: the voltage-
disturbance-based method presented in the previous section [98], the EPRI’s active method [68],
and the EPRI’s passive method [68].

The voltage-disturbance-based method requires natural voltage disturbances to facilitate detection.
So, it cannot detect the open conductor condition immediately. The EPRI’s active method requires
a 60Hz power source to inject testing currents into the transformer neutral. This method is very
difficult to implement, and additional reliability issues exist. Therefore, it is not comparable with

the methods based on passive measurements.

The EPRI’s passive method uses the measurements of the power-frequency and harmonic
components in the transformer neutral current for detection. So, it is a more suitable candidate for
comparison. Using the same test condition reported in the experiment verification section, the
individual quantities in the transformer neutral before and after the open conductor event are

recorded and shown in Figure 4.41.
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Figure 4.41 Power-frequency and harmonic components in the transformer neutral current before and

after the open conductor event
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One can see from Figure 4.41 that the 60Hz component and 180Hz component (i.e., 3™ harmonic)
in the transformer neutral current are comparable before the open conductor event; after the open
conductor occurs, the 60Hz and 180Hz components have an increase of 0.1661A and a decrease
of 0.1583A, respectively, and the 300Hz component (i.e., 5™ harmonic) has little change. The
EPRI’s passive method proposes that these current changes could be the signatures of the open
conductor, but it does not provide information on which spectrum components to use and what the
thresholds are. No theoretical support is provided to explain the change and guide the threshold
determination. The threshold in EPRI’s passive method is hard to set since the changes are affected
significantly by the external system conditions. For example, with a sole focus on the 3™ harmonics,
one can observe the 3™ harmonic component changes from 0.1706A to 0.0123A due to the open
conductor. However, it is hard to determine a threshold in advance to differentiate those two values
(i.e., two operating conditions). In fact, the EPRI’s passive method is not proposed to work

independently; instead, it works together with the EPRI’s active method.

In summary, the proposed method has better performance, and the detection criterion is established

based on a scientific understanding of the phenomenon to be detected.
4.3.6 Implementation

Implementation issues, including the hardware deployment and the detection algorithm, are
presented in this section to develop the power-based criterion into a practical scheme. The results
of a representative experimental case prove the feasibility and effectiveness of the proposed

scheme.
4.3.6.1 Hardware Implementation

The proposed method can be implemented as a new type of relay shown in Figure 4.42. The digital
relay takes the analog zero sequence voltage and current inputs, implements the Discrete Fourier
transform (DFT) algorithm to extract the 3™ harmonic zero sequence voltage and current from the
analog inputs, and uses the extracted 3™ harmonics to perform the open conductor detection. The

relay’s input and logic processing functions are similar to the well-known zero sequence power
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relays [99]. In this scheme, all the measurement data are collected and processed at one location.

As a result, a communication network for data transmission is not needed.

B - - Transformer

Open Conductor Detection

'Digital Relay

Figure 4.42 Hardware deployment schematic diagram

One unique feature of the proposed relaying scheme is that the threshold is adaptive in comparison
with conventional relays. To achieve this goal, the new relay needs to store the one-day monitoring
information and update the setting. The data storage unit can be built into the relay. The setting

strategy has been explained in detail in section 4.3.3.
4.3.6.2 Detection Algorithm

The detection algorithm is shown in the flowchart of Figure 4.43 and is explained in the following.
In the initialization, a daily profile of the 3™ harmonic zero sequence voltage is obtained at the
transformer terminal. The downstream 3" harmonic zero sequence impedance is determined as the
ratio of 3™ harmonic zero sequence voltage and current. Thus, the threshold &g(h) is set, and the
proposed scheme starts to work. The relay synchronously digitizes the analog zero sequence
current and voltage signals obtained via CTs and PTs at the transformer terminal. Then, the relay
implements the DFT algorithm on the sampled data to extract the 3™ harmonic zero sequence
voltage and current in phasors and calculates a raw power index per cycle. Next, the power indices
for decision-making are generated by adopting the moving average algorithm on the raw indices.
The window length of the moving average algorithm is set as 30 cycles. If the criterion (4.20) is
being satisfied (i.e., power indices are always greater than the setting) throughout 1s, the open

conductor condition is detected. Otherwise, the operating condition is considered to be normal. It
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is also worth noting that the relay’s output of detecting an open conductor condition may or may

not yield immediate tripping.

