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Abstract

Utility companies have benefited from the use of condition monitoring to op-

timize the performance of their assets and enhance power system reliability.

This thesis starts with a review of different applications of condition monitor-

ing in a distribution system, and one of the findings is that several challenges

faced by condition monitoring cannot be fulfilled by passive methods or offline

monitoring. It is also found that power electronics has been utilized as an

effective manner to create active disturbance in a distribution system. Based

on these findings, power electronics aided online monitoring methods are pre-

sented to address three challenging condition monitoring problems.

Proper grounding at a substation is a necessary practice for utilities to ensure

substation safety and prevent equipment damage. The current practices of

grounding grid evaluation are based on offline monitoring, which at best give

one-shot measurement results. This thesis presents an active online method

which can continuously monitor the condition of a grounding grid. The cur-

rent is created by a thyristor-based signal generator and injected into the

tested grounding grid. The measured touch voltage and step voltage are then

evaluated to determine if hazardous spots are detected.

Fault detection in a de-energized feeder is another challenge for utilities, as

all conventional passive detection methods cannot function in a de-energized

system. This thesis describes an active method by using a three-phase thyris-



tor bridge to inject signals into de-energized downstream. The corresponding

voltage and current are analyzed to determine if a fault still exists. A har-

monic impedance based algorithm is also developed to detect a symmetrical

fault, and distinguish a fault from a shunt capacitor or a stalled motor, which

behaves like a fault when a voltage is applied.

Neutral-to-earth voltage has become an increased concern, as it not only has

impact on livestock production, but also affects public safety. Utilities are

actively seeking techniques that can effectively monitor neutral conditions.

An active method to monitor neutral grounding integrity is presented. A

small disturbance is injected into neutral by firing thyristors, and the neutral

current flow is monitored to determine the neutral condition. The method can

also be used to analyze the contributions of utility and customer to neutral-

to-earth voltage.
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Chapter 1

Introduction

In power industry, a distribution system is the last stage of power delivery

to end users. Beginning from substations, a distribution system consists of

transformers, distribution feeders, circuit breakers and other units. Failure

of any component along the path of energy delivery may result in outage,

public hazard and economic loss. Utilities are therefore very interested in

monitoring these critical assets to manage distribution systems safely and

efficiently.

Relays are widely used in distribution systems to detect a failure and control

a breaker to switch off a faulty line or transformer. However, this type of

monitoring cannot prevent a fault or detect an incipient fault. Moreover,

lock-out of a circuit results in outage affecting customers negatively. Another

monitoring scheme is based on measurements in a regular time interval. It

may detect potential faults but it probably misses hazards developed between

measurements.

Power industry has more interests in condition monitoring in the last decade,

which continuously measures voltage, current, or other parameters. The mea-

sured values are compared with the preset thresholds to determine if the

monitored device is healthy or not. Condition monitoring provides real-time

1



information, and any change in condition can be measured and compared in

a timely manner. These strategies (relays, time monitoring or condition mon-

itoring) are all based on passive measurements, which focus on detection of

existing signals in a power system.

Recently, another type of monitoring has emerged, in which signals are created

and injected into a distribution system and then the corresponding voltage

and current are analyzed to reveal the performance of the monitored device.

In contrast to passive monitoring, which is limited to monitor the existent

signals, active monitoring transmits and detects unique signals created by

signal generators. These signals are specially designed according to different

applications.

In this introductory chapter, an overview of condition monitoring and its

applications are presented. The existing passive and active methods are re-

viewed. The challenges faced by distribution system are discussed. The scope

and outline of this thesis are presented at the end of this chapter.

1.1 Condition Monitoring in Distribution System

As shown in Figure 1.1, a distribution system typically has a radial structure

and it starts from a substation where power is converted from high voltage

(e.g. 138kV) to medium voltage (e.g. 25kV). Then, power radiates out into

distribution lines until reaching industrial and residential customers. Service

transformers are used to step down the system voltage to a level suitable for

industrial devices or residential appliances.
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Figure 1.1: The structure of a typical radial distribution system.

Condition monitoring of these assets is important for utilities, which helps

prevent equipment failure and enhance system reliability. The use of con-

dition monitoring allows predictive maintenance, and operators are able to

remove the faulty component before it causes outage or damage to other de-

vices. Moreover, condition monitoring also help detect unperceived hazards

to ensure the safety of workers and the public. Table 1.1 summarizes its

applications in a distribution system.

To provide reliable energy supply, primary components in a substation such

as transformers, buses and switchgears are monitored, and data are collected

periodically to optimize operation and maintenance. For example, sensitive

buses are selected based on data mining technologies [1] to assist system oper-

ators to apply voltage adjustment to minimize load reduction. Additionally,

the condition of a grounding grid is highly related to substation safety. The
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Table 1.1: The applications of condition monitoring in a distribution system

Substation
*Sensitive Buses Detection
*Grounding Grid Impedance Measurement
*Grid Integrity Monitoring

Feeder
*Cable Diagnostics
*Overheating Monitoring
*High Impedance Fault Detection

Switchgear
*Insulation Resistance Test
*Thermography Monitoring
*Discharge/Arcing Detection

Transformer
*Frequency Response Analysis
*Winding Resistance Test
*Vibration Monitoring

Distributed
Generation

*Frequency Shift Detection
*Anti-Islanding Disturbance Analysis
*Voltage Monitoring

System
*Power Quality Monitoring
*SCADA and DA
*Frequency Disturbance Monitoring

impedance of a grounding grid is periodically measured [2] and its integrity

is also routinely checked [3].

A distribution feeder typically has a length of several kilometers or even

longer. The health of a cable is easily affected by weather, mechanical stresses

and normal aging. Cable diagnostics is a necessary practice for utilities to de-

tect precursor events so as to prevent a large failure later [4][5]. For example,

an open cable is identified [6], and the faulty component can be removed prior

to an outage. Overheating is another common reason to lead to premature

cable aging [7]. Thermography monitoring is helpful to identify overheated

sections from either overhead lines [8] or underground cables [9].

Similarly, easy-aging is a challenge of switchgear as well. Diagnostic of in-

sulation resistance on a regular basis is very important for system reliability

4



and safety [10]. Vibrational signal [11] and Acoustic signature [12] can also

be utilized to detect mechanical malfunction and other abnormal behaviors

in a switchgear. In addition, partial discharge (PD) and small arcing are

monitored to prevent equipment failure or outage [13].

Transformers are monitored in various ways [14][15]. Potential transformer

(PT) and current transformer (CT) are used for voltage and current monitor-

ing [16][17]. In addition, temperature, moisture and vibration are monitored

to indicate the health of a transformer [18][19]. On top of that, transformer

winding resistance are routinely tested in a de-energized mode [20].

A modern distribution system has integrated distributed generation (DG)

from a variety of sources, such as photovoltaic, wind turbine and fuel cells [21].

With increased proliferation of distributed generation, islanding detection has

become one major technical concern. The changes of frequency, power and

voltage are monitored to determine if an islanding exists [22]. Active meth-

ods are also used by creating small disturbance into distribution system and

measuring the change of impedance or system response [23].

One trend in condition monitoring is that individual monitors and sensors

have been connected to form a large monitoring network. For example, a real-

time power quality monitoring network is built in [24]. Supervisory Control

And Data Acquisition (SCADA) and Distribution Automation (DA) are also

widely used to monitor the entire distribution system [25]. Moreover, with

the help of GPS and advanced telecommunication technologies, a frequency

distribution monitoring network in [26] can simultaneously monitor frequency

disturbance in a wide area.
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1.2 Overview of Condition Monitoring Methods

1.2.1 Passive Methods Vs. Active Methods

The applications of condition monitoring are typically achieved by two dif-

ferent methods: passive methods and active methods. In a passive method,

a signal is measured to monitor the change of a status, and this signal is

from a distribution system’s normal operation. In an active method, control-

lable signals are injected into a distribution system and system responses are

monitored. Figure 1.2 shows the monitoring processes of passive and active

methods. Passive methods typically only have two steps: signal detection

and processing. In contrast, active methods consist of the following steps:

1) signal generation and injection; 2) signal detection and extraction; and

3) signal processing, which might have a feedback loop to adjust signals if

necessary.

Signal

Detection

Signal

Processing

Signal

Generation

Signal

Injection

Signal

Detection

Signal

Processing

Passive Measurement

Based

Active Disturbance

Based

Figure 1.2: The monitoring and detection process of passive and active meth-
ods.

1.2.2 Offline Monitoring Vs. Online Monitoring

From the perspective of continuity, monitoring can be categorized into offline

monitoring and online monitoring [27]. An offline monitoring uses diagnostic
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tests discontinuously and manually. It usually requires isolation of the moni-

tored devices, and sometimes an operating device has to be de-energized for

a diagnostic test, which largely affects power system normal operation. With

the help of advanced sensory electronics, communication and web-based tech-

nology, online monitoring has become available in recent years, which enable

continuous and in-service monitoring of the key parameters. Compared to

offline monitoring, online monitoring has several benefits.

1. Online monitoring is capable of monitoring a device or system without

interrupting its normal operation. This in-service monitoring largely

increases efficiency and reduces the cost of labor.

2. Online monitoring makes it possible to have real-time response, which

is very useful to prevent equipment failure or rapidly restore power from

breakdown.

3. Offline test needs to rebuild test environment each time. For example,

cables and electrodes have to be reinstalled for substation grounding

impedance measurement every time, which is time-consuming and in-

effective. In contrast, after the sensors and other required devices are

placed, there is no need to re-deploy these test instruments in online

monitoring.

However, offline tests cannot be fully replaced by online tests. Some param-

eters have to be tested in a de-energized mode, such as switchgear insulation

resistance test [10] and transformer winding resistance test [20].
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1.2.3 Categorization of Condition Monitoring Methods

Table 1.2 summarizes the existing condition monitoring methods in accor-

dance with signal sources and test continuity.

Table 1.2: Summary of the existing condition monitoring methods
Passive Active

Offline

*Cable Partial Discharge Map-
ping

*Grounding Impedance

*Insulation Resistance Test
*Transformer Winding Resis-
tance

Online

*Switchgear Partial Discharge *Open Cable Detection
*Transformer Vibration *Substation Grid Integrity
*High Impedance Fault *DG Anti-Islanding
*Power Quality Monitoring
*Frequency Monitoring Network
*SCADA and DA

1. Passive Methods. Conventional monitoring approaches are based on

passive methods. Without signal generation and injection, passive meth-

ods are normally simple to use, and they have been widely used in a

single unit diagnostic or an entire system monitoring.

• Offline monitoring. Switchgear insulation resistance test [10] and

transformer winding resistance test [20] are needed to be conducted

in a de-energized mode. A cable PD mapping test [28] is also

performed in an offline condition.

• Online monitoring. Passive online monitoring is the mainstream of

condition monitoring. Online thermal monitoring can help detect

overheated cable in a timely manner [7]. The real-time monitoring

of transformer parameters including frequency, temperature and
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vibration is also important for transformer protection [14]. More-

over, distribution network monitoring including power quality [24],

SCADA system [25] and frequency disturbance [26] are all based

on passive online monitoring.

2. Active Methods. Signal generation and injection, required by active

methods, have been a big challenge of power system for a long time.

The requirement of signal generation also increases the cost of an active

solution. Therefore, the applications of active monitoring are limited to

certain areas.

• Offline monitoring. A typical example of an active offline method

is substation grounding grid impedance measurement [2]. To avoid

the interference from power system, a substation is required to be

isolated from power grid for the test. A current is injected and

the corresponding voltage is measured to calculate the grounding

impedance.

• Online monitoring. Active online monitoring recently has become a

popular technical topic, which can be considered as an integration

of power line signaling and condition monitoring. In [29], after

an open conductor is detected, a tripping signal is injected into

neutral line to activate a circuit breaker so as to isolate the faulty

conductor. In [30], a unique signal is created in a substation and

a detector located at a downstream DG site continuously monitor

this signal. Absence of the signal is utilized as a sign of islanding,

which will trigger DG protection. There are some other types of
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active methods available for DG anti-islanding, such as harmonic

content detection [31], impedance estimation [32] and active fre-

quency drift [33].

3. Hybrid Methods. A hybrid method takes advantages from both pas-

sive methods and active methods. In [34], the real power shift (active

technique) is initiated only when the islanding is suspected by passive

techniques. As passive techniques don’t disturb power system, this hy-

brid method can minimize the negative impact of active disturbances.

1.2.4 Signal Generation in Active Methods

Signal generation was a technical barrier for expanding applications of active

methods in a distribution system. It is well known that the series induc-

tances and shunt capacitances are inherent in distribution lines, and signal

attenuation become significant with the increase of frequency. In addition,

High energy is required for a low frequency signal to transmit in power lines.

Current technologies of signal generation are summarized as following:

• Current coupling. Current coupling is a practical way to induce a signal

into distribution feeders, and it has been widely used in power line

communication. As shown in Figure 1.3, a magnetic coupling circuit in

[35] consists of a core, a phase conductor and a winding.

The signal generated from the winding is coupled to the phase conductor

via the core. The core is made of ferrite or other soft magnetic material

with substantial permeability and relatively low loss over the signal fre-
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Figure 1.3: Current coupling is used in power line communication.

quencies. Current coupling can also be used in current cancellation. A

stray voltage mitigator is described in [36], which couples a compensat-

ing current to a ground electrode in order to substantially cancel ground

current. Similarly, a neutral current compensating device is described

in [37] by means of current coupling. However, a common drawback

of current coupling is that the coupled energy is usually very small.

Additionally, the size and weight of a core increase at low frequencies.

• Capacitor discharge. Capacitor discharge is a valid solution to inject

high voltage signal. In [38], it presents a compact signal generator by

using capacitor discharge. The capacitor is pre-charged by a battery to

10kV , then it is controlled to discharge the energy into a feeder. The

responses of voltage and current are analyzed to estimate line impedance

for fault detection. Figure 1.4 from [38] shows a capacitor voltage profile

during discharge. It is seen that the energy of a capacitor is limited by

its size, and the voltage in a discharge process is uncontrollable.

11



Figure 1.4: The capacitor voltage versus time during energy discharge.

• Power electronics. Power electronics is originally designed for the control

and conversion of electric power. Recently, it has been used for creating

small disturbance into power system. Its operating current and voltage

are fairly high, which are suitable for signal injection in a distribution

system. Another significant advantage is that signal strength are con-

trollable by adjusting the firing angle of power converters. Since power

electronics has become a safe, reliable and highly efficient solution, the

applications of active methods have been largely increased. In [30], an

active anti-islanding scheme is described, which controls a thyristor to

create a discernible shift on the selected zero-crossing points. The pres-

ence of the shift represents “1”. Otherwise, it is “0”. In [39] a fault

detector is presented wherein a gate turn-off (GTO) thyristor is con-

trolled to fire at the peak of the AC voltage to create a high voltage

square-wave pulse to stimulate the downstream responses. With the

reduced cost of semi-conductor, power electronics based solutions will

become more cost-effective.
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Based on the above discussion, both passive methods and active methods are

indispensable in condition monitoring. Passive methods are simple to use,

and usually more economical than active methods. However, some condition

monitoring cannot be performed by passive measurements due to the fact that

the signals existing in power systems are limited. Instead, active methods

are able to create the desired signals to fulfill the challenging monitoring

tasks. A good example is when a distribution system is de-energized, all

passive methods cannot function with the disappearance of electrical signals.

In contrast, active methods can create and inject appropriate signals into the

de-energized system and then monitor the system responses.

1.3 Challenges Faced by Distribution System Condi-

tion Monitoring

Although condition monitoring has been researched for decades and a lot of

applications have been developed, several challenges still exist. Five main

challenges are introduced in this work. Three of them are selected to be

further addressed in this thesis and will be discussed in the following chap-

ters.

1.3.1 Substation Grounding Grid Monitoring

A grounding grid is designed to reduce the ground potential rise inside and

outside of a substation during a fault. As shown in Figure 1.5, when light-

ning or other system contingency happens, a grounding grid creates a low
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impedance path to lead fault current down to remote earth point and restrict

the voltages at connecting points of electrical devices into an acceptable range.

Additionally, a grounding grid can change the distribution of surface poten-

tials and lower touch voltage and step voltage which are important for human

or device safety in substations.

Substation

Fault

Grounding

Grid

A

B

C

Figure 1.5: The performance of a grounding grid during a single phase-to-
ground fault.

However, the performance of a grounding grid is affected by various factors

such as unqualified jointing, soil erosion and theft of grounding rods [40].

To ensure a grounding grid is working under a good condition, techniques

for monitoring and diagnosing the integrity of a grounding grid have been

developed for many years [41][42]. Most existing methods are based on off-

line measurements [43][44][45] with several defects. For example, the test

system has to be redeployed when a new test is needed, and test results

are largely dependent on the soil conditions during measurements [46]. To

achieve accurate measurements, some tests even require to shut down the

whole substation [47]. Moreover, sudden changes of a grounding grid such as

those caused by theft cannot be identified in time with a long interval between
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two measurements. Therefore, an active online method is highly desired for

substation grounding grid monitoring.

1.3.2 Fault Detection in De-energized Lines

Another challenge is how to identify a fault in a de-energized system. When

a part of a distribution system is locked out due to storm, faults or main-

tenance, it is possible that human or animals are in contact with downed

conductors as shown in Figure 1.6. Restoring the energy in this situation

could be very hazardous. Additionally, if a fault still exists, re-energizing

the feeder can generate inrush current and damage the downstream devices.

As the required electrical inputs, such as voltage and current, are zero in a

de-energized system, all passive techniques are not applicable here.

Substation

Feeder

Energized

Side

De-Energized

Side

Figure 1.6: Fault detection in de-energized lines is another challenge.

The existing active schemes can be classified into two types according to the

sources of the injected signal: self-powered and powered from the energized

side. Self-powered methods [48] use battery or capacitor to inject detection
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signals into power system. However, the signal strength is usually fixed and

limited. Borrowing energy from the energized side can eliminate the use of

extra power supply [49][50], but the existing methods cannot identify different

types of faults in a single device.

To activate responses of a de-energized line, the key point is injection of an

appropriate signal. This signal must have strong adaptivity. A low signal

is required at the beginning which can be considered as an alarm to whom

is touching conductors. Then, the signal is adjusted to reach a high level

to mimic the medium voltage stress experienced by feeders. In addition, a

stalled motor or a capacitor may mislead fault detection as they have similar

performances to a fault. When energy is restored, either a stalled motor or a

capacitor can raise a large inrush current which may cause nuisance trips of

circuit breakers.

1.3.3 Monitoring of Neutral Grounding Integrity

The third challenge is condition monitoring of a neutral network. In a three-

phase four-wire distribution system, a neutral line is grounded at several

points along its route [51]. With this arrangement, a high fault current will be

created to trigger over-current protection devices in the case of a short-circuit

[52]. When a system is not perfectly balanced, however, unbalanced currents

flow into neutral systems and a portion of them circulates through groundings,

which in turn produce neutral-to-earth voltage (NEV) as illustrated in Figure

1.7.
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Figure 1.7: Condition monitoring of neutral network is also a big concern of
utility and livestock farmers.

Broken neutral is a common reason to cause significant NEV, as it forces more

current into grounds. Customers may also experience poor power quality

with a poorly-connected neutral. For these reasons, routine checking of the

neutral condition and monitoring NEV are good practices to prevent potential

problems.

