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ABSTRACT

The function of a power system relaying is to cause the prompt removal of any

element of power system from service when it is subjected to short circuit or it starts to

operate in any abnormal manner that might cause damage or otherwise interfere with the

effective operation of the rest of the system. Overcurrent protection is one of the most

widely used relays in power system which is used for both primary and back-up

protective relays, and applied in every protective zone in the system. The application of

time overcurrent relays in power system presents serious limitations in terms of

sensitivity and selectivity. Digital forms of such relays are being mostly used which have

the advantages of data recording and adaptive features.

This thesis introduces a technique based on Wavelet Packet Transform (WPT) to

detect short circuit faults within wide variation in generating conditions, with very small

voltage variation, and High-Impedance Faults (HIFs). Besides, it examines the load

current continuously and changes the relay pick up value adaptively. WPT is used to

estimate proper value for the RMS fundamental and hence calculate trip time accurately

even that when the signals have been contaminated with other harmonics, interharmonics

or subharmonic.

Simulation work was conducted using Alternative Transient Program (ATP)

package. A radial distribution system and series compensated line are modeled as case

studies. The performance of the proposed overcurrent scheme for both lines is extensively

tested during different operating conditions including; normal, internal short circuit

faults, HIFs and similar situations to HIFs: such as capacitor switching (in), capacitor

switching (out), load switching, and no load line switching.

This thesis also uses a technique that estimates the location of short circuit faults on a

radial distribution system. The technique was tested to evaluate its suitability. The results

indicate that the proposed technique works well. It also indicates that the proposed

technique is more accurate than the reactive component method.
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CHAPTER (1)

INTRODUCTION

The fundamental objective of system protection is to provide isolation of a problem area in

the power system quickly, so that the shock to the rest of the system is minimized and, as much

as possible is left intact. Overcurrent protection is one of the most used protection principles

implemented as a protection of: power lines, cables, transformers and motors. This type of

protection can be used as a primary, as well as a back up protection as shown in Figure (1-1). As

primary protection, the overcurrent protection has the task of sending an immediate tripping

command when the fault is inside the protective zone, and as a back up protection to send the

command after a set graded time (if the primary protection for the fault has not reacted). For

implementation in a network with multiple infeeds, a direction criteria is necessary.

Figure (1-1): Implementation of overcurrent protection

The overcurrent protection uses the current as the only indicator of fault detection.

However, the fault current depends on the pre-fault voltage and the Thevenins impedance at the

fault point. In High Impedance Fault (HIF) due to low levels of current that is below the

sensitivity settings of the relay, overcurrent relay will fail to trip. Moreover, the maximum load
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current can be similar in magnitude to the minimum fault current; this makes it difficult to

correctly discriminate between the normal stable state and the fault condition.

Modern techniques have to be implemented to improve the performance of the traditional

overcurrent relays in detecting short circuit fault and HIF. One of these recently techniques used

is Wavelet Transform (WT) technique. The WT is a relatively new and powerful tool in the

analysis of the power system transient phenomenon because of its ability to extract information

from the transient signals simultaneously in the time and frequency domain, rather than

conventional Fourier Transform (FT), which can only give the information in the frequency

domain. Recently, the wavelet transforms has been applied to analyze the power system

transients, power quality, as well as applied to solve fault location and detection problems.

This thesis presents the overcurrent protection in distribution system against short circuit

faults and HIFs. The algorithm is based on the wavelet packet transform (WPT) which is used to

estimate the fundamental RMS of a signal with a high accuracy. In addition, it presents the

application of the overcurrent protection as a backup protection for series compensated line.

Fast and accurate determination of a fault location in a radial distribution system is a vital

part in power restoration, since it reduces operating costs by avoiding lengthy and expensive

patrols. A technique depends on Takagi Algorithm is proposed based on apparent impedance

approach.

1.1. Thesis Objectives

This thesis has five main objectives as follows:

1- Implementing some algorithms in order to overcome the inability of the traditional

overcurrent protection system therefore

 It can distinguish between fault cases and nonfault cases.

 It can change its characteristics as well as, its pickup value adaptively.

2- Model HIFs and using WPT to detect them effectively, as WPT has distinct advantages

over other traditional HIF detection techniques.
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3- Making more investigation about the WT to study its capabilities and frequency

characteristics, and develop an algorithm to estimate the RMS value of the harmonics

content in a signal with high accuracy, which could be used in many applications and

studies.

4- Applying the improved overcurrent protection scheme for the backup protection of series

compensated lines.

5- Implementing a technique for determining the location of short circuit faults in radial

distribution systems.

1.2. Thesis Outline

The thesis consists of eight chapters and two appendices in addition to references as follows:

 Chapter 1: is an introduction of the thesis. It outlines the importance of overcurrent

protection, the need to detect short circuit fault and HIF in power system, and hence,

protecting for power system and it includes summary for thesis chapters.

 Chapter 2: describes the digital overcurrent relay and investigates relay types, presents a

survey on the methods used for overcurrent protection.