Initialization

Zero-sequence voltage and current measurements

)

3" harmonic voltage and current extraction Data storage

|

Power index calculation

l

‘ Time delay ‘

Threshold update

All indices< Threshold

Normal operating condition

Open conductor condition Detection result output

Figure 4.43 Algorithm flowchart

4.3.6.3 Case Study Results

This section presents an experimental case with the complete detection procedure to demonstrate

how the proposed scheme works.

In the initialization, a daily profile of the 3™ harmonic zero sequence voltage at the transformer
terminal (see Figure 4.44) is obtained. The minimum value in this profile is 0.49V. Also, 3"
harmonic zero sequence impedance downstream from the transformer terminal is calculated as 5€,

as shown in Figure 4.45. Thus, the threshold &g(h) is determined as 0.048VA.
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Figure 4.44 Daily profile of 3™ harmonic zero sequence voltage at the transformer terminal
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Figure 4.45 3™ harmonic zero sequence impedance downstream from the transformer terminal

Once the threshold is set, the proposed scheme starts to detect the open conductor condition. The
continuously monitored power index for the entire second day is shown in Figure 4.46. It can be
seen that all the indices are above the threshold, which indicates that the operating condition is

normal.
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Figure 4.46 One-day performance of the power index under the normal operating condition
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At the end of the day, based on the information of the daily voltage profile and impedance Z,(h),
the threshold &g(h) is updated as 0.046VA. On the next day, when an open conductor occurs, the

daily and three-second behaviours of the power index are shown in Figure 4.47 and Figure 4.48,

respectively.
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Figure 4.47 One-day performance of power index with an open conductor condition occurrence
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Figure 4.48 Three-second performance of power index at the occurrence of an open conductor condition

One can see from Figure 4.48 that the power index drops at the instant of the open conductor
condition event, starts to satisfy the detection criterion of (4.20) in 0.3s, and stays below the

threshold for the next 1s. Therefore, the open conductor condition is quickly detected.

4.3.7 Summary

An advanced method is proposed for open conductor detection in the above sections. The key idea

of the method is to use the 3™ harmonic zero sequence power. The method’s good performance is
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proved using extensive simulation and experimental studies. The proposed method can be easily
implemented using a relay similar to the conventional zero sequence power relay but with a
function of adaptive setting. Extensive study results show that the proposed method is a promising

technique to solve the open conductor detection problem.

4.4 Conclusion

An undetected open conductor condition is a threat to the safe operation of power plants and
industrial facilities. This condition is especially challenging to detect in a system with certain

unloaded Y, connected primary transformers. Few approaches have been proposed to date to

solve this problem effectively. This is due to the lack of detectable abnormal voltage and current
changes when a conductor opens. This research recognizes that this situation is related to the
positive sequence nature of the supply voltage. If the supply voltage were in zero sequence, an
open conductor would produce different voltage and current responses. Based on this
understanding, two natural power-disturbance-based condition monitoring methods are proposed
in this chapter. The first method jointly analyzes the unbalanced voltage disturbance and the
resultant response of the transformer neutral current to achieve the open conductor detection. The
second method uses the 3™ harmonic zero sequence power for the open conductor detection. Good
performances of both methods have been proved using extensive simulation and experimental
studies. The implementation and practical considerations of both methods have been discussed.
Comparative studies of all the existing techniques further verify that the proposed 3™ harmonic
power based method is the most promising, having the advantages of fast detection and easy
implementation. Since the proposed two methods deploy different types of natural power
disturbances, they can work individually or in a parallel way to increase the effectiveness and

reliability of the open conductor detection.
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Chapter 5: Conclusions and Future Work

This chapter summarizes the findings and contributions of the thesis and provides suggestions for

future work.