Unfortunately, there is no simple way to detect a broken or loose-connected

neutral. Current practice is a trial-and-error process which combines visual in-

spection and selective disconnection of certain customer sites. Such a method

is not only time consuming but also impact customers negatively due to tem-

porary shutdown of power supply. Utilities have high interests in developing

a precise and fast method to monitor the integrity of neutral system more

efficiently.

On the other hand, it is highly desirable to develop a method to identify

contributors to neutral-to-earth voltage. Since the measured neutral current

consists of unbalanced currents from both utility and customer sides, it is
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difficult to separate one from the other by using passive measurement. Active

methods are attractive to solve this problem, as they are capable of creat-

ing disturbance from each side and monitoring neutral current contribution

respectively.

1.3.4 Detection of High Impedance Fault

High Impedance Faults (HIF) usually occur at primary network level in elec-

trical distribution systems [53]. When a downed or otherwise faulted con-

ductor comes in contact with an object such as a tree or a surface of poor

conductivity, or when a dirty insulator causes flashover between a conduc-

tor and ground, a fault is created but it does not draw sufficient current to

be recognized and cleared by the conventional over-current relays or fuses

[54].

Unlike overcurrent faults, which could damage the normal operation of power

system, HIF is typically a safety issue for distribution systems. There are two

basic types of high impedance faults: passive faults and active faults [55]. A

passive fault does not generate an electric arc, which is more dangerous be-

cause the conductor does not give any visual indication of a hazard condition.

An active fault produces an electric arc at the end of broken lines or cables.

Most of HIFs are active faults associated with arcing which results in a risk

of fires. Therefore, protection against HIF is essential.

Research on high impedance fault detection has been conducted for decades.

While some progress has been made, a complete solution has not been found
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because the fault current is too small for detection. The early work focused on

the development of sensitive relays to detect such faults. Compared to phase

relays, ground relays are helpful for clearing HIFs as they are more sensitive

than phase relays. However, these relays still cannot detect most of high

impedance faults with very low currents in practice. With the development

of signal processing, fast computation and advanced communication, a lot of

detection methods have been developed after studying the characteristics of

HIF current, such as random and asymmetry based methods [56], harmonic

and interharmonic based methods [57]. Composite systems which consist of

several individual algorithms from time domain and frequency domain are

also developed in [58][59].

However, various normal operations, like capacitor bank operations, trans-

former tap changing and switch operations, unfortunately create the similar

transient as HIF that causes distinguishing HIF from normal operations very

complicated. As fault implementation of HIF detector for feeder tripping

may increase outages and create new hazards, the reliability of discrimination

becomes the major concern for the detection.

1.3.5 Transformers Condition Monitoring

Transformers are the most costly capital equipment in power system and

they are designed for a long lifetime. To optimize their operations and maxi-

mize their lifetime, utilities are highly interested in evaluating the condition of

transformers. Insulation behavior is a main indicator [60] to assess the perfor-

mance of a transformer. Active parts including core, windings, insulation oil,
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bushing and on-load tap changer are important to determine the degradation

of an insulation system. The monitoring and assessment of such components

are critical to identify malfunction and prevent incipient failures.

Although several tests have been improved from offline measurement to on-

line measurement, some tests are still required to be carried out in an offline

mode, such as transformer winding resistance measurement, turns ratio test

and sweep frequency response analysis (SFRA). For example, SFRA is imple-

mented to investigate the mechanical integrity of a transformer [61]. A given

frequency is injected from a winding, and the resulting signal is measured at

the other end. The comparison of results from the current test with previous

tests indicates the movement of the windings within the testing transformer.

However, all these offline based methods need to de-energize a testing trans-

former and take it off from service before tests, which largely affects system

reliability.

By using the advanced sensory and communication technologies, a lot of tests

can be conducted in an online mode, such as monitoring of tap changer vibra-

tion, oil moisture and temperature, dissolved gas analysis (DGA), and partial

discharge detection. For example, a scheme based on vibration signatures is

introduced in [62] for monitoring of transformer on-load tap-changers. A sen-

sor is attached to a testing transformer to detect signal produced by contact

movements. The collected data is then analyzed to compare with a number of

signatures of normal conditions. An alarm is raised in a timely manner when

a monitored parameter exceeds the preset limit. On the other hand, the test

results can also help optimize the maintenance if the monitored value is within

the limit, which indicates the testing transformer is still in the healthy state.
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However, there are several challenges associated with these online monitoring

methods. Selection of thresholds is very critical. False alarm can be triggered

if thresholds are not selected appropriately. Another challenge is that the sig-

natures of vibration, moisture and temperatures are not the same in different

transformers. A learning process has to be considered before implementing

the online monitoring. For a large power system, the efficiency is affected due

to the investment of time for this learning process.

1.4 Research Objectives

The scope of this thesis focuses on improving the effectiveness of condition

monitoring in distribution systems by using active disturbance based tech-

niques. With the help of power electronics, modern computer and communi-

cation technologies, this thesis aims to address challenges faced by condition

monitoring in three different subjects, including: substation grounding grids

monitoring, fault detection in de-energized lines and neutral grounding mon-

itoring. The research objectives are summarized as following:

1. Present the problems of substation grounding grid monitoring, and pro-

pose a current injection based scheme which is able to address safety

concerns of a substation. In addition, develop an online monitoring

scheme to continuously monitor a grounding grid.

2. Investigate fault detection in de-energized feeders, and design a device to

detect different types of faults in a three-phase power system. Develop

an algorithm to distinguish a fault from a stalled motor or a capacitor
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bank, which behaves like a short-circuit when voltage is applied.

3. Study the impact of broken or loose-connected neutral on neutral-to-

ground voltage, and investigate the challenges of neutral monitoring.

Develop an active method based on this study to monitor neutral con-

dition. Furthermore, propose an algorithm to quantify the contributions

of the utility and customer to neutral-to-ground voltage.

1.5 Thesis Outline

Real-time evaluation of a substation grounding grid is an effective approach

to ensure substation safety. Chapter 2 describes a power electronics based

online monitoring scheme to assess the performance of a grounding grid. Un-

like conventional approaches which measure substation grounding impedance,

this scheme uses step voltage and touch voltage as safety indicators. By tak-

ing advantage of online database, the voltages are continuously measured and

compared to the present thresholds and historical data. The proposed on-

line monitoring scheme can effectively reveal the up-to-date condition of a

grounding grid from safety perspective. This work is published in [63].

The key challenge of fault detection in a de-energized system is how to inject

an appropriate signal into downstream. Chapter 3 presents the characteris-

tics of a de-energized system, and describes a thyristor-aided fault detection

scheme to address the challenge. Various combinations of signals are created

in a signal generator for detecting different types of faults. The algorithms

for asymmetrical faults identification are also introduced. The effectiveness of
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the proposed active scheme is verified through simulation and lab tests. This

work is published in [64].

Chapter 4 presents a harmonic impedance based algorithm for symmetrical

fault detection, which analyzes the features of harmonic impedance in different

conditions to determine if a symmetrical fault exists. In addition, it can

distinguish a fault from a stalled motor or a shunt capacitor, which behaves

like a short-circuit when a voltage is applied. This algorithm is tested through

simulation and lab experiments. This work is published in [65].

By forcing more current flowing into ground, a poorly-connected neutral can

largely increase neutral-to-earth voltage, which is hazardous to livestock and

public safety. Chapter 5 describes an active disturbance based method which

analyzes the sources of unbalanced currents to indicate the integrity of neutral

grounding. As the neutral impedance measurement is not required, the effort

of finding a zero potential earth point is avoided.

Chapter 6 describes an active method to determine the contributors of neutral-

to-earth voltage. Current disturbance is created from the utility and customer

sides, respectively. The sources of unbalanced current are analyzed to deter-

mine the contributions of utility and customer. The proposed neutral current

flow models are verified in computer simulation and the active method is

experimentally proved through a test in a residential house.

Chapter 7 presents the thesis’ conclusions and contributions, followed by rec-

ommendations for future research.
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Chapter 2

Online Monitoring of Substation Grounding Grid

Conditions Using Touch and Step Voltage Sensors

Proper grounding is the first line of defense against lightning or other sys-

tem contingency to ensure the safety of operators and power apparatus. A

poor grounding system not only results in unnecessary transient damages,

but also causes data and equipment loss, plant shutdown, as well as increases

fire and personnel risk. This chapter describes an online monitoring scheme

which continuously injects current into a grounding grid and measures the

corresponding touch voltage and step voltage to assess substation safety. The

testing current is created by a thyristor-based signal generator which is con-

nected between a phase conductor and ground to stage a temporary and

controllable fault. There is no extra cable needed for current flow as power

line is utilized as a path for current injection. With the help of an online

database, the assessment can be performed in real-time. This scheme is very

suitable for long-term online monitoring.

24



2.1 Introduction

The performance of a grounding grid is affected by various factors such as

unqualified jointing while building, electromotive force of grounding current,

soil erosion and theft of grounding rods. Thus, monitoring and diagnosing the

condition of a grounding grid has been an active research field for many years.

However, almost all techniques implemented or proposed for grounding mon-

itoring are offline types where special instruments are installed for grounding

condition check on a regular or as-needed basis. These existing methods can

generally be categorized into two types: measurement of grounding impedance

and detection of grounding integrity.

The Fall-of-Potential (FOP) method is the basic scheme for grounding impedance

measurement and it has been implemented for many years. Its key point is

to correctly locate the potential probe, which is quite time-consuming. A

lot of variations have been proposed to improve this scheme, such as by us-

ing variable frequency source [41] or implementing multiple electrodes [42].

A method taking account of current split in transmission and distribution

grounding system is further developed in [43] for accurately measuring the

impedance of in-service substations. However, the potential probes are still

indispensable in these FOP-based schemes. Several enhanced grounding grid

computer models are developed recently with considering soil layers’ depth in

[44][45] or based on electromagnetic field methods [66][67]. But, the accuracy

of these models relies on the soil resistivity measurement. Once the soil con-

dition is changed, potential electrode needs to be re-located and it obviously

increases labors.
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Monitoring the integrity of a grounding grid is another way to evaluate the

performance of grounding grid [68]. However, the computation of this method

depends on many uncertain factors such as soil conductivity, humidity and

climate [69]. A device based on measuring magnetic induction intensity is

designed to diagnose the grounding grid corrosion in [70]. It requires the

current injection between all possible grounding leads on the ground surface

to increase accuracy, which is not practical in a large scale substation.

All of the aforementioned methods are offline-based, which at best give one-

shot measurement results. If another set of results is needed, the measurement

system must be redeployed. The offline-based methods have significant dis-

advantages. Firstly, the results are largely dependent on the soil condition at

the time of measurement. Secondly, sudden changes of a grounding grid such

as those caused by theft cannot be identified timely. To solve these problems,

the methods that can monitor the grounding condition on a continuous, i.e.

online, basis is highly desired.

2.2 The Proposed Online Monitoring Scheme

As shown in Figure 2.1, the process of the proposed online monitoring scheme

includes a) current generation and injection, b) touch voltage and step voltage

measurement and c) safety assessment. If the variation between the newly

measured data and historical data is below the preset threshold plus the mea-

sured data does not exceed the limits defined in the IEEE standard [40], the

grounding grid under test is considered to be in a good condition. Otherwise,

a warning event will be created and then mandatory inspections in the sus-
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pected spots with high touch voltage or step voltage will be carried out.
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Figure 2.1: The process of the proposed online monitoring scheme.

2.2.1 Testing Current Generation and Injection

The signal generator for testing current generation consists of a pair of thyris-

tors connected to the supply via a single-phase step-down transformer, which

convert high voltage or medium voltage to low voltage (< 1kV ) for the nor-

mal operation of thyristors. When the thyristors are fired with a preset firing

angle, a testing current will be injected into the system from the primary side

of the transformer [30]. The two thyristors are operated alternately to cre-

ate a sinusoidal waveform. To reliably measure the resulting touch and step

voltages, the duration of injected current cannot to be too short to establish

stable potential profiles [71]. The minimum time for tolerable touch or step

voltage calculation is 30ms according to [40]. On the other hand, the injected

current is required not to interrupt the normal operation of grounding fault

protection relay, in which the minimum trip time is about 100ms [72]. In

this work, the duration of current injection is therefore set to 50ms, which

is within the range between 30ms to 100ms. Unlike grounding impedance

measurement, which needs a square waveform to obtain various frequency
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components to avoid the fundamental frequency interference from power sys-

tem, this work focuses on safety evaluation at substations and the sinusoidal

waveform is used to mimic a shot-circuit.

Figure 2.2: The remote current injection scheme

This signal generator can be installed either remotely or locally. In the remote

source scheme (See Figure 2.2), the signal generator is installed at a down-

stream site far from the substation to minimize the impact of the current

injection to the ground potential profile. As ground is utilized as a current

path from the injected site to the substation grounding grid, the extra current

cable is not needed [73].

In the local source scheme, the signal generator including a step-down trans-

former can be installed in the substation as shown in Figure 2.3. The current

is directly injected in a substation and it returns from the power source.

Since the device is located in a substation, maintenance can be conveniently

achieved, which is important for long-term monitoring. However, a large

transformer is needed as the signal generator has to be installed at the high

voltage side in a substation. This signal generator cannot be installed at the

grounded secondary side, since a current loop is established via the grounded
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neutral and the test current will not flow through the tested grid to the remote

earth [74].

Figure 2.3: The local current injection scheme.

2.2.2 Touch/Step Voltage Based Sensor Network

The current injected into a grounding grid results in the rise of touch voltage

and step voltage, which are directly related to personal safety in and around

a substation. Touch voltage is defined as the potential difference between an

exposed metallic structure within reach of a person and a point where that

person is standing on the earth, while step voltage is defined as the difference

in potential between two points in the earth spaced one meter (a step) apart

[75]. The measurement of touch and step voltages can be easily conducted at

many points of interest in the substation, which is very suitable for long-term

online monitoring.

A wireless sensor network for touch and step voltages monitoring is shown in

Figure 2.4. Typically, a grounding grid is buried 0.5 ∼ 1 meter under ground.

The touch/step voltage sensors are distributed at corners of a grounding grid
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and some other frequently visited spots with special concern of human safety.

All of these sensors can transmit signals wirelessly to a central computer. The

computer is responsible to collect, classify and update the data recorded from

sensors.

Figure 2.4: A network of touch/step voltages sensors.

According to the IEEE Standard 81.2 [75], the simulated-personnel method is

recommended for touch and step voltages measurement. This method utilizes

a resistor with 1000Ω resistance represents human body resistance and is

connected between two “feet”. Each foot is made by a metallic plate with

200cm2 surface area and 20kg weight. A voltmeter is installed across the

resistor with high internal impedance so as not to influence measurements. A

device is designed to measure either touch voltage or step voltage as seen in

Figure 2.5. The distance D between two feet is adjustable, which is 0.5m for

Vtouch measurement and 1m for Vstep measurement, respectively. Moreover,

an extra probe is used to contact the exposed conductive surface for touch

voltage measurement.
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A voltage transducer is used to measure the voltage across Rb. The measured

value is converted to the digital format by using an analog-digital-conversion

(ADC) module. A micro control unit (MCU) processes the data, and the

results are finally transmitted to a central computer through a wireless com-

munication module. In this research, 2.4GHz Zigbee signal is used for wireless

transmission [76], as its range can be reach up to 100 meters, which is ade-

quate for a small or medium size distribution substation. Moreover, it can be

easily configured to handle a wireless sensor networking application at a low

cost.

(a) (b)

Figure 2.5: (a) The voltage measurement (1-step voltage, 2-touch voltage),
(b) the structure of a sensor.

The Thevenin equivalent circuits of touch/step voltage measurements are

shown in Figure 2.6. Vdt is the potential difference between the feet and

the touch point, Vt is the touch voltage, Rfp is the foot resistance when two

feet are in parallel, Rb = 1kΩ is the human body resistance, and Vds is the

potential difference between two feet, Vs is the step voltage, Rfs is the foot

resistance when two feet are in series. The touch voltage and step voltage can

be expressed as

Vt =
Vdt

Rb +Rfp

×Rb (2.1)

Vs =
Vds

Rb +Rfs

×Rb (2.2)
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However, the metallic plates installed on the surface of the ground are likely

to be corroded due to humidity or other factors, which results in the increase

of their resistance accordingly. Equations (2.1) and (2.2) indicate that the

measured voltage (Vt or Vs) decreases with the increase of the “feet” resistance

(Rfp or Rfs) with the same potential difference (Vdt or Vds). In this case, the

measured touch/step voltage will be lower than the normal value and it may

mislead the assessment.

Figure 2.6: The Thevenin equivalent circuits of (a) touch voltage measure-
ment, (b) step voltage measurement

To eliminate the effects of the “feet” resistance variation, the voltages are

measured twice, one in a close circuit during one signaling period and the

other in an open circuit during the next signaling period. As the switching

is operated after current injection, it would not cause arcing and it also has

no requirement on the switching speed. As shown in Figure 2.6, an electrical

contactor is utilized for the switching purpose. In an open circuit, touch

voltage Vt oc = Vdt and Vs oc = Vds. Resolve (2.1) and (2.2), the resistance of

Rfp or Rfs can be obtained.

Rfp = (
Vt oc

Vt
− 1)×Rb (2.3)

Rfs = (
Vs oc

Vs
− 1)×Rb (2.4)
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If the variation between the estimated Rfp (or Rfs)and its nominal value is

larger than a predetermined value, the measured Vt (or Vs) cannot be directly

used. In this case, the metallic feet need to be replaced by a new pair of

plates. Alternatively, these voltages (Vt and Vs) can be adjusted according to

the following equations

Vt =
Vt oc

Rb +Rfpn

×Rb (2.5)

Vs =
Vs oc

Rb +Rfsn

×Rb, (2.6)

where Rfpn is the nominal value of Rfp, Rfsn is the nominal value of Rfs.

According to [40], the limit of touch/step voltage is a function of a) shock

duration or fault clearing time ts, b) system characteristics, c) body weight

and d) foot contact resistance as shown in (2.7) and (2.8). The constant k

is 0.116 for a person with 50kg body weight, while it is 0.157 for a person

with 70kg body weight. Cs is the surface layer derating factor, and ρs is the

surface material resistivity in Ω ·m.

Vt limit = (1000 + 1.5Cs · ρs)
k√
ts

(2.7)

Vs limit = (1000 + 6Cs · ρs)
k√
ts

(2.8)

Since the injected current is much smaller than the maximum fault current,

the measured touch/step voltage is therefore much lower than the limits de-

fined in (2.7) and (2.8) . Thus, the original measured data is intentionally

scaled up to the maximum value by using (2.9) and (2.10) when the data

transfer to the database. The decision is then made by the comparison of the

measured data with historical data or with the limits provided by (2.7) and
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(2.8).

Vtmax = Vt ×
Ifault
Iinjection

(2.9)

Vsmax = Vs ×
Ifault
Iinjection

(2.10)

For personal safety consideration, touch voltage is more severe than step volt-

age [77]. The current caused by touching an exposed conductor flows through

the heart, whereas the one caused by step voltage bypass the heart. Therefore,

a tolerate touch voltage is much lower than a tolerate step voltage. Gener-

ally, satisfying the touch voltage safety criteria in a substation automatically

ensures the satisfaction of the step voltages safety criteria. In this work, most

areas in the substation are examined for touch voltage, and only the edges of

the grid are examined for step voltage.