5.1 Thesis Conclusions and Contributions

The Ph.D. research aims to transform active condition monitoring from offline to online using
natural power disturbances as the test signals. Such a power-disturbance-based condition
monitoring approach proposed in this thesis can provide a much more accurate picture of
conditions for different power equipment with no need for a scheduled de-energization. As a result,
it can strongly support and even direct the emerging condition-based operation actions and asset
management in an efficient and low-cost manner. It can also significantly increase the resiliency
and reliability of power systems by avoiding unexpected equipment failures. In this thesis, the
proposed concept has been successfully applied for two topics: substation grounding grid condition
monitoring and open conductor detection. The main conclusions and contributions of this thesis

are summarized as follows.

e Chapter 2 presents an online method for monitoring the substation grounding impedance and
the grounding grid conditions. The proposed method uses naturally occurring fault currents as
the test current. The corresponding GPR is measured using an isolated multi-grounded neutral.
The current and potential loops are installed permanently. Over time, the statistical trend of the
grounding impedances estimated using the proposed method can provide a more detailed
picture of grounding grid conditions than an occasional single test result obtained using oftline
methods. The main challenges faced by the proposed method are multiple interferences that
can cause measurement inaccuracy. The main factors affecting such interference-caused errors
are identified through analytical studies. Various ways to mitigate the impacts of those
interferences are identified. Based on the extensive verification and sensitivity study results
using industrial data, a guide for the selection of the feeder neutral for the GPR measurement
and the faults as the “test current” sources has been developed. Following the guide and the
implementation requirements suggested, good measurement accuracy can be achieved.

Furthermore, estimated ranges of measurement errors due to different interference issues are
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provided to give users additional confidence in the results. An application study demonstrates
that the trend of impedance variation is a more useful indicator of the substation grounding

grid conditions.

Chapter 3 proposes an improved method for substation grounding grid condition monitoring.
The proposed method uses a novel multiwire technique for the GPR measurement. Using the
naturally existing 3' harmonic current as test signals and the resultant GPR, the method can
estimate the substation grounding grid impedance at 60Hz at short time intervals and track the
impedance estimations over time to reveal the substation grounding grid conditions. It is easy
to implement the proposed method, with current measurements in the substation and the GPR
measurement using three measuring wires permanently installed in a transmission line corridor
or on a distribution feeder. Extensive case studies and sensitivity studies show that the proposed
method performs well in estimating substation grounding grid impedances. The method is
negligibly affected by the GPR measuring wires’ horizontal displacement in the transmission
line corridor and their vertical displacement on the feeder pole. Also, it has no specific
requirements for transmission lines, feeders, and 3™ harmonic sources such as three-phase
current spectra, locations, and grounding resistances. Due to the advantages of the significant
reduction of inductive and soil potential interferences, the proposed method is applicable for
transmission and distribution substations that may contain grounding grids of different sizes
and power transformers of all possible winding connections. Application studies demonstrate
that the proposed method can timely and reliably reveal the deterioration of substation

grounding grid conditions.

Two power-disturbance-based condition monitoring schemes in different working mechanisms
are proposed in Chapter 4 to address the open conductor condition detection challenge
encountered in power plants. The first scheme jointly analyzes the natural unbalanced voltage
disturbance and the resultant response of the transformer neutral current to achieve the open
conductor detection. The second scheme deploys the 3™ harmonic zero sequence power for the
open conductor detection. Both methods’ good performance and effectiveness have been
demonstrated using simulation and experimental studies. Implementation and practical
considerations are addressed. Comparative studies of all the existing techniques further show
that the proposed 3™ harmonic power based method is the most promising with the advantages
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of fast detection and easy implementation. Since these two schemes deploy different types of
natural power disturbances, they can work individually or in a parallel way to increase the

effectiveness and reliability of the detection.

5.2 Suggestions for Future Work

In this thesis, several power-disturbance-based condition monitoring techniques have been
successfully developed to solve the challenges of substation grounding grid condition monitoring
and open conductor detection. Some extensions of research related to these two topics are as

follows:
1. Grounding condition monitoring for large-scale solar farms.