2.2.3 Intelligent Evaluation with Online Database

Another novel feature of the proposed scheme is the implementation of online

database. It is known that the resistivity of the surface soil layer would be

changed in different seasons, which may cause touch/step voltages moving to

the hazard side [69]. For example, if the thickness of a low-resistivity soil

layer in raining season is smaller than the buried depth of a grounding grid,

the touch voltage increases. For another example, the high resistivity soil

layer formed in a freezing season would cause the increase of the touch/step

voltage as well. One major defect of the existing offline monitoring method

is the inability of tracking seasonal influences on substation safety. With the

support of an online database, the changes of touch/step voltage can be con-

tinuously monitored and recorded. Particularly, during the severe conditions,
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like continuous raining or freezing seasons, the frequency of online monitoring

can be increased in order to find the potential hazards in time.

Corrosion, which can cause damages of effective connections among conduc-

tors, is another factor affecting a substation grounding system. The grounding

grid corrosion is caused by acid or alkali in soil and the corrosion rate can

reach up to 8.0mm per year according to statistic results [78]. This situation

becomes worse as a steel-grounding or galvanized steel-grounding system is

widely used, which is more easily corroded than copper so that it requires

more accurate and more frequent assessment of a grounding grid.

Theft of grounding rods can suddenly change the integrity of a grounding

grid. Failing to detect this change in a timely manner will cause serious

consequences. Therefore, the changes of touch and step voltages at the same

point are recorded, so that synthesized and reliable estimation can be made

not only depending on the IEEE standard but also on the variation due to

seasonal influence, corrosion or theft.

Based on the above analysis, an intelligent evaluation (See Figure 2.7) can be

made as following:

1. Generate and inject a testing current into a grounding grid periodically.

Measure the resulting touch/step voltages with a sensor network.

2. Transfer the data to a central database. Scale the measured touch/step

voltages to the maximum touch/step voltage.

3. Compare the maximum touch/step voltage with IEEE standard under
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the same parameters, like fault clearing time and the body weight, etc.

If it exceeds the safe value, a warning event is created and the suspected

location is reported to substation operators for further analysis.

4. Compare the measured touch/step voltages with the historical data at

the same location. If the variation is larger than the preset threshold,

a warning event is created even though the actual value does not ex-

ceed the standard. A mandatory examination will be taken around the

suspected point to check if the conductors are stolen or broken due to

corrosion.

5. If no suspected spot is found, the database is updated with the new

measured data and meteorological parameters, such as temperature and

humility. Then, after a preset period, go back to the first step.

Seasonal

Influence

Corrosion

Theft

Current

Injection

New Measured

Vt’, Vs’

Scale to

Vt’max, Vs’max

Vt’max>Vtmax?

Vs’max>Vsmax?

Exceed the IEEE

Limits?

Warning Event

Update Database with

new measured Vt’max 

and Vs’max

No

No

Yes

Yes

Figure 2.7: The evaluation process with database
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2.3 Study of Current Distribution

A simulation model is built to study current distribution of both remote and

local injection schemes as shown in Figure 2.8. The testing substation con-

verts power from 125kV to 25kV via a Delta-Yg connection transformer. An

overhead ground wire, so called skywire, accompanies with transmission lines.

The ground resistance of a tower is 32Ω. At the secondary side, the neutral

line of a distribution system is multiple-grounded with 15Ω at each grounded

connection. The structure details of a tower and a pole are illustrated in

Figure 2.9. Other parameters are listed in Table 2.1.

Figure 2.8: Computer simulation for current distribution study.

Table 2.1: Parameters of computer simulation for current distribution study

Power Supply 3phs, 60Hz,VLL=115kV, X=3.0Ω

Substation Transformer 50MVA ,115kV/25kV, Delta-Yg.

Transmission Line Tower Rg−tower= 32Ω.

Distribution Line Pole Rg−pole= 15Ω.

Grounding Grid Impedance R=0.2Ω, L=10mH.

Load R-L load, 4MVA, p.f.=0.9

In the remote injection scheme, a temporary fault is staged at downstream of

a substation to create a fault current between a phase and ground. However,
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with the presence of the multiple grounded points on the neutral, such as

pole grounds and transformer grounds, the current is divided before reaching

the substation grounding grid. As shown in Figure 2.10, the current division

of the remote injection scheme depends on the distance between the location

of the staged fault and a substation. The injected current is If and the

grounding grid current is Ig. When the staged fault is located 5km away from

the testing substation, only 37% of the injected current flows back through

the substation grounding grid.

The local injection scheme requires a pair of thyristors connected between

a single phase of transmission line and the grounding grid by a step-down

transformer. Due to the existence of overhead ground wires and neutral lines,

not all fault current flow through a grounding grid to the remote earth [74].

The simulation results (see Table 2.2) show that 73.58% current (Ig) across

the grounding grid, 26.70% current (Is) in skywires and 10.59% current (In)

in neutral lines. Disconnecting skywires and neutral lines can largely increase

(a) (b)

Figure 2.9: The structures of a tower and a pole.
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Figure 2.10: Current distribution of the remote scheme with respect to dis-
tance from a substation.

the grounding grid current. However, it is impossible to disconnect these

grounded wires for long time monitoring in reality. From touch voltage simu-

lation which will be discussed later, 60A current flowing into a grounding grid

can result in about 3 ∼ 13V touch voltage, which is large enough for effective

detection. The current waveforms for the local injection scheme are shown

in Figure 2.11. Typically, there are relays implemented in the substation for

ground fault protection. These protective relays have an inverse current/time

characteristic, which suggests they can tolerate high current with a short du-

ration. As the duration of the injected 60A current is about 50ms, shorter

than 0.1s, it does not interrupt the normal operation of the protective relays

[72].

Figure 2.12 shows a substation transformer with a Yg-Yg connection. A

staged fault is created at the primary side when the thyristors are turned on
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Table 2.2: Current distribution with a Delta-Yg connection

If Ig Is In Ig/If%

All Connected 85.87 63.18 22.93 9.10 73.58%

Neutral Disconnected 85.70 69.72 23.13 0 80.77%

Skywire Disconnected 84.31 75.73 0 12.02 89.82%

All Grounded Lines

Disconnected 85.43 81.42 0 0 95.31%
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Figure 2.11: Current waveforms of current distribution study.

for 50ms. The computer simulation results are listed in Table.2.3. If all the

grounded wires are connected, the current ratio of Ig/If is 81.9% for Yg-Yg

connection and it is 76.8% for Y-Yg connection.

Table 2.3: Current distribution of Yg-Yg and Y-Yg connections

Transformer Type If Ig Is In Ig/If%

Yg-Yg 82.02 67.17 16.26 7.78 81.9%

Y-Yg 84.87 65.18 21.93 10.10 76.8%
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Figure 2.12: Current distribution study of a Yg-Yg connection substation.

2.4 Computer Simulation of the Proposed Online Mon-

itoring Scheme

Computer simulations have also been conducted in CYMGRD [79] to measure

touch/step voltages and analyze the influence of seasonal changes, corrosion

and theft. The designed grounding grid as shown in Figure 2.13 is 150 meters

long and 100 meters wide. All conductors are buried at a depth of 0.5 meters.

X-axis has 8 conductors and Y-axis has 10 conductors. The diameter of all

conductors is 19.1 mm. Plus, 30 grounding rods are vertically connected to the

grounding grid. Each rod is 5 meters long with diameter 2.858 cm. Moreover,

the station surface is with crushed rock of 2500 Ohm-meter resistivity at a

thickness of 0.3 meters and the exposure duration is 0.36s with 4000A fault

current.

A two-layer soil model is implemented for the soil resistivity simulation. From

the data provided by IEEE standard (See Table 2.4), both the upper and lower

layers resistivity can be calculated and the depth of the upper layer can be

estimated as well. The results from this soil model calculation are consistent
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Figure 2.13: The designed grounding grid in the computer simulation.

with the calculated values from the IEEE standard as shown in Table 2.5.

The maximum permissible touch and step voltages calculated by (2.7) and

(2.8) are 1084.2V and 3551.8V respectively.

Table 2.4: Comparison of soil resistivity measurements data

Distance(m) 1.524 4.573 6.098 9.146 15.244

R (Ω) 29.55 9.39 6.46 3.52 1.50

ρ (Ω ·m) 283.06 269.67 247.57 202.12 144.05

Distance(m) 21.341 27.439 33.537 39.634 45.731

R (Ω) 0.90 0.64 0.51 0.42 0.36

ρ (Ω ·m) 120.28 110.68 106.41 104.34 103.16

The potential profile of a grounding grid diagonal line is shown in Figure

2.14. Apparently, touch voltages at corners are much larger than those in the

center due to the fact that fewer conductors are buried around corners than the

center. This profile also confirms that the value of maximum permitted touch

potential has a dominant role in determining the design of a grounding grid.
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Table 2.5: Comparison of the simulation results and IEEE values

Upper Layer Lower Layer Upper Layer

Resistivity Resistivity Thickness

(Ω ·m) (Ω ·m) (m)

IEEE Std. 300 100 6.1

Simulation 298.26 99.98 6.11

If a grid satisfies the requirements for safe touch potentials, it is very unlikely

that the maximum permitted step potential will be exceeded. In Figure 2.14,

the margin between the calculated touch voltage and the permissible touch

voltage is about 200 ∼ 800V, while this margin for step voltage is as large as

3500V.
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Figure 2.14: The potential profile of a grounding grid diagonal line.

The profile in Figure 2.15 is obtained with 60A grounding grid current, which

causes the touch voltage between 3 ∼ 13V. The voltages within this range can

be detected by the voltage sensors. For safety evaluation, the actual voltages

are scaled up to the maximum values in the database according to (2.9) and

(2.10).
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Figure 2.15: The potential profile with 60A grounding grid current.

With the support of an online database, synthesized and reliable estimation

can be made depending on IEEE standard constraint and recorded data vari-

ation. To better clarify the concept of the safety evaluation process, two

scenarios are discussed. One is theft and the other is the change of soil resis-

tivity due to seasonal influence. As shown in Figure 2.16, the conductors on

the left edge of a grounding grid are stolen so that touch voltage around that

area is largely increased as illustrated in Figure 2.17.

When comparing the profiles of Figure 2.14 and Figure 2.17, it is easy to

detect the difference in the corner area. An alarm is created immediately

and investigation in the corner should be made as soon as possible. On the

other hand, touch voltages at some spots also exceed the limit, a mandatory

examine is required at these locations.

Figure 2.18 is the field test data of soil resistivity in a 12-month study [46].

The resistivity was lower during the summer due to high precipitation, and it

was higher during the winter with the frozen soil. Three locations are picked
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Figure 2.16: The conductors on the left edge are stolen.
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Figure 2.17: The potential profile after theft.

up from the diagonal line as shown in Figure 2.19 and the touch voltages are

illustrated in Figure 2.20. When a fault occurs in June, all touch voltages

are under the limit. However, if a fault happens in December, touch voltages

rise due to the increase of soil resistivity, and some of them exceed the limit.
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Figure 2.18: The soil resistivity in different seasons.

Figure 2.19: Three suspect spots are picked up from the diagonal line.

If an offline test is taken in June but not in December, these hazardous spots

cannot be founded. In the proposed online monitoring, these spots can be

reported in time with monthly evaluation. The frequency of measurements

can be adjusted according to the requirement of utilities.
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Figure 2.20: Touch voltages of three suspect spots in different seasons.

2.5 Conclusion

An online monitoring scheme for substation safety assessment is presented,

which periodically measures touch and step voltages and evaluates the con-

dition of a grounding grid with the help of an online database. The testing

current is generated by firing a pair of thyristors for 50ms. This current can

be injected remotely or locally. The local injection scheme has a larger por-

tion of the injected current flowing through the grounding grid, but it costs

more than the remote scheme due to high rating voltage and high capacity of

the step-down transformer.

The condition monitoring is achieved with a network of wireless touch/step

voltage sensors installed at various locations of a substation. These sensors

are connected to a central database where an evaluation process is carried out

by comparing the newly measured data to the limits from IEEE standard, or

checking if the data variation at the same spot exceeds safety thresholds. Fur-
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thermore, current distribution has been studied with computer simulations,

which verified the effectiveness of the proposed local and remote schemes.

From the case studies of conductor theft and seasonal influences, the advan-

tage of online monitoring is very clear since some hazardous spots cannot be

found in time without continuous measurements. Compared to offline meth-

ods, which at best gives one-shot assessment, the proposed online grounding

grid monitoring scheme is more effective and reliable, and it could become an

important component of a smart substation.
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Chapter 3

Power Electronics Aided Fault Detection in

De-Energized Feeders

When a circuit breaker is tripped or a recloser is lockout due to events such

as repair, maintenance or storms, the downstream circuit is isolated from

the energized circuit. After a feeder is de-energized for an extended period,

there is always the possibility that humans or animals may be in contact with

feeder conductors unknowingly. A re-closing action in such a situation can

easily lead to fatality. Therefore, it is necessary to check if a fault still exists

before re-energizing a feeder. A novel active method for fault detection in

de-energized feeders is presented in this chapter. Thyristors are controlled to

momentarily connect the energized upstream to the de-energized downstream.

Various combinations of signals are created to detect different types of faults.

The actual embodiment of the technique is a low voltage power electronics

device connected to a medium voltage feeder through service transformers.

The device is installed permanently at recloser or breaker locations and can

be operated locally or remotely. As a result, there is no need to replace the

existing breakers or reclosers.
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3.1 Introduction of Fault Detection Methods

Fault detection in a de-energized system is more challenging than that in

an energized system, as it requires the generation and application of a volt-

age signal to the de-energized feeder. Furthermore, the signal must be high

enough to mimic the normal medium voltage stress experienced by a feeder.

Especially in a long distribution line with several branches, high energy is nec-

essary for the pulse to travel without significant attenuation. On the other

side, the applied signal should be initiated as an alarm with low energy so

that human or animals contacting with the conductors can sense it and get

away to avoid injury. The injected current is therefore required to be very

adaptive.

As shown in Figure 3.1, the existing fault detection schemes can be classified

into two types according to the sources of current: self-powered and powered

from the energized side.

Signal Generation

Self-Powered
Powered From the

Energized Side

High Voltage

Detector
Ramping Pulse

Capacitor

Discharge

Pulse Close Thyristor Transformer

Fast Switch
Impedance

Insert

Figure 3.1: The review of the existing detection methods.

50



3.1.1 Self-Powered Signal Generation

In [38], a portable tester utilizes a capacitor to discharge a high voltage pulse

into the de-energized line. It comprises two hook terminals connected be-

tween line to line or line to neutral in a de-energized feeder to detect either

a phase-to-phase fault or a phase-to-neutral fault. The responses of voltage

and current are analyzed to estimate the impedance of the line to determine

the existence of a fault. A cable tester with a set of battery and capacitor

is described in [48]. The principle is to use the capacitor to create a high

voltage charging circuit between the inner and outer terminals of the tested

cable. If there is a short-circuit, the voltage across the capacitor cannot attain

a threshold value and give an indication of a fault.

These devices are portable and easy to use. However, they require main-

tenance of power source such as batteries. In addition, the energy of the

injected pulse is usually fixed and limited, which means these devices can-

not be adapted for different voltage ratings or used for a high impedance

fault.

3.1.2 Powered From the Energized Side

Another way to generate the detection signal is to “borrow” energy from

the energized upstream. Extra power supply is therefore not required. The

fault detector in [49] produces a signal by closing the recloser for one cy-

cle. If the current is too high, which indicates the presence of a downstream

short circuit, a series impedance will be inserted to reduce the inrush cur-
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rent. Like auto-reclosers, this method still injects significant inrush current

into the downstream before the insertion of the series impedance. In [39],

a short-duration voltage from a gate turn-off (GTO) thyristor is applied to

the de-energized downstream, and the resulting current is integrated to com-

pare with a threshold to determine if a fault exists. A transformer can also

be used to generate a detection signal as illustrated in [50], where a step-up

transformer convert power from 120V to 500V with limited output of 5mA.

If an output current is larger than 3mA, the detection of an insulation failure

is triggered. However, the device does not have enough power to work in

a medium voltage system, and the strength of the pulse is not adjustable.

Furthermore, another drawback for the above methods is that they cannot

identify different types of faults in a single device.

Recently, a pulse-recloser technique has been developed for the purpose of

reducing the inrush current caused by reclosing to a faulted feeder [80]. This

technique uses specialized recloser and is intended for fuse-saving oriented

feeder reclosing operations. In theory, the technique can be applied to the

problem of concern to this work (i.e. detecting feeder faults after the feeder has

been de-energized for an extended period). However, its application requires

replacing the existing feeder breaker or recloser. This can be costly to utility

companies if implemented on a large scale.

3.2 The Power Electronics Aided Fault Detection Method

The single line representation of the proposed method is shown in Figure

3.2. A thyristor is connected in parallel to a circuit breaker or recloser by a
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switch. The switch is off in the normal system operation. When maintenance

or repair at downstream is completed and the de-energized feeder needs to be

restored, the line operator can turn on the switch and control the thyristor

to trigger at several degrees before the voltage crosses zero. The energized

upstream line is thus momentarily connected to the de-energized side so that

a detection pulse is created in the downstream. The thyristor automatically

shut off when its current drops to zero [30] [81]. A step-down transformer is

used to decrease the voltage of the distribution line to a low level for thyristor

operation and then a step-up transformer is used to restore the signal back to

the system voltage level. Point X in Figure. 1 is the location for measuring the

stimulated voltage and current signals. The typical thyristor voltage, current

and the measured waveforms at point X are shown in Figure 3.3.

Figure 3.2: Single-line representation of the proposed fault detection method.

A significant feature of this technique is that the signal strength is adjustable

by changing the firing angle of thyristors. For example, at the beginning, a

low-strength signal is created with a large firing angle, which can be consid-

ered as an alarm so that human or animals contacting with the conductors

can sense it and get away to avoid injury. Then, the signal strength increases

gradually by reducing the firing angle to stimulate detectable electrical re-

sponses. This firing angle can be further reduced to reach a high voltage to

break down an insulated gap if there is a high impedance fault.
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Figure 3.3: Waveforms of: (a) thyristor voltage and current, (b) measured
voltage and current at the point X.

3.2.1 Three-Phase Thyristor Bridge Based Structure

In a three-phase four-line system, a fault can be symmetrical or asymmetrical

and it may happen between phases or between a phase and ground. Therefore,

the detection and classification of all kinds of faults is highly desired. A three-

phase thyristor bridge based scheme is proposed for this purpose. As shown

in Figure 3.4, a three-phase thyristor bridge circuit is connected in parallel

to a circuit breaker. The upper thyristors are connected to one phase of

the energized upstream and the bottom thyristors are connected to a neutral

line. As mentioned earlier, to minimize the size and reduce the cost of power

electronics devices, transformers are used to convert the voltage to a level

suitable for thyristors. Even considering the added cost on transformers, the

overall cost of this configuration will be lower. Once the detection signals

are injected, voltage and current at point X are measured and analyzed in a

signal detector to determine if a fault still exists. The detection for different

kinds of faults depends on the combinations of gating signals.