2. Grounding condition monitoring for portable grounding devices used for worksite safety in

power line maintenance.
3. Grounding condition monitoring for High Voltage Direct Current (HVDC) systems.

Besides the focused research topics in the thesis, the proposed power-disturbance-based condition
monitoring approach can be extended to other power equipment for different condition monitoring

focuses, such as power transformer winding deformation and power cable sheath misconnection.
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Appendices

Appendix A: Transfer Voltages from Grounding Electrodes

Mutual coupling always exists between two grounding electrodes in the soil. Its contribution to
the soil potential (i.e., the transfer voltage) has distinct characteristics for substation grounding
grids and neutral/shield wire rods, mainly depending on their structures. They are analyzed and

compared below.

Vrod

When a current [ is injected into a grounding rod, the rod’s GPR, V284, can be calculated as

follows:

17 1O 7 70 +L2 +L
d _ P ln\l d od (A1)

GPR —
Wlig  \r2y + Ly ~ L

rod

rod

where 1,,4 and L,,4 are the radius and the length of the rod, respectively, and p is soil

resistivity.

The transfer voltage at a point x meters away from the rod, Vtrroﬁsfer (x), can be calculated as

follows:

7 0 7 X2+L30 +Lro
Voo (x>—4 In(¥ 4 ——rod) (A2)

transfer L
\/X + Lrad Lrod

Thus, the percentage of the transfer voltage over the GPR for a grounding rod at different locations,
Oroq (%), can be determined in (A3). It is shown in (A3) that this percentage is independent of the
soil resistivity and the energized current. The results for typical grounding rods, with a radius of

0.5~1 inch and a length of 8~12 ft, are shown in Figure A1.

rod ’ 2 ’
ransfer + Lm + L Tood T Lro + Lro
O-md(x)_ t ik ( ) =In ( x d d d d) 100% (A3)

rrrod 2 2
VGP R \/x + Lrod L \/ Vrod + Lrod Lro
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I Rod 1: Diameter=12.70mm & Length=2.44m
4b Rod 2: Diameter=15.87mm & Length=2.44m ||
Rod 3: Diameter=15.87mm & Length=3.6m
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Figure A1 Percentage of the transfer voltage over the GPR for typical grounding rods.

It can be seen from Figure A1 that a regular grounding rod’s transfer voltage decays quickly to a
negligibly low percentage of the rod’s GPR within a short distance. For example, at a 50m distance
from the rod, the transfer voltage is only 1.08% of the rod’s GPR at most. The larger the distance

is, the smaller the transfer voltage will be.

On the other hand, the GPR of a substation grounding grid due to a current I injection, Vcﬁﬁd,
can be calculated as follows [23]:
7 .dlex\/zxpfz pl (A4)
GPR gri 4 y 2Dg,-id

where A is the size of the grounding grid, and Dgy;;4 is the diameter of the grounding grid (if

assuming that the grid is round).

The transfer voltage at a point x meters away from the grounding grid, Vt%ﬁfer (x), can be
calculated as follows [23]:

77 8ri ]_

Vo 3 =2 (AS)

27X
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Similarly, the percentage of the transfer voltage over the GPR for a substation grounding grid at

different locations, ggriq(x), can be determined in (A6). This percentage is also independent of

the soil resistivity and the energized current.

V;gtz;;iasler(x) D 7
Oia (¥) = 20— =~ x100% (A6)
Vérr X

The results for substation grounding grids in different sizes are shown in Figure A2. The transfer
voltage from a grounding grid is not insignificant unless the separated distance is larger than

5~10Dgriq (€.g., 500~1000m if the tested grounding grid diameter Dgy;q is 100m).

1 1

5D . 10D . 15D
grid grid grid
Distance to the center of grounding grid

Figure A2 Percentage of the transfer voltage over the GPR for different sizes of grounding grid.

It can be concluded from the above analysis that the zone of influence of a grounding grid is much

larger than that of a neutral/shield wire rod.

In an illustrative case, a neutral rod is buried 100m away from the center of a grounding grid. The
rod has a diameter of 19.05mm and a length of 3.6m. The grounding grid has a diameter of 100m
(i.e., A=7854m?).

From the substation grounding grid to the grounding rod, the transfer voltage and the mutual

impedance are:

7 grid
= orid — ¥ ransfer
Vimsger =1.59x10 3pI and Ogrid = I;gri{i =15.92% (A7)
GPR
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e
oo LT 59.010% (A8)

m

From the grounding rod to the substation grounding grid, the transfer voltage and the mutual

impedance are:

rrrod

o 3 = Vtransfer 0
vansfer =1.59x107 pI and 0,,; =———=0.54% (49)
GPR
' V}‘od .
zrodtogrid _ % =1.59x107p (A10)

The mutual impedances between the grounding rod and the substation grounding grid are the same
as shown in (A8) and (A10). However, the percentage of the transfer voltage from the rod over the
GPR is significantly lower (29 times in this case) than that of the substation grounding grid as
compared in (A7) and (A9).
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Appendix B: Analysis Results for the Implementation Scenario 2 in Feeders of

the Multiwire Technique

In the network of a typical multi-grounded neutral shown in Figure B1, the currents are generated
by two power sources at 3" harmonics, i.e., the voltage & on each neutral span induced from the
phase currents on the feeder and the equivalent current injection Is at the substation grounding
grid from all 3" harmonic sources in the system. The current distributions on neutral wires and
grounding rods for a realistic case are achieved from simulations and shown in Table B1, where

the subscript “k™ in the variables I, and Iy, represents the kth segment of the neutral.

This study case contains eight feeders. Since comparative relations rather than absolute values of
the neutral currents are used to show their inequality among adjacent spans, assume that the
equivalent current I; injection into the grounding grid from all the feeders is 1.20° p.u. The
focused feeder has a 3™ harmonic current of 1/8 £0° p.u. in three phases flowing to the substation
grounding grid from a load at the far end. The total impedance of the substation grounding grid in
parallel with neutrals of all feeders except the one under analysis is denoted as Zg,,; = 0.15Q.
The neutral is 6km with a span length of L = 0.1km. At the 3" harmonics, the self-impedance of
the neutral wire is Zg = 0.91 + j2.84Q/km and the mutual impedance to each phase conductor

is Zy = 0.0058 + j1.42Q/km. The neutral grounding rod resistance is R; = 150Q.

3™ harmonic current 31 harmoﬁn}ic source
Tre;lrésli(;grlner l ﬁ Induafe ﬁ coupling l Three-phase conciuctors
\ e e zL e zZL
""""""" TN Feeder
BT h, T e 7 e M R e Neutral

Grounding 1% neutral 2™ neutral 3" neutral
grid rod rod rod

Equivalent current injection from all 3 harmonic sources in the system

Figure B1 Network of the multi-grounded neutral with inductive interference and current injection
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Table B1 Current distributions on the first three neutral segments for a realistic case

1% segment 2" segment 3" segment

Neutral wire current (Unit: p.u.) I,,;=0.1065.2168.8° I,,,=0.0986.168.1° I,3=0.0915./167.9°
Neutral rod current (Unit: p.u.) I_g1=0.00804 176.6° I_gz=0.0071 Z£171.8° I_g3=0.00644 167.0°
Ratio of [Ty /Iy [0/ Ty [=100% Lo/T11=92.57%  |ya/T,11=85.90%

Ratio of |Iy/Ink| |51/ 101|=7.5028%  |I;2/In2|=7.2273%  |I;3/13|=6.9450%

It can be found from Table B1 that the neutral wire current on the 1% segment is higher than that
on the downstream segments. Also, a fraction of neutral wire current flows into the grounding rod
in each segment. The 1°! segment experiences the highest ratio, i.e., the 1% and 2" segments have
the worst situation in terms of neutral wire current difference. This highest ratio is about 7.5% for
this study case. It can be concluded that the neutral wire currents on the first several segments may
experience some differences that may not always be negligibly small. As a result, this phenomenon

is further investigated and understood from analytical studies in the following.