Basically, there are two control modes as shown in Figure 3.5. In the first
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Figure 3.4: Three-phase thyristor bridge based fault detection scheme.

mode (Figure 3.5(a)), when an upper thyristor (T1) is turned on and all

bottom thyristors are off, a detection pulse is injected to the corresponding

phase of the de-energized line through the upper thyristor, creating a fault

current if there is a phase-to-ground fault in that phase. In the other mode

(Figure 3.5 (b)), T1 and T4 are fired simultaneously. If a fault between phase

A and phase B exists, it provides a path for the fault current to flow from T1

and T4 to the neutral. The overall combinations of gating signals are listed in

Table 3.1, which include three steps that can detect all types of faults.

3.2.2 Phase-to-Ground Faults Detection

Statistics has shown that single phase-to-ground fault is the most common

fault in a distribution system, which accounts for 70% - 80% of distribution
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Figure 3.5: The gating control logic in two fault detection modes: (a) phase-
to-ground fault, and (b) phase-to-phase fault.

Table 3.1: Overall control logic and detected fault types
Step No. Control Logic Fault Types

Step I T1, T3, T5 On, Single phase-to-ground fault
Others Off Double phase-to-ground fault

Three phase-to-ground fault
Step II T1, T4, T6 On, phase A to phase B fault

Others Off phase A to phase C fault
Step III T3, T6 On, phase B to phase C fault

Others Off

line faults. To the contrary, three-phase to ground fault with balanced three-

phase currents only accounts for 5% of faults [82]. For this reason, the analysis

in this section focuses on single phase-to-ground fault and other unbalanced

phase-to-ground faults.

In Step I of the fault detection algorithm, when T1, T3 and T5 (upper switches

in a thyristor bridge) are turned on simultaneously and T2, T4 and T6 (lower

switches in a thyristor bridge) are off, a pulse is injected into all three phases si-

multaneously. This signal, which is from the same phase of the energized side,

can be considered as a zero sequence voltage applied to the downstream. The

equivalent circuit is illustrated as Figure 3.6. E is the rated phase-to-neutral

voltage of the distribution line, Zload , Zline, Zsys, Zxform are the impedance
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of load, distribution line, system and transformer, respectively.

Figure 3.6: Single-line equivalent circuit with zero sequence current injection.

If the firing angle of the thyristors T1, T3 and T5 is δ , the injected voltage

distortion at point X can be expressed as

Vsignal(t) =
Zload + Zline

Zload + Zline + Zsys + 2Zxform

√
2Esin(ωt+ δ) (3.1)

Since the system and transformers impedance is much lower than the load

impedance, (3.1) can be simplified as

Vsignal(t) ≈
√

2Esin(ωt+ δ) ωt ∈ [0, 2π − 2δ] (3.2)

Assuming the downstream impedance Zeq=Req+jωLeq and the relationship

of (3.3)

Leq
disignal(t)

dt
+Reqisignal(t) = Vsignal(t), (3.3)

the injected current can be obtained as in (3.4).

isignal(t) =

√
2E√

R2
eq + (ωLeq)2

[sin(ωt+ δ − tan−1ωLeq

Req

)

− e−Reqt/Leqsin(δ − tan−1ωLeq

Req

)]

(3.4)

The magnitude of the injected current can be further expressed as in (3.5),
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which suggests that lower the downstream impedance give higher values of

current magnitude.

|Isignal(t)| =
√

2E

|Zeq|
[sin(ωt+ δ1)− e−Reqt/Leqsinδ1] (3.5)

where δ1 = δ− tan−1(ωLeq/Req). If there is no asymmetrical fault, the three-

phase parameters should be balanced, and the impedance of each phase is

determined by (3.6).

Zeq = Req + jXeq = Rload + j(Xload +Xline) (3.6)

In this case, the injected three-phase current pulses should be in phase and

have the same magnitude as shown in Figure 3.7 (a). However, if a single
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Figure 3.7: The current waveforms under (a) no fault with balanced three-
phase currents, and (b) a single line-to-ground fault with unbalanced three-
phase currents.

phase-to-ground fault exists, the fault resistance will be parallel to the circuit

as shown in Figure 3.8. The equivalent impedance of the faulted phase is

58



smaller than that of other healthy phases as expressed in (3.7):

Z
′

eq = Xline1 +Rf//(Rload + j(Xload +Xline2))

< Xline1 + (Rload + j(Xload +Xline2)) = Zeq

(3.7)

where Rf is the fault resistance and the line reactance Xline1 +Xline2 = Xline.

Vsignal

Lline1 Lline2

Rf Zload

Zeq

Figure 3.8: The equivalent impedance under a single phase-to-ground fault.

As a result, the current pulse in the faulted phase is higher according to

(3.5). The current waveforms with a phase A-to-ground fault are illustrated

in Figure 3.7 (b).

The severity of current imbalance is highly related to the resistance of the

fault. From the statistical data, about 85% - 98% of the faults are low

impedance fault [83]. With the increase of fault resistance, the imbalance

of three phases becomes less severe. Thus, for high impedance fault detec-

tion, the firing angle should be small enough to create a high voltage on the

de-energized side to produce a sufficient fault current that differs from an un-

faulted line. The criterion for detecting an unbalanced phase-to-ground fault
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is designed as following:

1. Measure all three-phase currents in Step I of Table 3.1.

2. Calculate the magnitude of the injected current in each phase (Ia, Ib, Ic

). Are they identical? If yes, there is no asymmetrical fault. If no, an

asymmetrical fault exists.

(a) Among the three current magnitudes, if one of them is larger and

the others are the same (e.g. Ia > Ib = Ic), it indicates a single

phase to ground fault and the faulted phase is identified.

(b) If two of them are the same and larger than the third one (e.g.

Ia = Ib > Ic), it indicates a double-phase to ground fault and then

the two faulted phases are detected.

Note that the firing angle of the thyristors determines the pulse energy. Re-

ducing the firing angle can increase the signal strength and extend the con-

duction period (See Figure 3.9). Therefore, an initial alarming pulse with a

Figure 3.9: Voltage and current pulses generated with different thyristor firing
angles.
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small voltage is generated by controlling the firing angle close to 180◦. Af-

ter that, the firing angle decreases gradually to achieve high voltage for high

impedance fault detection. If the device is fully turned on, the maximum

amount of energy is essentially applied.

3.2.3 Phase-to-Phase Faults Detection

The detection signal for a phase-to-phase fault is created by simultaneously

turning on one upper thyristor and one or two bottom thyristors from different

legs. In this case, the phase of the upper thyristor is connected to the energized

side and the others are connected to the neutral line. If a phase-to-phase fault

exists, a current pulse will show up on both phases in reverse directions.

For example, as shown in Figure 3.10, T1, T4 and T6 are turned on and

others are off. If there is no fault between phase A and phase B, the current

in phase A is determined by (3.4) and no current flows in phase B and phase

C. If a fault exists between phase A and phase B, the current will show up

on both phases in reverse directions. The equivalent impedance of phase A

is

Zeqa = jωZlinea + Zload//(Rf + jωZlineb//Zload) (3.8)

where Rf is the fault resistance, Zlinea , Zlineb are the line impedance of phase

A and B respectively.

Since a load impedance is much larger than a line impedance, most current

from phase A flows back to neutral through the distribution line instead of

61



Energized Line

Thyristor

T1

T2

T3

T4

T5

T6

De-Energized Line

(a) (b)

A

B

C

Vsignal

Lline_a

Rf

Lline_b

Zload

Zload

Ia

Ib

Figure 3.10: Signal injection for phase-to-phase fault detection.

the loads. The current of phase B can therefore be determined as:

Ib =− Zload

Zload + jωLlineb

Zload

Zload +Rf + (Zload//jωLlineb)
Ia

≈− Zload

Zload +Rf

Ia

(3.9)

The voltage and current waveforms of phase A and phase B with a phase

A-to-phase B low impedance fault are shown in Figure 3.11.

Figure 3.11: Voltage and current pulses when a phase A-to-phase B fault
exists.

Based on the analysis of signal characteristics in a phase-to-phase fault, the

presence of reverse signal can be used as an indicator. The criterion is there-

fore designed as following:
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1. In Step II of Table 3.1, the magnitude of phase B and phase C currents

are measured. If Ib < 0 , a fault exists between phase A and phase B; If

Ic < 0 , a fault exists between phase A and phase C; Otherwise, there

is no fault between phase A and any other phases.

2. In Step III, the magnitude of phase C current is measured. If Ic < 0 , a

fault exists between phase B and phase C; Otherwise, there is no fault

between phase B and phase C.

3. All possibilities of phase-to-phase faults can be checked after Steps II

and III.

Finally, combining both the phase-to-ground faults and phase-to-phase faults

detection schemes, the overall fault detection algorithm is summarized in

Figure 3.12. Different kinds of asymmetrical faults can be identified after

conducting the three steps. If a large or small injection current is needed,

the firing angle can be adjusted accordingly. Note that the neutral ground

connection is important for the proposed scheme. A loose ground connection

will not affect the line-to-ground fault detection, but it will affect the line-to-

line fault detection as there is no current return path in this case. To check

the ground connection, a simple procedure can be performed by firing T1 and

T4 simultaneously at a very small angle before the voltage zero crossing. The

present of a current pulse indicates a good grounding connection.
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Figure 3.12: Details of the three-step fault detection algorithm.

3.3 Computer Simulation Results

Computer simulations are performed to verify the above analysis. The rated

voltage of the distribution line is 25kV . As shown in Figure 3.13, a three-phase

thyristor bridge based signal generator is connected to the upstream phase A

through a single phase transformer. The three bridge legs are connected to

the de-energized downstream through step-up transformers. Three separate

step-up transformers are used instead of a three-phase transformer to reduce

the interference between phases. Other parameters used in the computer

simulations are listed in Table 3.2.
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Figure 3.13: Configuration of the computer simulation system

Table 3.2: The system parameters of computer simulation
Utility 25kV, Yg-Yg connection.

Step-up Transformer 5MVA, 14.4kV/0.48kV.

Step-down Transformer 5MVA, 0.48kV/14.4kV.

Feeder

Both Line 1 and Line 2 are
5km, the positive sequence
R1 = 0.2138Ω/km, X1 = 0.3928Ω/km,
B1 = 4.2315µS/km ; the zero sequence
R0 = 0.3875Ω/km, X0 = 1.8801Ω/km,
B0 = 1.6058µS/km.

Load
4MVA, lagging, p.f. = 0.95, Fed with
a 5MVA, 25kV/0.6kV, Yg/Yg trans-
former (z=5%).

Fault Resistance Rf = 10 ∼ 200Ω, the default Rf = 50Ω

Thyristor Firing Angle 150◦ ∼ 180◦

According to the gate signals control logic (See Table 3.1), three detection

steps are carried out to detect different kinds of faults. These thyristors fire

once in every four fundamental cycles. Shorter intervals for faster detection

are also possible as the signal attenuate to zero within one fundamental cycle.

The interference between different steps is negligible as shown in the results.

Considering the three steps as one operation period, the firing angle reduces

from 180◦ after each period until faults are identified. Most faults (expect for

some high impedance faults) can be detected within 1 second.

When there is no fault, the measured currents are shown in Figure 3.14. In
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Step I, as a zero sequence voltage is applied to three phases, the currents are

identical. In Step II, a signal is injected from phase A, and both phase B, C

are connected to neutral. As there is no fault between A-B or A-C, the signal

has no path to flow into phase B and C so that the currents of phase B and

C are zero; Step III is similar to Step II, with the only difference being that

the signal is injected from phase B rather than from phase A.
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Figure 3.14: Three-phase currents in three steps without fault.

3.3.1 Phase-to-Ground Fault

If a single phase to ground fault exists in phase C and ground, the current

in Step I will change. As shown in Figure 3.15, the current of phase C in-

crease significantly due to the fault. The magnitude of the current is also

affected by the fault resistance Rf . When the firing angle is 150◦ , the cur-

rent waveforms with different fault resistances are shown in Figure 3.16. It is

apparent that the magnitude of the fault current decreases with the increase

of fault resistance. Therefore, if Rf is small, the thyristor firing angle should
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be large enough to decrease the current to a safe value. On the other hand,

If Rf is large, the current of faulted phase is comparable to the currents of

unfaulted phase, which increase the difficulty of detection. Thus, the firing

angle should be reduced to obtain an obvious difference between faulted and

healthy phases.
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Figure 3.15: Three-phase currents in three steps under a phase C-to-ground
fault.
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Figure 3.16: Current waveforms of phase C with different fault resistances.
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According to the criterion of identifying an unbalanced phase-to-ground fault,

the current difference between two phases is calculated. The single phase C-

to-ground fault does not affect phase A and phase B, thus the currents of

phase A and B are identical when a zero sequence voltage pulse applied to

the downstream in Step I. As shown in Figure 3.17, |Ia − Ib| is almost zero

regardless of firing angles and fault resistance. As the current of phase C

is larger, |Ib − Ic| and |Ic − Ia| have almost the same values. As discussed,

reducing the firing angle can make the difference of current between phases

more significant.
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Figure 3.17: Current difference between phases under a phase C-to-ground
fault.

3.3.2 Phase-to-Phase Fault

If there is a phase-to-phase fault between phase A and B, the three-phase

current waveforms in three steps are shown in Figure 3.18. In Step I, all

three-phase currents are identical but in Step II, a reverse signal shows up in

phase B when a pulse is injected from phase A. The waveforms in Step III
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verify the existence of a fault since a reverse signal shows up in phase A when

a pulse is injected from phase B.
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Figure 3.18: Three-phase currents in three steps under a phase A-to-phase B
fault.

The current of phase B in Step II not only depends on the injected current

from phase A, but it is also affected by other three parameters of power system

as shown in (3.9): the fault location (the length from the fault detection

point, which determines the line impedance of interest), the load and fault

impedance.

Figure 3.19 shows the ratio of Ib/Ia with the different values of the three

parameters in Step II with the bases of Line 1 length 5km, Load 4MVA,

Rf = 200Ω. Apparently, the fault resistance has a significant impact on

current division. If the phase-to-phase fault has a high impedance, the current

of phase B through the fault will be largely reduced. Another significant

impact is from loads. A large load will lead more current flow through the

load on phase B rather than from the grounded conductor of phase B where

the measurement point X is located as shown in Figure 3.10 (b). However,
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the impact of the Line1 length is very limited.
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Figure 3.19: The sensitivity study of a phase-to-phase fault.

Multiple faults are also tested, including (1) a phase C-to-ground fault, (2)

a phase A-to-phase B fault and (3) a phase A-to-phase C fault. The test

results are shown in Figure 3.20. In Step I, phase C current is much larger

than that of phase A and phase B, which indicates a phase C-to-ground fault.

In Step II, a pulse is injected from phase A and reverses pulses show up on

both phases B and C, meaning both a phase A-to-phase B fault and a phase

A-to-phase C fault exist. Step III verifies that a fault between phase A and

phase B exists.

3.4 Experiment Verifications

An experiment based on 120V single phase system is carried out in laboratory

and the prototype comprises of (1) a thyristor-based signal generator; (2) a

data acquisition system; and (3) a lumped model based equivalent circuit.
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Figure 3.20: Three-phase currents in three steps under multiple faults.

The firing angle of the thyristor can be adjusted from 180◦ to 150◦ and the

firing interval can be either 2 or 4 fundamental cycles. Six channels, including

three voltage measurement channels and three current measurement channels

are utilized. Due to the limitation of lab equipment, all the transmission lines

and transformers are replaced by equivalent inductors. The loads are replaced

by equivalent R-L model as well. The system parameters are listed in Table

3.3.

Table 3.3: The parameters of experiment verifications
Power source 120V

Transformer Impedance Lxformer = 0.76mH
Line Impedance Rline = 0.08Ω, Lline = 0.4mH
Load Impedance Rload = 11.4Ω, Lload = 10mH
Fault Resistance Rf = 0 ∼ 7.68Ω

Thyristor Firing Angle 150◦ ∼ 180◦

The equivalent circuit of the lab test prototype is shown in Figure 3.21. The

fault resistance Rf and the load size (Rload, Lload) are adjustable.
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Figure 3.21: The equivalent circuit of the experimental testing system.

Figure 3.22 shows voltage waveforms. VS represents the 120V, 60Hz single

phase voltage source and Vthyristor is the voltage across the thyristor. When

the thyristor is fired at a certain degree before the source voltage crosses zero,

Vthyristor becomes zero instantaneously. At this moment, the de-energized part

of the circuit is connected to the voltage source. When the thyristor current

becomes zero, the thyristor turns off naturally and the passive circuit returns

to its de-energized state. Vd is the voltage pulse created by the thyristor.
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Figure 3.22: Measured voltage waveforms in the lab experiment.
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The corresponding currents, including the load current Iload , the fault current

Ifault , and the total current Id , are shown in Figure 3.23. With a small fault

resistance, the fault current Ifault is close to the total current Id and the load

current Iload is relatively small as the load impedance is much higher than the

fault resistance.
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Figure 3.23: Measured current waveforms in the lab experiment.

The impact of fault resistance is illustrated in Figure 3.24. The fault current

decreases with the increase of fault resistance. A bolted fault can result

in a large current, which is easily detected by a signal with low strength.

High impedance fault is more difficult to detect. However, in the proposed

methods, asymmetrical high impedance faults can be identified by unbalanced

fault currents.

Figure 3.25 shows the impact of the firing angle. For safety consideration, the

firing angle is initiated at close to 180◦, and then decreases gradually until all

potential faults can be detected.
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Figure 3.24: Measured current waveforms with different fault resistances.
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Figure 3.25: Measured current waveforms with different firing angles.

3.5 Alternative Cascaded Structure

An alternative signal generation structure is shown in Figure 3.26, which has

four thyristors cascaded together. Similarly, the device is connected to an

energized upstream phase line and the neutral through a transformer. In the
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de-energized side, the phase conductors are connected to the joints between

two thyristors. The cascaded structure only uses four thyristors rather than

six thyristors in the previous structure.

P2

P1

P3

P4

A

Single Phase

Source B

C

Figure 3.26: An alternative cascaded structure.

The control logic of gating signals is illustrated in 3.27. In Step I, a zero

sequence signal is applied to three phases for phase-ground fault detection.

In Step II, a signal is injected from phase A and returns to the neutral from

phase B or C if there is any fault between phase A and other phases; There

is a little difference from the bridge-based scheme in Step III, where the first

thyristor must be turned on in order to connect phase B to the energized side.

Faults between phase A and phase C or between phase B and phase C can

be detected in Step III. The criteria for fault detection in this topology are

the same as those in the bridge-based topology, as the signal responses under

different types of faults are still the same.

3.6 Conclusion

A thyristor based fault detection scheme is presented to detect a fault in de-

energized feeders, which can ensure a smooth and safe reclosing without caus-
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Figure 3.27: The control logic of the cascaded structure.

ing hazard to the downstream devices and personnel. The proposed technique

functions by generating a controllable detection signal through the thyristor-

based device connected in parallel with a recloser, and using the stimulated

voltage and current signals to detect if a fault exists. The device can be run

manually or automatically whenever reclosing is needed. For auto-operation,

communication is not an issue since the recloser is linked with communication

means if it can be reclosed remotely. To identify different types of faults, the
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characteristics of injected signals under phase-to-ground faults and phase-to-

phase faults are studied and the criteria for identifying a faulted line from

healthy lines are developed accordingly. With the three-step fault detection

algorithm, phase-to-ground faults are detected in Step I, and the phase-to-

phase faults are detected in Steps II and III. The whole three-step testing

procedure takes between one to a few seconds, which is sufficiently fast for

fault detection in a de-energized system. An alternative structure with fewer

thyristors is also presented.
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Chapter 4

Harmonic Impedance Based Symmetrical Fault

Detection in De-Energized Feeders

As a symmetrical fault affects three phases equally, the method based on

the difference of three-phase currents for asymmetrical faults detection is not

applicable here. In addition, when a voltage pulse is applied to a de-energized

circuit, either a stalled motor or a capacitor bank can cause a large current

like a short-circuit. This chapter describes a method based on analysis of

harmonic impedance for symmetrical fault detection in de-energized feeders.