Since the two power sources in the neutral network of Figure B1 may have no fixed relationship
in magnitudes or phase angles, the network is decomposed into two individual networks with one
power source shown in Figures B2(a) and B2(b) according to the superposition theory. The neutral
currents caused by each source are analyzed separately and then in a combined manner with the
focus on the 1% segment (i.e., the worst situation) based on the equivalent networks presented in

Figures B3(c) and B3(d). Such equivalent networks are transformed from Figures B2(a) and B2(b),

respectively.
TrN ZL ZL ZL e 7L e 7L e ZL
— -
[1,11 ]gl
IS ZSubG Rg Rg ------
“Grounding 1% neutral 2" neutral Gro&nding 1% neutral 2™ neutral
grid rod rod grid rod rod

(a) Decomposed network for current injection I (b) Decomposed network for induced voltage é
Figure B2 Decomposed networks of the multi-grounded neutral
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|
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(a) Equivalent network for current injection I (b) Equivalent network for induced voltage &

Figure B3 Equivalent networks of the multi-grounded neutral for analyzing the 1% segment
e Characteristics of the contribution of current injection I

For the current injection I, it is a straightforward process to obtain the current relationships from

Figure B3(a) as follows:

- Z — VA _
1!1 _ SubG ]S - _ SubG IS (B 1)
! Zsupg T Z L+ Ry || Z oy ZsupG ++|ZLR,

7o__ 2w o___ NLL ZsupG 7
]gl = Inl = IS (Bz)
Zyon +R JZ,L+ R, Zgi +\JZ LR,

I ZL ZL
gl N s

el _ B3
ml NZ.L+ R, R, (B3)

where the symbol “

||”

means the two components are in parallel. ZL+R, [ ZyGy =Zyey and

Zyen =Z,LR, when the neutral is sufficiently long.

One can see from equation (B1) that the neutral wire current I;; accounts for a fraction of the
current injection Is as the injected current primarily flows into the substation grounding grid with
a small Zg,pc. This fraction (i.e., |I},;/Ig|) is typically less than 15% for various neutrals, and it
decreases with the increase of R; and L of the neutral. For example, |, /Is] = 12.6% when

Ry =50 and L =75m, and |Iy;/Is| = 43% when R; = 25Q and L = 150m. Moreover,

the ratio of |I;1 / 1_1'11| in equation (B3) is in a typical range of 10%~25% for various neutrals,
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independent of the current Ig. Hence, one can conclude that the current injection Ig is a

significant influencing factor on the neutral wire current differences among the first several

segments.
Characteristics of the contribution of induced voltage e

[ ]
For the induced voltage € at the 3™ harmonics in Figure B3(b), one can have the nodal voltage
(B4)

e e

1 1 —
an =
ZSubG + ZS‘L Zv[‘

+ —_—
Zowo 2L Ry Zygy

equation for the node above the 1% neutral rod as follows:

(B3)

The voltage can be calculated as
ZSubGRgZMGN .z

nl

|:(ZSubG +Z,L+R, ) Zyen + (ZSubG + ZsL) R, ] ZL

Consequently, the current relationships in Figure B3(b) can be determined as follows:

| (B6)

I_/r _ an —-e
nl — 7
ZSubG + ZS‘L
B |:(ZSubG +Z,L+R, )ZMGN +(Zgupg + ZSL)Rg J ZL+ Zg6Re Z gy
(Zsusg + Z,L+ Ry ) Zysn +(Zsup + Z,L) Ry (Zsw +Z,L)Z,L
r T ZsucZ 1
Ig1 = SubG% MGN 1 (B7)

Rg (ZSubG +ZSL+Rg)ZMGN +(ZSubG +ZSL)Rg ZSL

(B8)

| _ZSubG | < ZSubG

|z R+ [ZIR, | R,

T
T"”
In]

One can see from equation (B8) that the ratio of |_£')’1 /I | is always less than Zg,,¢/R4. The
lg1/17

ratio is relatively small in a typical range of less than 2%. For example, |I}; /I}; |<1% when Ry =
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15Q and Zgq = 0.15Q. This ratio is independent of the induced voltage € and the neutral
currents Iy and Ij;. It decreases with the increase of Ry, and L of the neutral. Hence, one can

conclude that the induced voltage € is an insignificant influencing factor on the neutral wire

current differences among the first several segments.