By analyzing the differences of their harmonic impedances, this method can

also be used to distinguish a real fault from a stalled motor or a capacitor

bank.

4.1 Characteristics of Symmetrical Fault in De-Energized

Feeders

As shown in Figure 4.1, a voltage from one energized phase feeds three phases

when the thyristors T1, T3 and T5 are fired simultaneously on a certain degree

before a zero-crossing point. The corresponding current pulse in each phase

depends on the line condition.
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Figure 4.1: The proposed scheme for symmetrical faults detection.

In a normal condition, the injected currents are very small. However, if there

is a symmetrical fault, inrush currents will show up in all phases at the same

time. To illustrate this, a representative 25kV system with 10km distribution

line is used as shown in Figure 4.2, and the parameters of the system are

listed in Table 4.1.

Figure 4.2: The equivalent circuit with a symmetrical fault.

To compare the difference of the faulted and unfaulted conditions, a sym-

metrical fault is created at 5km away from the recloser. When the thyristor

is fired at 150◦, the voltage and current waveforms are shown in Figure 4.3.

Apparently, a symmetrical fault increases the current magnitude. However,

this fault current magnitude highly depends on the fault resistance Rf . It is

therefore difficult to set up an appropriate threshold to detect if a fault exists,

especially considering the possibility of a high impedance fault.
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Table 4.1: The parameters of a representative 25kV system
Utility Vpp = 25kV , 60Hz, 50MVA

Transformers 14.43kV/480V,5MVA, z=0.03pu

Feeder Length 5km (Line1), 5km (Line2)

Line

R1 = 0.2138 ohm/km, X1 = 0.3928
ohm/km and B1 = 4.2315 us/km; R0 =
0.3875 ohm/km, X0 = 1.8801 ohm/km
and B0 = 1.6058 us/km.

Three-phase Load
4MVA, p.f.=0.95, lagging. 5MVA ser-
vice transformer, 25kV/600V, z=0.05

Symmetrical Fault Rf = 20Ω

0.135 0.137 0.139 0.141 0.143 0.145 0.147 0.149
−20

−10

0

10

20

Time (s)

V
ol

ta
ge

 (
kV

)

The Waveforms of Voltage

 

 

0.135 0.137 0.139 0.141 0.143 0.145 0.147
−0.05

0

0.05

0.1

0.15

0.2

Time (s)

C
ur

re
nt

 (
kA

)

The Waveforms of Current

 

 

Symmetrical Fault
System Voltage
No Fault

Symmetrical Fault
No Fault

Figure 4.3: The voltage and current in different conditions.

Further considering stalled motors and shunt capacitor banks connected at

downstream, a high current can be produced by applying the voltage V ,

similar to a short-circuit. Therefore, a fault detection method not just based

on the current magnitude is required to distinguish a motor or a capacitor

from a real fault.
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4.2 Harmonic Impedance of A De-Energized Feeder

A de-energized downstream can be considered as a linear network as shown in

Figure 4.4, and an equation is established according to the Fourier Transform

of non-periodical signals [84],

Step-up

Transformer

Step-down

Transformer

Energized Line

Linear

Network

De-Energized

System

dV(t)

dI(t)

Figure 4.4: A de-energized downstream is considered as a linear network.

V (jω) = Z(jω)× I(jω) (4.1)

where V (jω), I(jω) are the Fourier Transform of transient voltage and cur-

rent. Z(jω) is the harmonic impedance. The harmonic impedance can be

further expressed as:

Z[jnω1] =
V [jnω1]

I[jnω1]
(4.2)

or

Z(f) =
V (f)

I(f)
(4.3)

where ω1 = 2πf1 , and f1 is the fundamental frequency.

These equations imply that the harmonic impedance can be calculated by

using an Fast Fourier Transform (FFT) algorithm. The basic principle of

the proposed idea is to utilize the change of Z(f) in different conditions to

detect a symmetrical fault. In normal condition, the harmonic impedance of
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a de-energized feeder as shown in Figure 4.2 is

Z(f) = R(f) + jX(f) = Rload + j2πf(Lload + Lline) (4.4)

where Rload, Lload are the equivalent resistance and inductance of the load,

Lline = Lline1 + Lline2. The harmonic reactance X(f) is proportional to fre-

quency, and the ratio k is

k = 2π(Lload + Lline) (4.5)

However, if a symmetrical fault exists with fault resistance Rf , the harmonic

impedance becomes

Z ′(f) = Xline1(f) +Rf//(Rload + j(Xload(f) +Xline2(f))) (4.6)

The harmonic resistance R(f) and harmonic reactance X(f)are changed to

R′(f) and X ′(f).

R′(f) =
RfRload(Rf +Rload) +Rf (Lload + Lline2)2(2πf)2

(Rf +Rload)2 + (Lload + Lline2)2(2πf)2
(4.7)

X ′(f) = j(2πfLline1 +
R2

f2πfLline2

(Rf +Rload)2 + (Lload + Lline2)2(2πf)2
) (4.8)

Figure 4.5 and Figure 4.6 illustrate harmonic resistance and harmonic reac-

tance, respectively.

Since (Lload+Lline2)2(2πf)2 is much smaller than (Rf +Rload)
2 when frequency

is low, one can obtain that R′(f) ≈ Rf//Rload from (4.7) at low frequencies

(such as 0 ∼ 360Hz). On the other hand, X ′(f) consists of two parts: the

82



0 60 120 180 240 300 360
0

20

40

60

80

100

120

140

160

180

Frequency (Hz)

R
es

is
ta

n
ce

 (
O

h
m

)

Harmonic Resistance R(f)

 

 

No Fault R(f)
Symmetrical Fault R’(f)

R(f)

R’(f)

Figure 4.5: The harmonic resistance R(f) in unfaulted and faulted cases.
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Figure 4.6: The harmonic reactance X(f) in unfaulted and faulted cases.

first part (2πfLline1) is proportional to the frequency but the ratio k′ becomes

much smaller as

k′ = 2πLline1 << k = 2π(Lload + Lline) (4.9)
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And, the second part of X ′(f) decreases with an increase in frequency. Thus,

the overall effect is that X ′(f) is much smaller than X(f) and it almost has

no significant change at low frequencies.

Based on the above analysis, harmonic impedance can be utilized for sym-

metrical fault detection. The decision logic is therefore designed as follow-

ing:

1. Measure the currents and voltages of three phases after T1, T3 and T5

are fired simultaneously.

2. Are currents the same? If No, turn to asymmetrical faults analysis. If

Yes, estimate the X(f).

(a) If X(f) is proportional to frequency, there is no fault.

(b) If X(f) has no significant change as frequency increases, there is a

symmetrical fault.

4.3 The Impact of Stalled Motor

A stalled motor behaves like a short-circuit in a de-energized system. The

equivalent circuit of a stalled motor is shown in Figure 4.7 [85]. The param-

eters R1 and X1 are the motor stator resistance and leakage reactance, and

the locked-rotor resistance and leakage reactance referring to the stator side

are denoted as R2 and X2, respectively. The reactance Xm is the magnetizing

reactance of the motor. The stator current is I1 and the rotor current is I2.
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Xm
R2/s

I1 I2
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Figure 4.7: The equivalent circuit of a stalled motor.

The motor slip s = 1 when the motor is stalled. Considering Xm >> X1 ,

the impedance of a stalled motor is therefore expressed as

ZM = RM + jXM = (R1 +R2) + j(X1 +X2) (4.10)

Typically, power factor during motor starting is between 0.2 ∼ 0.3, and an

inrush current can be up to 600% ∼ 800% of the rated current. As shown

in Figure 4.8, a stalled motor can cause a large current pulse when a voltage

is applied. The currents in different conditions are illustrated in Figure 4.9,

in which the current pulse with a stalled motor connected is comparable to

the fault current. This also indicates that the current magnitude is not a

good indicator to distinguish a fault from a stalled motor. From the aspect

Figure 4.8: (Note: the stalled motor: 5000hp, starting p.f.=0.2, inrush current
700%, fed with a three-phase 5MVA transformer, 25kV/4.16kV, z=0.05)
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Figure 4.9: The effect of a motor on the current pulse.

of frequency domain, the impedance of a stalled motor is more inductive so

that the resistance RM in (4.10) can be ignored in a simplified model. When

a stalled motor is connected parallel to a load as shown in Figure 4.8, the

reactance of the downstream becomes:

XD M(f) = j(2πfLline +
R2

loadLM(2πf) + LloadLM(Lload + LM)(2πf)3

R2
load + (Lload + LM)(2πf)2

)

(4.11)

where XD M is the reactance of downstream with a stalled motor, LM is the

inductance of a stalled motor. The first part of the XD M(f) is proportional

to frequency f and the ratio kDM = 2πLline > k′ = 2πLline1; the second part

of the XD M(f) increases with an increase in frequency.

As shown in Figure 4.10, XD M(f) increases significantly as the frequency

increases. This scenario is clearly different from the reactance X ′(f) in a

faulty condition. Similar to the detection of symmetrical faults, X(f) versus
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frequency can be used to distinguish a fault from a stalled motor. Note that
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Figure 4.10: The harmonic reactance Xf with a stalled motor.

using the reactance vs. frequency criterion can effectively distinguish a fault

from a stalled motor situation, but it cannot distinguish a stalled motor from

a normal condition as they both have similar X/f ratio. However, detecting

the existence of a stalled motor is not really the purpose of this work. As long

as a fault can be effectively detected, the proposed detection scheme works as

expected.

4.4 The Impact of Capacitor Bank

As shown in Figure 4.11, a shunt capacitor is usually connected in a distribu-

tion system to provide reactive power compensation and improve the quality

of the electrical supply. However, energizing a capacitor bank also causes a

high inrush current which is similar to a fault. When a voltage pulse is ap-
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Figure 4.11: A three-phase shunt capacitor bank is connected to a distribution
system.

plied to a downstream with a 2.5MV ar shunt capacitor, the produced current

pulse is shown in Figure 4.12. This current has a comparable magnitude as
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Figure 4.12: The effect of a capacitor on the current pulse.

a fault current. It is therefore difficult to distinguish a fault from a capacitor

bank if only comparing the waveforms of current.

In the frequency domain, the capacitor almost has no contribution in DC

component (0 Hz) and its harmonic impedance 1/jωC decreases as frequency
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increases. After installing a capacitor bank in a distribution system, the

harmonic resistance R(f) is changed to RD C(f) as in (4.12).

RD C(f) =
Rload

R2
load(2πfC)2 + ((2πf)2LloadC − 1)2

(4.12)

RD C(f) decreases rapidly with the increase of frequency. Contrast to this,

the resistance R′(f) in a faulted condition almost has no change in low fre-

quencies. Comparison of harmonic resistance in a faulted condition and a

normal condition are shown in Figure 4.13. The difference between RD C(f)
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Figure 4.13: Harmonic resistance with a capacitor.

and R′(f) provides a criterion for distinguishing a fault from a capacitor

bank.

Furthermore, if both a stalled motor and a capacitor bank exist in the down-

stream, the harmonic impedance will not follow the patterns discussed above

since parallel resonance could happen. For example, if the motor in Figure

4.8 and the capacitor in Figure 4.11 are both connected to a de-energized
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system in parallel, the harmonic impedance is changed as shown in Figure

4.14. Apparently, the parallel resonance happens at the frequency of 180 Hz.
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Figure 4.14: The harmonic impedance when both a 2.5MVA capacitor and a
5000hp motor connected.

The magnitude of the impedance at resonance frequency is limited due to the

existence of resistance.

Generally, the resonance frequency depends on the system capacitance and

reactance. If capacitance is small, a resonance will happen at higher fre-

quency. Figure 4.15 shows the simulation result when the 2.5MV ar capacitor

is replaced by a 0.25MV ar capacitor. Within the frequencies between 0 ∼

360Hz, the scenario of parallel resonance is not observed. However, the differ-

ence between the faulted and the unfaulted cases is significant in both Figure

4.14 and Figure 4.15. A symmetrical fault can still be detected even though

there is a parallel resonance introduced by a capacitor and a stalled motor.

The overall symmetrical fault detection procedure is updated as following. A

flow chart is also presented in Figure 4.16.

1. Measure the currents and voltages of three phases after T1, T3 and T5

are fired simultaneously.
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Figure 4.15: The harmonic impedance when both a 0.25MVA capacitor and
a 5000hp motor are connected.

2. Are currents the same? If No, turn to asymmetrical faults analysis (as

presented in Chapter 3). If Yes, calculate Z(f) , X(f) and R(f) by using

the Fourier Transform of current and voltage with an FFT algorithm.

(a) If harmonic resonance is observed in Z(f), it indicates both a ca-

pacitor and a motor are connected and the line is healthy.

(b) Otherwise, if X(f) has a large increase with the increase of a fre-

quency and it is almost proportional to the frequency, it indicates

a normal condition or a stalled motor exist.

(c) Otherwise, if R(f) decays as frequency increase, a capacitor is con-

nected without fault.

(d) If both X(f) and R(f) have no significant change as frequency

increase in the observed frequencies (0 ∼ 360Hz), it indicates a

symmetrical fault exist.
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Figure 4.16: The overall logic for symmetrical fault detection.

4.5 Lab Experiment

A lab experiment based on a single-phase low voltage system has been carried

out to verify the proposed method. The laboratory prototype comprises of

(1) a thyristor-based signal generator, (2) a data acquisition system and (3)

a lumped model based equivalent circuit. As the injected current is from an

energized phase in the proposed scheme, a single-phase system can effectively

represent a balanced three-phase system for the research of symmetrical fault
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detection. In the data acquisition device, six channels are utilized, three of

them for voltage measurement and the other three for current measurement.

The sampling rate is 1024 points every cycle, and 1024-point FFT is per-

formed for harmonic impedance analysis based on 60Hz fundamental. This

sampling rate is fast enough since the signal frequencies of interest are be-

tween 0 ∼ 360 Hz. In some cases such as high impedance fault detection,

higher frequencies components are also considered as will be discussed later.

The system parameters in this test are listed as following.

Table 4.2: The parameters of the lab experiment
Power source 120V

Transformer Impedance Lxformer = 0.76mH
Line Impedance Rline = 0.08Ω, Lline = 0.4mH
Load Impedance Rload = 11.4Ω, Lload = 10mH
Fault Resistance Rf = 0 ∼ 11Ω

Thyristor Firing Angle 150◦ ∼ 180◦

The equivalent circuit of the lab test is shown in Figure 4.17. The fault

120 V

60Hz

Lline Lxformer

Rf

Thyristor

Controller

GND

Id

Ifault

Iload

VS

Signal 

Generator

Vthyristor Vd Load

Figure 4.17: The diagram of the low voltage lab test setup.

resistance Rf is adjustable. The harmonic resistance R(f) and reactance

X(f) are calculated by the measured Vd and Id.
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Figure 4.18 and Figure 4.19 show R(f) and X(f) in three different conditions:

(a) a bolted fault; (b) a fault with resistance Rf = 6Ω ; (c) No fault. It is
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Figure 4.18: Comparison of harmonic resistance R(f).
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Figure 4.19: Comparison of harmonic resistance X(f).

seen that R(f) with a bolted fault is almost zero at all frequencies, which can

be easily detected. On the other hand, X(f) increases slowly in both faulted
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situations but increase fast in a unfaulted situation, which is consistent with

the theoretical analysis.

A single-phase induction motor is connected to the test circuit and the param-

eters of the motor are listed in Table 4.3. As the induction motor is just like

Table 4.3: The parameters of an induction motor
Parameters Value

H.P. 1/12
Rated Voltage (V) 115
Rated Current (A) 2.8

Phase 1
R.P.M 1800

a short-circuit when it is stalled, it causes a high current which is even larger

than the fault current as shown in Figure 4.20. To distinguish the stalled

motor from a fault, X(f) in the two conditions are illustrated in Figure 4.21.

It is apparent that the reactance of the downstream with a motor increases
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Figure 4.20: Current waveforms of the induction motor test.

in a normal condition, while this reactance with a fault is less affected by the
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Figure 4.21: Harmonic reactance X(f) of the induction motor test.

increase of frequency.

In reality, a fault could happen on any ground condition, like tree branch,

sand, mud and dirt. The ground conditions affect the characteristics of faults,

and change the fault resistance. As shown in Figure 4.22, a tree branch is cut

off from a live tree and its length is limited to 10cm to lower the impedance.

However, its resistance still reaches 16kΩ, even though it is wet.

Figure 4.22: High impedance fault test with a tree branch.
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Figure 4.23 shows the currents obtained from the tree branch test. The resis-
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Figure 4.23: Current waveforms in a tree branch test.

tance of the branch is too high so that the fault current is almost zero.

Another high impedance fault test is with a box of dirt (Figure 4.24). The

dirt comprises mud, little rocks, dead leaves and water. The resistance is 5kΩ,

which is lower than the tree branch. The fault current is very low as shown in

Figure 4.25, and most of the injected current Id flows through the connected

loads rather than the box of dirt with high impedance.

The harmonic reactance in two high impedance fault tests are shown in Figure

4.26. Since there is no electrical response on the tree branch, the measured

harmonic reactance in the faulted line and the unfaulted line have almost no

difference. The tree branch test is not effective due to the low voltage. In a

real distribution system, a stronger voltage pulse could cause arcs through a

tree branch, which essentially reduces the fault impedance and therefore help
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Figure 4.24: High impedance fault test with a box of mud and dirt.
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Figure 4.25: Current waveforms in a mud and dirt test.

high impedance fault detection. The mud and dirt test has better results

despite the low magnitude fault current. The harmonic reactance in the

faulted condition follows a flatter trend within a range of frequencies, such as
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Figure 4.26: Harmonic reactance in the high impedance fault tests.

between 480 ∼ 840 Hz, compared to the unfaulted condition.

4.6 Conclusion

An active method is presented for symmetrical fault detection in a de-energized

system, where the existence of stalled motors or shunt capacitors make fault

detection more challenging as they behave like short-circuits. A new detec-

tion algorithm based on analysis of harmonic impedance is proposed. This

algorithm can effectively detect a symmetrical fault and distinguish a fault

from a stalled motor or capacitor bank. The proposed method is verified in

both computer simulations and lab tests.
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Chapter 5

Monitoring of Neutral Grounding Integrity in

Multi-Grounded Neutral System

A distribution system is not perfectly balanced due to several reasons, such as

unbalanced three-phase loads, uneven distribution of single-phase loads and

unsymmetrical system parameters. These unbalances lead current flowing

through neutral and ground. When a neutral conductor is broken, it forces

more current flowing into the earth which increases neutral-to-earth voltage

(NEV) in normal situation or causes a large ground potential rise (GPR)

during a fault. An active disturbance based method is presented in this

chapter for the monitoring of neutral grounding integrity. A disturbance is

created from the secondary neutral of a transformer, the current flow in the

primary neutral is monitored to indicate the integrity of a neutral.

5.1 Introduction of Multi-Grounded Neutral System

A distribution system can be either non-effectively grounded or effectively

grounded. In some European and Asian countries, non-effectively grounded

system is commonly used, in which a neutral line is unnecessary as no current

is expected to flow in neutral [86]. On the other side, an effective grounding
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Figure 5.1: The typical structure of a MGN system.

system may have a single point grounded neutral or multi-grounded neutral

(MGN). The latter is widely adopted in North America [51] due to safety and

reliability. Each grounding system has its own pros and cons. This chapter

only focuses on three-phase four-wire multi-grounded neutral system.

Figure 5.1 shows a typical MGN system. A primary feeder has three-phase

conductors and a neutral conductor starting from a substation. The neutral

line is grounded at several points along its route. The interval of grounding

is at least three grounds per kilometer [52]. When a primary neutral reaches

a service transformer, it is tied to a secondary neutral at the transformer

grounding point. Secondary neutral is also grounded at service panels of

customers.

One major advantage of a MGN system is that a high current will rise to

trigger an over-current protection device in the case of a short circuit, so as

to avoid the risk of electrical shock if a person touches an exposed conduc-
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tive device. However, with this arrangement, unbalanced current can flow

through neutral into ground. Ground current produces neutral-to-earth volt-

age, which can be transferred into customers’ facilities. Moreover, MGN can

cause significant ground potential rise (GPR) during a fault, which becomes

a growing concern in power industry.

If a MGN network experiences a broken or loose-connected neutral, its neg-

ative effects on NEV and GPR will be amplified. Moreover, customers may

experience bad power quality due to poor neutral conditions. As shown in

Figure 5.2, when neutral is in a good condition, the unbalanced current Iu

is split to In and Ig. The current In > Ig due to low neutral impedance.

Accordingly, the neutral-to-earth voltage VNTE = Ig × Rg. However, if the

neutral is broken, the current Iu is forced into ground, causing an increased

V
′
NTE = Iu ×Rg > VNTE. To make sure a MGN system works as intended, it

is necessary to routinely monitor its neutral condition.

MGN IuIn

Ig

MGN Iu

Rg Rg

(a) (b)

Figure 5.2: A broken neutral largely increases neutral-to-earth voltage.

5.2 Review of Neutral Monitoring Methods

Due to the complexity of a MGN network, the monitoring of neutral condition

is quite difficult. Firstly, there is no accurate neutral model in computer

simulation. Most of the existing power flow programs are designed to analyze
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three-phase three-wire power system. The effects of neutral and grounding

are either merged into phase wires or just neglected to simplify the simulation.

Some researchers have introduced a full-scale model of a multi-grounded four-

wire distribution system [87]. In this kind of model, the neutral wires and

grounding can be represented explicitly, but the grounding electrodes are

simplified and represented by unitary ones, which is not accurate in reality.

Secondly, a neutral line is usually several kilometers or longer and there are

a lot of different grounding connections along its route, such as substation

grounding, pole grounding, equipment grounding and customer grounding.

Each of them has different electrical characteristics and their performances

also affect neutral condition. Thirdly, primary neutral has different features

from secondary neutral. As shown in Figure 5.1, primary neutral is multi-

grounded at poles and transformers, but secondary neutral is grounded only at

service panels. In addition, an overhead primary neutral has certain distance

from phase conductors, but it is hard to separate a secondary neutral from

hot wires in a house or a commercial building.

After a comprehensive review of papers, patents and products, we found that

although there are a number of publications and methods about condition

monitoring of a secondary neutral, the research on primary neutral is very

limited. The existing methods can be further categorized into two different

types: passive schemes and active schemes, as shown in Table 5.1.

As monitoring of primary neutral condition is much more challenging, this

chapter focuses on discussing the methods for the primary neutral monitoring,

while the review of methods for secondary neutral monitoring are provided in

the Appendix.
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Table 5.1: The existing neutral condition monitoring methods
Primary Neutral Secondary Neutral

Passive
Method

Visual Inspection

1.Capacitor Discharge
2.Leakage Current Measurement
3.Voltage Imbalance Detection
4.VNTE Measurement

Active
Method

1.Fall-of-Potential 1.Transient Signal Injection
2.Staged Fault 2.RF Signal Injection
3.RF signaling

5.2.1 Neutral Impedance Measurement (NIM)

The impedance of a multi-grounded neutral is a critical parameter, and several

monitoring schemes, including Fall-of-Potential based methods and staged

fault based methods, measure neutral impedance to determine the condition

of a neutral.

• Fall-of-Potential Based Methods

The Fall-of-Potential measurement based methods are widely used in ground-

ing impedance measurement, which has been introduced in Chapter 2. Its

principle is to inject a current into neutral and then measure the correspond-

ing current and voltage. The neutral impedance is therefore obtained from

the equation:

ZMGN =
V

I
(5.1)

Where ZMGN is neutral impedance including all grounding connections, V

is the voltage difference between neutral and the remote earth and I is the

injected current as shown in Figure 5.3.
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Figure 5.3: A typical Fall-of-Potential based method.

A typical FOP test system is at least composed of the following compo-

nents:

• Current electrode. It is used to inject and collect current. Current

electrode participates in a current return loop with the grounded neutral

system together. Injected current will flow through the neutral line to

the remote earth and back to current electrode.

• Potential electrode. It is used to locate the remote earth. Ideally, po-

tential electrode should be located at an infinite distance from the in-

jection point to obtain the true GPR of the neutral line. In reality, the

electrode is placed in a location that can represent the remote earth

approximately.

• Signal source. A signal source is necessary to produce a test current into

the neutral line. Basically, the fundamental frequency current is chosen

to obtain the corresponding grounding impedance. However, due to

the interference from the fundamental frequency voltage and unbalance

current in power system, variable frequency current is used in some

schemes to eliminate the related noise.
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• Staged Fault Based Methods

Figure 5.4 shows a measurement method by creating a controllable fault. The

test current is injected between a phase and neutral, which does not require

the installation of additional current-injection circuit. Compared to FOP

based methods, the negative impact on customers is reduced, but it requires

strict procedures that must be implemented to ensure the safety of workers

and the public.

V

MGN

The remote

earth

I

Substation

A staged fault

Figure 5.4: A typical staged single-phase fault based method.

5.2.2 RF Signal Injection

Rather than measuring neutral impedance, another approach for neutral con-

dition monitoring is to utilize communication signal to monitor power line

condition. An open phase conductor detector is described in [29]. The trans-

mitter detects an open phase conductor by monitoring the phase conductor

voltage. As shown in Figure 5.5, when an open phase conductor is detected,

the transmitter injects a signal to the neutral conductor by means of a cou-

pling current transformer. The signal is frequency and duration coded. The

receiver decodes the signal and generates a trip signal which may activate a

circuit breaker or a recloser causing isolation of the distribution line with the
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open phase conductor.

 

Figure 5.5: An open conductor detector system based on communication.

The power line signaling in this method can also be used for monitoring

neutral condition. For example, a transmitter injects a signal to neutral line,

and the receiver located at the far end monitors if the signal exists. The

absence of the signal indicates a broken neutral. The main challenge for this

scheme is that the communication signal is attenuated due to multiple grounds

between transmitter and receiver. In the field test, 1km neutral line made

the signal attenuated to a level where the receiver did not respond.

5.3 Challenges of Neutral Impedance Measurement

To calculate neutral impedance, a reference ground is essential for VNTE mea-

surement. Unfortunately, this “true” earth point is hard to be located. More-

over, the installation of ground electrodes and a long wire test largely reduce

the mobility of this method.

Another challenge is that even though ZMGN can be calculated accurately,
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it still cannot truly reflect neutral condition. A MGN system is naturally a

ladder network and its neutral impedance is a constant value after certain

distance. An equation for neutral impedance ZMGN ladder calculation is given

in [88]:

ZMGN ladder =
√
Zpn ×Rgn × S (5.2)

where Zpn is the impedance of the neutral conductor between two grounding

points, Rgnis pole grounding resistance, and S is grounding interval. A broken

neutral does not change these three parameters so that it may not change the

impedance, especially if the broken point is far away from the observation

point.

Assuming Zpn = 0.911+0.946j Ω, Rgn = 7Ω, S = 1km, the neutral impedance

is shown in Figure 5.6 according to (5.2). It is apparent that the neutral

impedance almost has no change when it is longer than 5km from the test

location.
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Figure 5.6: The magnitude and angle of the NTE impedance with different
length.

Figure 5.7 illustrates a situation that a span of neutral is broken. From the
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signal injection point, it marks the first span as “1”, the second span as “2”.

Znn

Rgn

12345......

I

Figure 5.7: The neutral is broken at certain section.

The simulation results of ZMGN with a broken span are shown in Figure 5.8.

When the broken point is close to the current injection point, an increased

neutral impedance is detected. However, if it is broken far away (5 km away in

this simulation), the impedance is as same as that in a normal situation.
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Figure 5.8: The neutral impedance when a section of the neutral is broken.

The simulation results suggest that a broken neutral does not necessarily

change ZMGN in a MGN system. When a neutral is broken, the multiple-

grounded poles along the neutral line provide alternative routes for neutral

current flow, which results in an insignificant change of neutral impedance.

In other words, the change of neutral impedance caused by a broken neutral

line is compensated by the multiple-grounded connections. Consequently, the
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neutral impedance can be utilized as an indicator for broken neutral detection

only if the test point is close to the broken point.

5.4 Active Disturbance Based Neutral Monitoring

To overcome the limitations of NIM based methods, an active neutral moni-

toring scheme is proposed which utilizes a signal generator to create current

disturbance in the neutral system, and monitors the flow of this current dis-

turbance. Compared to NIM based methods, it has several advantages:

• Portability. The new detector only measures the neutral currents at a

service transformer. There is no need to install electrodes for voltage

measurement. Moreover, the device is self-powered, no extra power is

required.

• The neutral condition is indicated by analyzing the neutral current flow

rather than measuring neutral impedance. Thus, the effort to find a

reference ground is avoided.

• The “online” current injection accelerates the detection process. The

condition of a neutral around the tested transformer can be verified

quickly and conveniently.

This new approach transforms the detection of neutral condition into the

analysis of unbalanced current flow in a MGN system. As shown in Figure

5.9, a signal generator is installed at the secondary side of the transformer.
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It is made up of two variable loads. One is connected between hot wire A

(+120V) and neutral and the other is connected between hot wire B (-120V)

and neutral. By controlling the imbalance of the added AN and BN loads,

neutral current is created. A signal detector is located at the transformer,

which continuously monitors Inp and Ins. The changes of Inp and Ins caused

by unbalanced loads are utilized to indicate the neutral condition.

A

B

C

Neutral RT Detector

Inp
Ins

House 3

House 2

House 1

Signal Generator

Rgc

Figure 5.9: The new approach for monitoring primary neutral condition.

As primary neutral and secondary neutral is tied together at the trans-

former grounding point, Inp and Ins always have two current sources at

any moment. One is from secondary ground current caused by unbalanced

loads, so called customer’s contribution (Inp Customer, Ins Customer). The sig-

nal generator described in Figure 5.9 actually only creates disturbance on

Inp Customer, Ins Customer. The other is from primary neutral current, so called

utility’s contribution (Inp Utility, Ins Utility). Inp and Ins can be expressed as:

Inp = Inp Utility + Inp Customer

Ins = Ins Utility + Ins Customer

(5.3)

The equivalent circuit of neutral current from the customer side is shown

in Figure 5.10. Zsn is the secondary neutral impedance. Rgc is customer
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grounding resistance. The current source Iu is determined by the unbalanced

voltage Vu and the equivalent unbalanced impedance Zu which is caused by

the imbalance of phase A loads Zan and phase B loads Zbn. Iu can be further

expressed as:

Iu = Vu/Zu (5.4)

where

Zu = Zan//Zbn =
Zan × Zbn

Zan + Zbn

(5.5)

Vu =
Zbn − Zan

Zbn + Zan

× 120 (5.6)

The Thevenin’s equivalent circuit is shown in Figure 5.11. Due to its low

Unbalanced

current created

by unbalanced

loads at the

secondary side

Iu Zsn

RT

ZMGN

Rgc

Inp_Customer

IRT_Customer

Ins_Customer

Zu

Figure 5.10: The equivalent circuit of unbalanced current caused by cus-
tomer’s loads.

impedance, most unbalanced currents flow through the secondary neutral Zsn

back to the source, and only a small amount flows via customer grounding

Rgc. The neutral current Inp Customer can be expressed as:

Inp Customer =
RT

ZMGN +RT

Ins Customer = g × Ins Customer. (5.7)

A factor g is then defined as:

g =
RT

ZMGN +RT

=
Inp Customer

Ins Customer

. (5.8)
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Figure 5.11: Redrawing the equivalent circuit by using virtual voltage source
and impedance.

Normally, the transformer grounding connection RT is solid. Thus, the value

of the factor g highly depends on the MGN neutral impedance. If a neutral

is broken close to the tested transformer, the increase of the ZMGN will lead

to a smaller g.

Due to the nature of MGN, a broken section far away from the test point may

not change the neutral impedance. However, the purpose of this research is

to study the safety issue caused by a broken neutral. Once the change of

neutral impedance is compensated by multiple grounding connections, NEV

will keep at the same level as a healthy line, which implies that a neutral

broken far away will not affect the safety at the test point. Therefore, this

research emphasizes on the cases where the neutral is broken around the test

point.

From its definition, the factor g is valid only when considering customer’s

contribution, and the utility’s contribution has to be eliminated. Equation
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(5.9) is obtained from (5.7).

Inp = Inp Utility + Inp Customer

= Inp Utility + g × Ins Customer

(5.9)

When current disturbance is created, the variation of the neutral current ∆Inp

can be expressed as:

∆Inp = ∆Inp Utility + g ×∆Ins Customer

= ∆Inp Utility + g × (∆Ins −∆Ins Utility)

(5.10)

If we can find an instant when it has ∆Inp Utility = ∆Ins Utility = 0, the factor

g can be calculated from

∆Inp = ∆Inp Utility + g × (∆Ins −∆Ins Utility)

= 0 + g × (∆Ins − 0)

⇒ g =
∆Inp
∆Ins

(5.11)

The key point to calculate g is to find an instant when the current disturbance

(∆Inp or ∆Ins) is only from the secondary unbalanced loads but not from the

utility side. This can be achieved when the total power of disturbance created

by the signal generator keeps the same during the test so that it will not cause

any difference on the primary current of the tested transformer. For example,

if the loads switches are operated as shown in Table 5.2, different unbalanced

currents are created from the customer side, and the disturbance from the

utility can be considered as zero (∆Inp Utility = ∆Ins Utility = 0).
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Table 5.2: An example of loads switches in the proposed signal generator
Scenario 1 2 3 4 5
PZa 1kVA 1.2kVA 1.4kVA 1.6kVA 1.8kVA
PZb

1kVA 0.8kVA 0.6kVA 0.4kVA 0.2kVA
Total Power 2kVA 2kVA 2kVA 2kVA 2kVA

After ∆Inp and ∆Ins are detected, the current ratio g can be calculated from

(5.11). Furthermore, if the transformer grounding impedance RT is measured,

the primary neutral impedance can be obtained from

ZMGN =
(1− g)

g
×RT (5.12)

5.5 Computer Simulation of the Proposed Scheme

The simulated distribution system is a three-phase 25kV MGN system. The

span between two grounded points is 75 meters. The total length of the dis-

tribution line is 15km. The customer side contains 10 houses which connected

to a single-phase 14.4kV /120V transformer. The interval between two houses

is 20 meter. Each house is modeled separately and the loads vary with time

to simulate the power consumption of a real house as illustrated in Figure

5.12.

Other parameters used in this computer simulation are listed as below.
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Figure 5.12: The customer side of the fully-simulated model.

Table 5.3: The system parameters of computer simulation
Parameter Value

Rgs 0.15 Ω
Rgn 15 Ω
Zline1 0.24940+j 0.8782 Ω/km
Zpn 0.42710+j 0.9609 Ω/km

Zmutual 0.05920+j 0.4905 Ω/km
RT 12 Ω
Rgc 1 Ω
Zline2 0.2028+j 0.0936 Ω/km
Zsn 0.55+j 0.365 Ω/km

Rgs: Substation grounding resistance
Rgn: Pole grounding resistance
Zline: Phase conductor impedance
Znn: Primary neutral conductor impedance
Zmutual: Conductor mutual impedance
RT : Transformer grounding resistance
Rgc: Customer grounding resistance
Zline2: Phase conductor impedance
Zsn: Secondary neutral conductor impedance

• Simulation of Neutral Current Flow

To verify the equivalent circuit in Figure 5.11, unbalanced current is created

by controlling Zbn as one third of Zan ( Zbn = 1/3 × Zan). The neutral
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currents, including Inp,Ins,IRT ,Inn1,..., can be calculated accordingly. The

test results are summarized in the Table 5.4. The theoretical values which

Table 5.4: The verification of the neutral current flow model
Currents Simulation Value Theoretical Value Error (%)
Inp(A) 0.8368-0.0664i 0.7931-0.0381i 6.2
Irt(A) 0.0111+0.0008i 0.0106+0.0012i 5.4
Ins(A) 0.8256-0.0675i 0.7824-0.0396i 6.2
Inn1(A) 1.8006-0.7437i 1.8846-0.6400i 6.8
Inn2(A) 0.7138-0.0758i 0.6811-0.0505i 5.7
Ihn1(A) 1.0868-0.6679i 1.2035-0.5895i 11.0
Igc1(A) 0.1084+0.0053i 0.1028+0.0084i 5.9

derived from the proposed model are highly consistent with the simulated

values. As the impact of other houses at the secondary side are ignored in

theoretical analysis, a slight error is introduced in the calculation.

To calculate g, loads Zan and Zbn are adjusted in sequence as shown in Table

5.5. At each scenario, the sum of power from Zan and Zbn is always the

Table 5.5: The arrangement of the varied loads
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Zan(ohm) 50 50/6*5 50/7*5 50/8*5 50/9*5
Zbn(ohm) 50 50/4*5 50/3*5 50/2*5 50/1*5

same.

The test results of ∆Inp and ∆Insare shown in Figure 5.13. According to the

Least Square Method (LSM), the factor g can be calculated as:

Calculated g (LSM) 0.9897-0.0183i

Theoretical g 0.9896-0.0066i

Error (%) 1.18%

117



0.02 0.04 0.06 0.08 0.1 0.12 0.14
0.02

0.04

0.06

0.08

0.1

0.12

0.14

DI
ns

D
I n
p

 

Figure 5.13: Test results for the factor g calculation.

The purpose of the factor g calculation is to indicate the condition of neutral

impedance. If a largely reduced g is observed, the most possible reason is the

neutral impedance ZMGN increases due to a broken primary neutral nearby,

which forces more unbalanced current flows through the RT to back the source

rather than from the MGN system.

• Cases Study of Broken Neutral

Figure 5.14 shows a case that a neutral line is broken at both sides of the

test point. The neutral system suddenly changes from a ladder network to

a single point grounding system. In this case, the neutral impedance largely

increases, which results in a much smaller g. The error of 57% is a good

indicator that a neutral is poorly-connected or broken at a location close to

the transformer.
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Figure 5.14: The primary neutral is broken at both sides of the transformer
connection point.