The analytical study results of the case shown in Figure B1 are presented in Table B2. They are

almost the same as the simulation results, which prove the correctness of the analytical studies.

Table B2 Analytical study results of the currents in the 1% segment of the study case (Unit: p.u.)

Analytical Study Results Simulation Results
~ ~ Iy = Iy + 17 ~
21=0.0634 £143.72° n1=0.0559 £ —162.40° 1,1=0.1065 2168.77°

=1.065 £168.83°

_ _ I_g1 = I_g;1 + @’1
'1=0.OO85£177.49° "1=0.0005412.82° I 1=0.0080 £176.56°
g ) g

=0.00802176.55°

e Characteristics of the combined contribution of current injection I and induced voltage &

Under the contributions of both sources of Ig and &, the currents in the 1% segment are as follows:

Inl - ]' 71'1'1
_ ZSubG ]_ + (ZSubG + Z&‘L + Rg )ZS‘L + (ZSuhG + ZSL)’\,ZSLRg + ZSubGRg 1 z
ZsupG + '\/ZSLRg ’ (ZSubG +Z L+ Rg)\lZsL +(Zsug +ZsL)\/E (Zsug +Z,L)NZ,L
(B9)
Iy =Ty +T}
\ Z L ZSubG ZSubG (BlO)

\/7+f25ubG+\/ZLR s~ (Zous + ZL+ Ry ) +(Zsupg + Z,L \/FJT

Substituting equations (B9) and (B10) into the following equation (B11), one can determine the
ratio of the neutral wire current difference between the 1% and 2™ segments. The results of equation
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(B11) for the induced voltage € in various magnitudes and phase angles with respect to the current

injection Ig = 1.20° p.u. are shown in Figure B4.

Li—1n _ Q _|_é1 +1—§1 _|A-75 +B-E|
Ly | |Ta| |Tu+Ty _|C'TS+D'5| (BI1)
where
___NAL ZsubG i

V4 L+ \/E ZsubG + \/ZSLRg ’
B=-— ZsubG o

(ZSH,,G+ZXL+Rg)+(ZSubG+ZSL)\/§ 7L
C=_ ZsubG .

Zsupe +JZ,LR,
oo (ZSM,G +Z,L+R, )ZSL +(Zsuo + Z,L)JZ,LR, + Zg6R, | )

(ZS"bG * ZSL * Rg) VZSL + (ZS"bG + ZSL)\/E (ZSubG + ZSL) ZSL .

15 . .

|e|=0.00 p.u.
|e|=0.05 p.u.
|e|=0.10 p.u.
|e|=0.50 p.u.
|e|=1.00 p.u.
|e|=3.00 p.u.
|e|=5.00 p.u.

0 45 90 135 180 225 270 315 360
Phase angle of induced voltage e [degree]

Figure B4 Ratio of |7g1 / 7n1| for the induced voltage € in various magnitudes and phase angles
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It can be seen from Figure B4 that the increase of |e| regardless of the phase angle can reduce the

ratio of |I;/Iys|, i.e., the neutral wire current difference between the 1* and 2™ segments. The
minimum ratio of |I;;/I,;| may be negligible, calculated at less than 1% for this study case. On
the other hand, the ratio of |I_gl / I_n1| reaches the maximum (13.36% for this study case) when
|e| = Op.u., i.e., there are no 3™ harmonic EMFs on the neutral but a comparatively large current

injection Ig. The maximum ratio is governed by equation (B3), and it decreases with the increase

of the neutral’s grounding resistance R, or with the decrease of the neutral’s span length L.

One can conclude that large variations of |I_gl / I_n1| may be expected for time-variant 3™ harmonic
currents in power systems and different feeder neutrals in various parameters. Consequently, the
unequal neutral currents on these adjacent spans within the measuring wires may not always be
too small and negligible to affect the multiwire technique’s performance of inductive interference

reduction.
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