Calculated g (LSM) 0.4255+0.0020i

Theoretical g 0.9896-0.0066i

Error (%) 57%

However, if the neutral is not completely broken or the broken point is not

close to the transformer as shown in Figure 5.15, the change of the impedance

ZMGN will be insignificant, which cause little change of g.

Calculated g (LSM) 0.9897-0.0264i

Theoretical g 0.9896-0.0066i

Error (%) 0.4%

When a broken neutral does not cause a significant change of ZMGN , safety

is not an immediate concern. However, if the broken point is very close as

shown in Figure 5.14, it is still hazardous for public safety. One solution to

increase the sensitivity for the broken neutral detection is to estimate ZMGN

in (5.12). The test results are listed in Table 5.6. Even though the change
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Figure 5.15: The primary neutral is broken far from the transformer connec-
tion point.

of g is little, the error of the estimated ZMGN compared to the theoretical

ZMGN can indicate if a neutral line is abnormal.

Table 5.6: The calculated neutral impedance in different situations
g ZMGN(Ω) Error*(%)

Normal 0.9896-0.0066j 0.1256+0.0809j 0.48
Figure5.14 0.4255+0.0020j 16.2015-0.1326j 10796
Figure5.15 0.9897-0.0264j 0.1163+0.3232j 162.6
* The theoretical value ZMGN = 0.1249 + 0.0811j

5.6 Conclusion

An active-disturbance based method is presented, in which the current flow in

neutral system are analyzed to determine the neutral condition. Without the

effort to find a “true” earth for neutral impedance measurement, this scheme

is more practical compared to the NIM based methods.
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In this method, two variable loads are used to create neutral current distur-

bance from the customer side. A current ratio of ∆Inp/∆Ins, defined as g,

is used to indicate the neutral condition. A decreased g implies the increase

of the neutral impedance ZMGN , which is most likely caused by a broken

neutral.

Due to the nature of MGN system, a broken point far away from the cur-

rent injection point is compensated by multiple grounding connections, which

makes it difficult to be detected. However, as long as it does not change the

neutral impedance, it will not cause a safety problem at the test point.
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Chapter 6

Identification of Neutral-to-Earth Voltage Contributors

Neutral current is an integral part of a three-phase four-wire MGN system.

The current flowing from neutral into ground creates a neutral-to-earth volt-

age (NEV). NEV exists in a MGN system during normal operation. It may

originally come from the primary distribution system, or from the secondary

loads, or, in most cases, from both. This chapter presents a novel active

method to identify the sources of NEV. Disturbances are created from the

primary side and the secondary side of a service transformer separately. The

contributions of the utility and customer are quantified based on analysis of

corresponding neutral currents. In addition, this scheme can be used to mon-

itor the condition of secondary neutral. Poor connections at the secondary

side can be detected without extra visual inspection.

6.1 The Sources of NEV

Through the neutral connection of a service transformer, NEV can be trans-

ferred from the primary neutral to the secondary neutral, and vice versa [89].

NEV at the secondary side causes stray voltage, which is defined as a voltage

resulting from the normal delivery that may be present between two conduc-

tive surfaces that can be simultaneously contacted by members of the general
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public and/or their animals [90]. Stray voltage has adverse effects on live-

stock production which results in economic losses of farmers. NEV can also

be transferred into swimming pools and shower stalls [91]. There are growing

public concerns on high NEV due to a few unfortunate accidents [92]. NEV is

hard to be mitigated due to its complex causes. To solve the problems caused

by NEV, it is necessary to identify its sources and quantify the contributions

from the utility and customer sides.

One contributor to NEV is unbalanced current from the utility side of a

service transformer. Assuming customers at the secondary side have perfectly

balanced loads, the flow of neutral current is shown in Figure 6.1. Inp Utility

consists of a current Inp1 from unbalanced loads connected to the neutral.

In addition, this single-phase service transformer also contributes a neutral

current Inp2 from its primary side. Ins Utility is a part of Inp Utility flowing

through the secondary neutral into customer grounding Rgc, and the rest of

Inp Utility flows into ground through the transformer grounding RT .

A

B

C

Neutral

House 3

House 2

House 1

RT

From unbalanced

loads

Single-phase current

Inp1

Inp2

Inp_Utility

Ins_Utility

Rgc Rgc

Rgc

Figure 6.1: The current flow when only utility contributes unbalanced current.

Unbalanced current from customers is another contributor to NEV. Assum-
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ing the utility side is perfectly balanced, the flow of neutral current is shown

in Figure 6.2. In normal condition, most current flows back to the trans-

former through a neutral conductor, and a small portion flows into earth

through customer grounding Rgc. The ground current circulates back to the

service transformer through multiple grounded poles ZMGN and the trans-

former grounding RT . Inp Customer is the neutral current from all ground

currents at the primary side. Ins Customer is the sum of Inp Customer and the

ground current from RT .

A

B

C

Neutral

House 3

House 2

House 1

RT

Inp_customer
Ins_customer

Rgc

Rgc

Rgc

Figure 6.2: The current flow when only customer contributes unbalanced
current.

In reality, these two sources always exist and it is impossible to separate one

from the other. Figure 6.3 shows a measured neutral current from a house

test. This current varied in a day due to the changes from distribution system

and loads. It is almost impossible to separate the contribution of a customer

from that of a utility based on this measured data.

The current practice to identify NEV sources is physically disconnecting the

tie of utility and customer as following [93]:
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Figure 6.3: Neutral current in one day from a house test.

1. Measure neutral-to-earth voltage VNTE C at the customer’s premise.

Then, de-energize the customer by opening the main switch and mea-

sure V
′
NTE C again. V

′
NTE C is considered as utility contribution and

the difference between VNTE C and V
′
NTE C is considered as customer

contribution.

2. Measure NEV at the service transformer with the main switch close and

open. VNTE T and V
′
NTE T are obtained respectively. If the difference

∆V
′

= V
′
NTE T − V

′
NTE C is larger than 1V , the connection between

primary neutral and secondary neutral must be checked. If VNTE T is

larger than 10V , a visual inspection of the network near the customer’s

premise must be conducted.

This practice is very straightforward, but it has significant drawbacks. Firstly,

it has a large negative impact on the customer. The site needs to be de-

energized for several times during the test. Secondly, visual inspection is time
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consuming and its reliability is easily affected by terrace, weather and climate.

Thirdly, similar to all passive off-line measurements, the measured results

depend on the condition when the test is conducted. Since power system

is dynamic, any problem developed between two tests cannot be found in a

timely manner.

6.2 Active Disturbance Based NEV Monitoring Scheme

If only utility has contribution on unbalanced current, the equivalent circuit

of current flow is shown in Figure 6.4.

Is/N ZMGN RT

Zu

Zsn

Rgc

Inp_Utility

Ins_Utility

Iub

Figure 6.4: An equivalent circuit of Figure 6.1.

One current source Iub is associated with unbalanced loads linked in the neu-

tral, another source Is/N is from the tested single-phase transformer. Is is

the current of the secondary side and N is the ratio of transformer windings.

Zu = Zan//Zbn is the total phase-neutral loads at the secondary side. Zsn is

the impedance of the secondary neutral. Rgc represents the total customer

grounding resistance at the secondary side. As the current sources are not

concern in this work, they can be further simplified to an equivalent virtual

voltage source VMGN as shown in Figure 6.5. As Zu is much larger than Zsn,
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the current flowing through Zu is neglected. Solving the equivalent circuit,

VMGN

ZMGN

RT

Zsn

Rgc

Inp_Utility

Ins_Utility

Figure 6.5: Another equivalent circuit of Figure 6.1 with a virtual voltage
source.

we can obtain

Ins Utility =
RT

(Zsn +Rgc) +RT

Inp Utility = k × Inp Utility (6.1)

Thus, the factor k is defined as

k =
RT

(Zsn +Rgc) +RT

=
Ins Utility

Inp Utility

(6.2)

Recall the analysis in Chapter 5, a factor g is defined as Inp Customer/Ins Customer

when only customer contributes to unbalanced current. Equation (6.3) is

therefore obtained. Inp = Inp Utility + Inp Customer = Inp Utility + g × Ins Customer

Ins = Ins Utility + Ins Customer = k × Inp Utility + Ins Customer

(6.3)

As Inp and Ins are measurable, once k and g are obtained, the currents

Inp Utility and Ins Customer can be calculated. The contributions of utility and

customer are therefore solved.

If a disturbance is created in a neutral system, (6.4) can be obtained from

(6.3). ∆Ins,∆Inp,∆Inp Utility,∆Inp Customer,∆Ins Customer are the correspond-
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ing disturbances of Ins, Inp, Inp Utility, Inp Customer, Ins Customer, respectively.

∆Ins = k ×∆Inp Utility + ∆Ins Customer

= k × (∆Inp −∆Inp Customer) + ∆Ins Customer

(6.4)

Assuming this disturbance is only from the primary side and customer has no

additional contribution (∆Inp Customer = ∆Ins Customer = 0), the factor k can

be calculated from:

∆Ins = k × (∆Inp −∆Inp Customer) + ∆Ins Customer

= k × (∆Inp − 0) + 0

⇒ k =
∆Ins
∆Inp

(6.5)

To calculate k, an active disturbance based method is illustrated in Figure 6.6.

It utilizes a signal generator connected between two hot wires to produce a

balanced current. With this arrangement, the secondary unbalanced current

is not changed but a disturbance is created at the primary side.

A

B

C

Neutral Rt Detector

Inp
Ins

House 3

House 2

House 1

Signal Generator

Figure 6.6: The proposed active method to calculate the factor k.

Figure 6.7 shows a complete scheme for NEV sources identification. As this

signal generator is a combination of those in Figure 5.9 and Figure 6.6, it is
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able to calculate g and k, respectively. The overall process to identify NEV

sources is listed as following:

A

B

C

Neutral Rt Detector

Inp
Ins

House 3

House 2

House 1

Signal Generator

Figure 6.7: A complete signal generator for NEV source identification.

1. Turn on the signal generator between hot wires A and B to create a dis-

turbance at the secondary side. Instantly, a neutral current is created at

the primary side of the service transformer. Adjust the signal strength,

a group of primary neutral disturbances is created with different mag-

nitude. As this A-B signal generator has no contribution on secondary

neutral current, the defined factor k is then can be calculated.

2. Turn off the A-B signal generator, and turn on other two signal gener-

ators A-N and B-N . With different combinations of AN and BN loads,

a group of secondary neutral currents is created. To make sure the pri-

mary current has no change in this step, AN and BN signal generators

must follow a rule - the total power of the AN and BN signals is always

the same. Subsequently, the factor g is calculated.

3. From the measured Inp, Ins and calculated k, g, currents Inp Utility and

Ins Customer can be calculated in the equation (6.3). Then, Ins Utility and
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Inp Customer can be calculated from the following equations.

Inp Customer = Inp − Inp Utility

Ins Utility = Ins − Ins Customer

(6.6)

6.3 Computer Simulation

Computer simulations are carried out in order to verify the effectiveness of the

proposed active method. The simulations consist of the following steps:

1. Simulate the proposed model of neutral current from distribution sys-

tem. As the model for customer contribution has been verified in Chap-

ter 5, this chapter only focuses on the simulation of unbalanced current

from utility.

2. Simulate the process to calculate the factor k. It is required to have a

disturbance of neutral current from the primary side of a service trans-

former but not from the secondary side.

3. Analyze the contributions from both utility and customer by using (6.3)

with the calculated k and g.

6.3.1 Verification of Utility Contribution Model

A fully-simulated model is built and tested in computer simulation as shown

in Figure 6.8. The utility side is three-phase 25kV distribution system with
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a multiple grounded neutral line. The span between two grounded points is

75m. The total length of the distribution line is 15km. Loads are added

with an interval of 1km. The mutual impedance between phases and between

phase and neutral are also considered. Other system parameters are listed in

Table 6.1.

Z1N
Z195N

A

B

C

Rgs Rgn Rgn Rgn Rgn Rgn Rgn Rgn

n1N n13N n26N
Z13N Z26N

Rgn

1km 2km 15km… ...

Figure 6.8: A fully-simulated model of the utility side.

Table 6.1: The system parameters of computer simulation
Parameter Value

Rgs 0.15 Ω
Rgn 15 Ω
Zline1 0.24940+j 0.8782 Ω/km
Zpn 0.42710+j 0.9609 Ω/km

Zmutual 0.05920+j 0.4905 Ω/km

Rgs: Substation grounding resistance
Rgn: Pole grounding resistance
Zline: Phase conductor impedance
Znn: Primary neutral conductor impedance
Zmutual: Conductor mutual impedance

To consider the impact of loads along the simulated distribution line, a five-

port load model is used in this work as shown in Figure 6.9. These loads vary

with time to mimic a real distribution system.
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Load

Zab

A

G

Zbc

Zcn

Zng Zcg

Zbn Zan

Zbg

Zac

Zag

B

C

N

Figure 6.9: A five-port load model used in the simulation.

The simulated residential area has 10 houses. They are fed by a 37.5kV A

single-phase step-down transformer (14.4kV /120V , z=2%), and the interval

between houses is 20 meter. Other parameters are found in Table 6.2.

Table 6.2: The parameters at the customer side in computer simulation
Parameter Value

RT 12 Ω
Rgc 1 Ω
Zline2 0.2028+j 0.0936 Ω/km
Zsn 0.55+j 0.365 Ω/km

RT : Transformer grounding resistance
Rgc: Customer grounding resistance
Zline2: Phase conductor impedance
Zsn: Secondary neutral conductor impedance

The loads of 10 houses are replaced by the same impedance to make sure

that no unbalanced current is created by these houses. The simulation results

are listed in Table 6.3. Theoretical values are calculated according to the

proposed model (Figure 6.5). It is apparent that the simulated values are

very close to the theoretical values with errors less than 1%, which proves the
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accuracy of the proposed utility contribution model.

Table 6.3: The verification of the utility contribution model
Current Simulation Value Theoretical Value Error (%)
Inp(A) 0.8943-0.06901j
Irt(A) 0.0105+0.0009j 0.0105+0.0010j 0.58
Ins(A) 0.8838-0.0701j 0.8838-0.0700j 0.01
Inn1(A) 0.8806-0.0746j 0.8838-0.0700j 0.63
Inn2(A) 0.7647-0.0805j 0.7678-0.0766j 0.65
Ihn1(A) 0.1158+0.0058j 0.1159+0.0065j 0.58
Igc1(A) 0.1159+0.0059j 0.1159+0.0065j 0.57

It is also found that the secondary neutral system has to be considered as

a ladder network (Figure 6.10 (a)). If the secondary neutral impedance is

considered as zero and the 10 houses groundings are paralleled as shown in

Figure 6.10 (b), it will introduce large errors at the results. For example, the

errors of Irt, Ihn1 and Igc1 can be more than 20% as illustrated in Table 6.4.

This further proves that even if the impedance of neutral conductor is very

small, it cannot be ignored in the grounding modelling.

Ladder

Network

Znn1 1 2 3 8 9 10

Rgc/10

Znn1

(a) Ladder Network (b) Paralleled Grounding

Figure 6.10: A ladder network compared to paralleled groundings.

6.3.2 Verification of The Proposed Active Method

After the models for unbalanced current flow are proved in the previous sim-

ulations, the active method to calculate k is also simulated. The process is
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Table 6.4: The verification of the utility contribution model when simplified
Current Simulation Value Theoretical Value Error (%)
Inp(A) 0.8943-0.06901
Irt(A) 0.0105+0.0009j 0.0008-0.0001j 23.7
Ins(A) 0.8838-0.0701j 0.8861-0.0689j 0.29
Inn1(A) 0.8806-0.0746j 0.8861-0.0689j 0.89
Inn2(A) 0.7647-0.0805j 0.7975-0.0620j 4.89
Ihn1(A) 0.1158+0.0058j 0.0886-0.0068j 25.95
Igc1(A) 0.1159+0.0059j 0.0886-0.0068j 26.02

similar to the calculation of another factor g. Firstly, run a basic case to ob-

tain Inp1 and Ins1, which is the total current from both utility and customer.

Secondly, add a A-B load at House 1. For example, a load with impedance

Zab is connected between A and B. Measure another set of Inp2 and Ins2 after

the load is added. As this A-B load does not change the customer side neutral

current, the factor k is therefore obtained by

k =
∆Ins
∆Inp

=
Ins2 − Ins1
Inp2 − Inp1

. (6.7)

The test results are shown in Table 6.5. The calculated value with the pro-

posed method matches the theoretical value very well.

Table 6.5: The simulation results for the calculation of k.
Basic Case Add a Zab ∆I

Inp(A) -1.5031+0.5649j -1.3823+0.5528j 0.1207-0.0121j
Ins(A) -1.5313+0.5485j -1.4118+0.53659j 0.1194-0.0119j

Calculated k 0.9827-0.0002j
Theoretical k 0.9908-0.0005j

Error (%) 0.82%

To make the calculated k more accurate, the added A-B load varies several

time to get a group of Inp and Ins. For example, if the Zab varies as following,

the simulation results are shown in Figure 6.11.
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Table 6.6: The phase-to-phase load Zab in different cases.
Case 1 Case 2 Case 3 Case 4 Case 5

Zab(ohm) 70 60 50 40 30

0 0.01 0.02 0.03 0.04 0.05 0.06
0

0.01

0.02

0.03

0.04

0.05

0.06

∆I
np

(A)

∆I
n

s(A
)

Figure 6.11: Simulation results for the calculation of k.

According to the Least Square Method (LSM), k can be calculated as:

Calculated k 0.9852-0.0048j

Theoretical k 0.9908-0.0005j

Error (%) 0.71%

Take the calculated k and g (g = 0.9897− 0.0183j from Chapter 5) into (6.3),

we can get:

−1.5031 + 0.5649j = Inp Utility + (0.9897− 0.0183j)× Ins Customer

−1.5313 + 0.5485j = (0.9852− 0.0048j)× Inp Utility + Ins Customer

(6.8)

Solve the above equations,

Inp Utility = −0.0665− 0.1780j,
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Ins Customer = −1.4649 + 0.7236j.

And,

Inp Customer = Inp − Inp Utility = −1.4366 + 0.7429j,

Ins Utility = Ins − Ins Customer = −0.0664− 0.1751j.

The utility contribution CUtility and the customer contribution CCustomer are:

CUtility =
|Ins Utility|

|Ins Utility|+ |Ins Customer|
= 10.3% (6.9)

CCustomer =
|Ins Customer|

|Ins Utility|+ |Ins Customer|
= 89.7% (6.10)

6.4 Field Test of the Proposed Active Method

A house test is shown in Figure 6.12. Three current probes are used to measure

AB

Neutral Bar

Service

Panel

Signal Detector

A

N

B

Signal Generator

Figure 6.12: The house test arrangement.

the current of phase A, phase B and neutral. These probes are connected to

a data collection system to record the current waveforms for post-processing.
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The signal generator is made up by two sets of incandescent lights as shown

in Figure 6.13. One set of lights is connected between phase A-N, and another

A

B

N

AN1 AN6

BN6BN6

Figure 6.13: Two sets of light bulbs are used as an unbalanced current gen-
erator.

set is connected between phase B-N. Each set of the lights consists of six 60W

light bulbs with independent switches.

Due to the limitation of the test, the transformer grounding point was not

accessible, we cannot measure the currents Inp and Ins as discussed. Alterna-

tively, the currents in the service panel Iha, Ihb and Ihn were measured, and

then the ground current in this house is calculated:

Ihg = Iha − Ihb − Ihn (6.11)

Before applying active disturbance to separate the contributions of the utility

and customer on Ihg and Ihn, the equivalent circuits of the house test are illus-

trated. As shown in the Figure 6.14, the currents Ihn and Ihg are represented

by Iphn and Iphg when there is only unbalanced current from the primary side.

As the test location is at a service panel, it always has Iphn = Iphg regardless

of the loads changes. Therefore, this house test is not able to verify the ac-

tive method used for analyzing the utility’s contribution as shown in Figure

6.6.
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VMGN

ZMGN

RT

Zsn

Rgc

Iphn Iphg

Figure 6.14: The illustration of the measured currents when only utility con-
tributes unbalanced current.

Figure 6.15 shows Ichn and Ichg when only considering unbalanced current

from customer. The system impedance of Zsn, Rgc, RT and ZMGN determine

the unbalanced current distribution between Ichn and Ichg. Thus, the active

method can be verified by creating a group of Ichn and Ichg.

Vu

Zu

Zsn

RT

ZMGN

Rgc

Ichn

Ichg

Figure 6.15: The illustration of the measured currents when only customer
contributes unbalanced current.

To create neutral current from this device, the operation of the light bulbs

is arranged as shown in Figure 6.16. Theoretically, the currents in phase

A, phase B and neutral of each state are: The total power is always 360

Table 6.7: The arrangement of the varied loads
Scenario 1 2 3 4 5 6 7
Ian(A) 0 0.5 1 1.5 2 2.5 3
Ibn(A) 3 2.5 2 1.5 1 0.5 0

|Ian − Ibn|(A) 3 2 1 0 1 2 3
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Watt so that the variation of the primary current is zero from one scenario to

another (∆In Utility = 0). The background currents before the test are shown

in Figure 6.17. Phase B has more loads running than phase A, which results

in significant neutral current. The purpose of this test is to use the current

injection method to separate customer contribution from the measured neutral

current, and calculate a new factor s, which is defined as the ratio of the

neutral current In Customer to the customer unbalanced currents (Ia−Ib).

s =
In Customer

Ia − Ib
=

∆In
∆(Ia − Ib)

when In Utility = 0 (6.12)

The factor s represents the neutral condition at a house, but g defined in

Chapter 5 is used to indicate the primary neutral condition of a service trans-

former. However, this test is to verify the active disturbance method, and the

physical meaning of the s or g is not a concern here. The measured currents

when the loads switching from Scenario 1 to Scenario 7 are shown in Figure

6.18.

By subtracting the background loads current, the magnitude of currents gen-

erated by the light bulbs is listed in the Table 6.8. Compared to the theoretical

values in Table 6.7, the actual current for each bulb is not 0.5A, but 0.43A.

The total current of added loads is always 2.594A in each scenario, leading to

the same primary current.

To calculate s, the Least Means Squares (LMS) method is used for data fitting.

The calculated result is shown in Figure 6.19. The neutral current caused by

unbalanced load is extracted by the proposed active method, and the ratio of

∆In/∆(Ia − Ib) is linear, which is consistent with (6.12).
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Figure 6.16: Seven scenarios for creating neutral current disturbance.
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Figure 6.17: Background currents of phase A, phase B and neutral.
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Figure 6.18: The phase currents when the loads switched from Scenario 1 to
Scenario 7.

Table 6.8: The measured current in different scenarios
Scenario 1 2 3 4 5 6 7
Ian(A) 4.607 4.167 3.704 3.253 2.814 2.366 1.927
Ibn(A) 4.589 5.093 5.610 6.107 6.620 7.134 7.663
*∆Ian(A) 2.597 2.157 1.694 1.243 0.804 0.356 -0.082
*∆Ibn(A) -0.002 0.437 0.900 1.351 1.790 2.238 2.677
∆Ian +
∆Ibn(A)

2.594 2.594 2.594 2.594 2.594 2.594 2.594
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Figure 6.19: LMS method used for the calculation of s.

In addition, we adjusted other loads in the house to mimic the actual house

loading in a long period to estimate the performance of a passive method.

The waveforms of phase A, phase B and neutral currents are shown in Figure

6.20.
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Figure 6.20: The currents of phase A, phase B and neutral when loads
changed.

By using the same LMS method, the results of the passive method are shown

in Figure 6.21. It is seen that ∆In and ∆(Ia − Ib) are not linear, which
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suggests that the passive method is not valid here ∗. This is because the

random changes of loads caused the primary current changes, which result in

(In Utility 6= 0).
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Figure 6.21: LMS method used for the calculation of s when loads change.

6.5 Secondary Neutral Condition Monitoring

Secondary neutral Zsn has one end tied to a transformer grounding with

primary neutral, and the other end grounded in a customer service panel. It

has no other grounding point in between. A broken secondary neutral is more

dangerous than a broken primary neutral, as the latter is compensated by

multiple grounded connections. The proposed method is also able to monitor

neutral impedance change to detect a broken secondary neutral.

∗The latest research on the passive method shows that the factor s can also be suc-
cessfully calculated by selecting proper data with load changes. However, the passive
monitoring based method may take hours to obtain an accurate value of s.
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Recall the definition of k:

k =
RT

(Zsn +Rgc) +RT

which suggests that k decreases with the increase of (Zsn+Rgc). For example,

a section of the secondary neutral is broken as shown in Figure 6.22, the

calculated k will decrease about 10%.

A(n60A)

N(n60N)

Rt

Inp

House 3

House 2

House 1

House 10

Ins

Irt

Inn1 Inn2

Ihn1

Igc1

14.4kV: 120V

Zan

Zbn

Zab

Figure 6.22: The secondary neutral is broken.

Calculated k 0.9498 - 0.0956i

Theoretical k 0.9908-0.0005i

Error (%) 10.1%

6.6 Conclusion

An active disturbance based method is presented to identify the contributions

of the utility and customer to NEV. A fully-modeled simulation is conducted

to verify the proposed scheme. The distribution system is made up of a
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MGN network with varied loads to mimic a real situation. The primary

neutral current model is proved that it is effective to analyze the flow of the

unbalanced current from the utility. It is also proved that a MGN system

must be considered as a ladder network. The neutral impedance cannot be

ignored, even though it is very small compared to the grounding impedance.

The active method by creating primary neutral current but not secondary

neutral current has also been verified in this simulation.

Furthermore, a house test has also been conducted to prove the proposed

active method. Due to the limitation of the test, a new factor s is introduced

to replace k and g to represent the ratio of current return from neutral line

Ihn Customer to the total unbalanced current Ihab in a house. From the test

results, the active method is valid to calculate the desired s. The application

of this active method can also be extended for secondary neutral condition

monitoring.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions and Contributions

Condition monitoring in distribution systems has played an important role in

safety, reliability and system efficiency. Passive methods are the mainstream

of condition monitoring, in which different types of sensors are used to mon-

itor voltage, current and other parameters, such as temperature, moisture

and vibration. The measured data is evaluated online or offline to indicate

the status of the monitored device. However, applications of passive methods

are constrained with the limitation of existent signals in power systems, some

challenges faced by condition monitoring cannot be fulfilled by passive meth-

ods. Active methods are then developed to solve the challenges by creating

the desired signals in accordance with monitoring tasks.

This thesis presents three challenges of condition monitoring related to sub-

station grounding grid, de-energized line and multi-grounded neutral system.

The main conclusions and contributions are summarized as follows:

1. An extensive review of condition monitoring in distribution systems is

given. These monitoring methods are categorized into two groups: pas-

sive methods and active methods. Each group has two subcategories:

146



offline and online, according to monitoring continuity. Challenges faced

by condition monitoring are presented, which cannot be solved by the

existing passive methods or active offline methods. The thesis seeks

solutions to fulfill these monitoring requirements by using active distur-

bance based methods.

2. Evaluation of a substation grounding grid is a necessary practice to sus-

tain substation safety and protect electrical equipment. However, cur-

rent methods cannot provide continuous and reliable assessments. An

active online monitoring is therefore developed, which has the following

features:

• Scalable current injection. The required current can be injected

locally or remotely. The firing angles of thyristors are adjustable

to create suitable current flowing into the tested grid. Without

installing any extra electrode, this power electronics based signal

generator can be easily controlled and maintained.

• Touch and step voltage sensors. Touch voltage and step voltage

are directly related to substation safety. Monitoring touch and

step voltages instead of grid impedance make the safety evaluation

more accurate. The concept of a sensor network is proposed to

monitor touch and step voltages at suspected spots in or outside

of a substation.

• Online database. The measured data from sensors are transmitted

to a database in real-time. A rapid decision is made according to
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the comparison of the measured data with pre-determined thresh-

olds or historical data. This online data processing largely reduces

the response time so that an unperceived hazard can be identified

in time.

3. A short-circuit in a de-energized system cannot be detected by passive

methods, due to the fact that all electrical signals are zero after break-

down. A power electronics aided active method is described to address

this challenge. The proposed scheme has the following advantages:

• Adaptive signal. The injected detection signal is required to be low

enough at the beginning as an alarm for safety consideration. On

the other hand, the injected signal is required to have voltage close

to the operating line voltage to mimic the normal stress. This is

achieved by controlling the firing angles of thyristors.

• Different types of faults are detected in a single device. With the

help of three-phase thyristor bridge, the detection signals can be

combined to detect different types of faults, including phase-to-

ground faults and phase-to-phase faults. It also can be rapidly

switched between different detection modes, without the change of

any mechanical contact or switch.

• Harmonic impedance based symmetrical fault detection. The char-

acteristics of harmonic impedance in a normal situation and in a

symmetrical fault are analyzed. Then, an algorithm is developed to

identify a symmetrical fault in a de-energized line. Moreover, this
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algorithm is capable to distinguish a fault from a shunt capacitor

bank or a stalled motor, which behaves like a short-circuit when a

voltage is applied. Therefore, nuisance trips of circuit breakers can

be minimized when energy is restored.

4. Neutral-to-Earth Voltage is a growing concern for utility and customers.

A broken or poorly-connected neutral in a MGN system forces more

current flowing into ground, which results in increased NEV. A method

based on analysis of neutral current flow is presented for neutral con-

dition monitoring, in which a unbalanced current is created from the

secondary side, and the distribution of the created neutral current is

analyzed to indicate neutral condition. As neutral impedance calcula-

tion is not required, the effort of looking for a zero potential point is

avoided. This method is further extended to analyze the contributions

of utility and customer to NEV by adding another disturbance created

from the primary side. The two current disturbances can be created in

a single unit. The effectiveness of this active method is verified by an

experiment test in a residential house.

7.2 Recommendations for Future Work

To further improve or verify the active methods described in this thesis, sev-

eral extensions work can be explored as following:

1. Develop an algorithm in grounding grid monitoring to locate broken

sections or missing grounding electrodes based on step/touch voltage
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profiles obtained from sensors. To carry out an onsite measurement, a

staged fault can be created by controlling a thyristor connected between

a phase and ground. A prototype of the touch/step voltage sensor can

be built based on Figure 2.5. The magnitude of the fault current should

be adjusted in accordance with the sensitivity of the sensors. This test

should last at least 6 months to consider the seasonal influences.

2. Conduct a field test of fault detection in a de-energized line. Different

types of faults and their combinations should be simulated including:

1) phase-to-ground fault and phase-to-phase fault, 2) symmetrical fault

and asymmetrical fault, 3) low impedance fault and high impedance

fault. A prototype of signal generator has been built in PDS-LAB,

University of Alberta. This prototype can be used to inject the desired

detection signal between phases or between phase to ground in a field

test. In addition, more studies are needed to verify if the three step-up

transformers in Figure 3.4 can be replaced by one step-up transformer

with switches.

3. Develop a current coupling scheme to induce current into neutral for a

NEV test. From the literature review presented in Chapter 1, it is found

that current coupling has better mobility for neutral current injection

compared to power electronics. For example, current coupling does not

need to find an exposed point for connecting a power electronics based

device. A current coupler can be easily clipped on a neutral wire to

induce current into power system. However, more research is needed to

understand the mechanism of current coupling and the relation of the

injected energy and signal frequencies.
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Appendix A

Broken Neutral Detection On the Secondary Side

The secondary side of a residential service transformer typically has two hot
wires and one neutral line. If a neutral line is broken, unequal loading may
cause damage due to over-voltage or under-voltage. As illustrated in Figure
A.1, if Z1 > Z2, then VZ1 > 120V > VZ2 . Additionally, many large home
appliances utilize the neutral line as shock-protective means connected to the
equipment case. An open neutral line to such installation creates a severe
personnel shock hazard.

120V

120V

A (+120V)

B (-120V)

N

Z1

Z2

VZ1

VZ2

Distribution

System

Ph A,B or C

Neutral

Figure A.1: Unequal loads are connected with an open neutral.

After extensive review of the existing ideas for open neutral detection, it is
found that the existing methods can be categorized into two different types:
passive and active schemes. The passive schemes use the passive elements,
like capacitor, inductor or resistor to measure the related current and voltage
to determine if there is an open neutral, while the active schemes have a
signal generator to inject an appropriate signal into the circuit and measure
the corresponding current and voltages. The existing methods are listed in
Figure A.2.
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Figure A.2: Reviews of the existing open neutral detection methods.

Passive Schemes

Capacitor Discharge

As shown in Figure A.3, a loss of neutral protection circuit is disclosed in
[94]. It contains a hot line lead 2, a neutral lead 3 and a ground lead 4. A
bridge rectifier comprising diodes D1 to D4 is connected across the line lead 2
and the neutral lead 3 for DC output at a positive terminal 5 and a negative
terminal 6. A load connected across these output terminals is represented in
the drawing by Req.

In operation, the capacitor C2 charges through R1 in the negative half cycle
of the AC supply when the line lead is at a negative potential with respect
to the neutral lead. During the subsequent positive half cycle however, the
diode D6 is forward biased and C2 discharges through D6 to the neutral lead
3. The circuit breaker for opening the power line controlled by solenoid 10
through SCR Q1 will not be activated as the maximum voltage across C2
never exceeds the tripping level for the SCR Q1.

However, if the neutral lead 3 is opened, the discharging path through D6 is
not available to the capacitor C2 and it continues to charge until the break-
down voltage of ZD1 is exceeded. This forms a voltage energizing signal as
the SCR Q1 is triggered. And then the solenoid 10 is energized to open the
line lead 2 with the current flowing through D8, 10, Q1, D5 and ZD2 to
earth.
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Figure A.3: A loss of neutral detector using capacitor discharge.

Leakage Current Measurement

In [95], a ground fault circuit interrupter (GFCI) detect the imbalance of the
hot wire and neutral current. If the imbalance current is significant enough,
it will activate the interrupter through the winding 37 as shown in A.4. On
the other side, a supplemental secondary winding 71 is located on core 31 of
the differential transformer 29. When the neutral lead 13 and the ground lead
15 are properly connected, the supplemental secondary winding 71 is shorted
out of the circuit and no appreciable current flows therein.

 

Figure A.4: A GFCI with open neutral protection using leakage current.

However, if the neutral line is open (represented by an opening of schematic
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switch 67), the supplemental secondary winding 71 circuit provides the only
current path for current in conductor 79. Thus, the supplemental secondary
winding 71 would have a current flow produced therein that would generate
a trip signal to initiate opening of line switch 59.

Voltage Imbalance Detection

When the neutral is broken, the voltages of V1 and V2 are imbalance if
the load impedances are not the same. An open neutral detector using the
imbalance voltages is proposed in [96]. As shown in A.5, a voltage divider
comprises an electrical series circuit of two equivalent impedances 25 and 26
and the voltage at the potential of the junction 28 therefore is always equal
to zero (Vn28 = 0).

Figure A.5: A comparator with measuring the voltage between an artificial
neutral and the neutral.

An open-neutral comparator measure the voltage between the junction 28 (an
artificial neutral) and the neutral line. In the normal condition, this voltage
is close to zero as the neutral line is essentially zero. But, if there is an open-
circuit condition has been formed in neutral line, the neutral line voltage Vn
is deviated from zero volts. The potential difference (Vn− Vn28) measured by
the comparator is greater than a preset value and then it energizes the circuit
breaker to protect the circuit.
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Neutral-to-Earth Voltage Measurement

Conventional GFCI is powered by line-to-neutral voltage. When the neutral
connection is broken, this kind of GFCI no longer has the energy to function.
In [97], it provides a solution with utilizing the Neutral-to-Earth (NTE) volt-
age for open neutral protection. As shown in Figure A.6, a voltage sensitive
device is installed between the neutral conductor and ground conductor.

 

Figure A.6: A GFCI with a voltage sensitive device.

When the neutral line is disconnected, it is no longer capable of sinking any
current, so if a load were connected, it would match the hot line potential.
Based on this, a voltage sensitive device could be placed between neutral and
earth ground such that if the potential should exceed a set point, the device
would start to conduct current, thus pulling the open neutral’s potential closer
to the potential of earth ground. By pulling the open neutral-to-earth ground,
the GFCI have adequate current to properly function.

Active Schemes

RF Signal Injection and Detection

In [98], a transmitter and a receiver were invented for the high frequency
communication. The transmitter includes at least two tuning elements. One
is connected between a hot wire and a neutral and the other is connected
between the neutral wire and a ground. The tuning elements comprise one-
port networks, which may include passive capacitors, inductor, and/or resistor
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to provide the desired tuning function.

The input signal can be any communication data and the type of modulation
may be amplitude modulation, frequency modulation or any other known
method. Especially, for the detection of the broken neutral, the input sig-
nal can be very simple since the concern here is only the existence of the
signal (Figure A.7). The receiver has a similar structure as the transmitter.
It demodulates the carrier signal to produce an output signal at the power
outlet where the receiver is installed. The transmitter and the receiver can be
located on any outlets, or even be located on different phases of AC power,
as long as they share a common service panel. Thus, with this neutral line
communication based method, the condition of neutral conductors sharing a
common service panel can be investigated.

 

Figure A.7: The transmitter and receiver of the RF signal based scheme.

Transient Signal Injection and Detection

A block diagram of a continuous grounding-neutral conductor monitoring sys-
tem, which is disclosed in [99], is shown in Figure A.8. Three leads are con-
nected to the hot wire (H), the neutral (N) and the ground (G) respectively.
A resonant circuit, such as a series circuit, is coupled to the grounding G and
neutral N. A regulated charging circuit 4 coupled to the hot wire and the
resonant circuit 2 through the neutral N to supply an electrical charge to the
resonant circuit by controlled by the timing means 7. Closing switch 3 allows
the charge to decay through the grounding and neutral circuit to produce a
damped sinusoidal waveform responsive to the impedance of the grounding
to neutral circuit. The decay waveform is sampled to compare with a pre-
determined value to see if unacceptably high neutral-to-ground impedance
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exists.This method can indicate the connection of neutral and ground, but
cannot distinguish the high resistance existing in the neutral conductor or
ground conductor.

 

Figure A.8: A continuous grounding-neutral conductor monitoring system.

However, It is difficult to apply these methods to primary neutral. Firstly, the
detectors designed in [94]-[97] are not practical for overhead lines. Secondly,
some of the devices utilizing the voltages or currents imbalance are not appli-
cable for three-phase system. Thirdly, primary neutral is not the only return
path for unbalanced current when there are multiple grounding connections.
Thus, the active method in [98] is not applicable.
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