 Chapter 3:investigates the different detection principles of HIF detection relays and

introduces literature review of distribution system fault location methods.

 Chapter 4: presents the wavelet transform as a powerful tool in the analysis of the electric

power transient phenomenon. It investigates the WT frequency characteristics.

 Chapter 5: introduces a technique for proper calculating of fundamental RMS value of

current and voltage signals using WPT, also introduces a proposed scheme for overcurrent

relay used in distribution systems and technique for fault location under short circuit faults.

 Chapter 6: includes the power system under study during different conditions (normal,

short circuit fault and HIFs), then the output waveforms are traced for all cases. The results

of applying the developed wavelet algorithm at each case are covered in this chapter. Fault

location technique is also tested for estimating the location of single-phase-to ground

faults.
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 Chapter 7: describes series compensated line challenges and introduces the proposed

scheme for overcurrent relay used as a backup protection of series compensated line. It also

includes series compensated line under study during different conditions (normal, short

circuit fault and HIFs), and the output waveforms are traced for some studied cases.

 Chapter 8: concludes the whole thesis work and introduces some recommendations and

suggestions for future work, as well as the papers published in this field.

 Appendix A: introduces the WaveLab toolbox as a library of MATLAB routines for

wavelet analysis and wavelet- packet analysis.

 Appendix B: introduces procedure for estimating fault location.
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CHAPTER (2)

SURVEY on OVERCURRENT RELAY PROTECTION

TECHNIQUES

The Institute of Electrical and Electronic Engineers (IEEE) defines a relay as ‘‘an electric

device that is designed to respond to input conditions in a prescribed manner and, after specified

conditions are met, to cause contact operation or similar abrupt change in associated electric

control circuits’’. Inputs are usually electric, but may be mechanical, thermal, or other quantities

or a combination of quantities. Limit switches and similar simple devices are not relays. IEEE

defines a protective relay as ‘‘a relay whose function is to detect defective lines or apparatus or

other power system conditions of an abnormal or dangerous nature and to initiate appropriate

control circuit action’’ [1].

The fundamental objective of system protection is to provide isolation of a problem area in

the power system quickly, so that the shock to the rest of the system is minimized and as much as

possible is left intact. Within this context, there are five basic facts of protective relay application

as follows:-

- Reliability: assurance that the protection will perform correctly.

- Selectivity: maximum continuity of service with minimum system disconnection.

- Speed of operation: minimum fault duration and consequent equipment damage and

system instability.

- Simplicity: minimum protective equipment and associated circuitry to achieve the

protection objectives.

- Economics: maximum protection at minimal total cost.

There are four major factors that influence protective relaying:-

- Economics.

- ‘‘Personality’’ of the relay engineer and the characteristics of the power system.
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- Location and availability of disconnecting and isolating devices [circuit breakers,

switches, and input devices (CTs and VTs)].

- Available fault indicators (fault studies…etc) [1].

In general, the relay is used on power systems protection may be sorted as follows [2]:

- Magnitude relays: these relays respond to the magnitude of the input quantity as

overcurrent relay.

- Directional relays: these relays respond to the phase angle between inputs.

- Ratio relays: these relays respond to the ratio of two input signals expressed as phasors,

the most common ratio relays are distance relays.

- Differential relays: these relays respond to the magnitude and phasor of the algebraic sum

of two or more inputs.

- Pilot relays: these relays employ communicated information from remote locations as

input signals.

In this thesis, we are interested in overcurrent relay that respond to magnitude, the

operation principle of the overcurrent relay is based on the detection of the current when it

exceeds the threshold value, the relay will operate. Both momentary and time delayed tripping is

common.

Overcurrent relay protection is simple, cheap and reliable. It performs well in radial

system however, where the selectivity is hard, it is sometimes impossible to achieve overcurrent

protection in meshed system configurations.

2.1. Classification of Overcurrent Relay

2.1.1. Classification by Usage Types

2.1.1.1. Short circuit overcurrent protection

During fault conditions the current usually increases considerably with respect to the

normal operation. This behavior is used by short circuit overcurrent protection to distinguish

fault condition from normal operation. A disadvantage of short circuit overcurrent protection is
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that, the settings sometimes must be recalculated due to the prevailing operating condition.

Varying short circuit power of the source and large difference between the load current during

base load and peak load decrease the sensitivity of this type of overcurrent protection.

In this type, the risk for mal-trip at stressed conditions such as voltage instability and

transient stability is usually low. The operating value of the relay is generally much larger than

the current during stressed operating condition.

2.1.1.2. Earth fault overcurrent protection

During normal operation the power system is usually balanced and thus the residual current

is small. However, when an earth fault occurs the residual current increases significantly and

thus the zero sequence currents may be used to detect this type of faults. The main advantage, of

the overcurrent device based on the zero sequence current is its insensitivity to load current

however earth faults overcurrent protection based on the zero sequence component are unlikely

to operate undesirable during voltage and transient instability.

2.1.1.3. Overload overcurrent protection

The function of overload overcurrent protection is similar to the short circuit overcurrent

protection. However, the operation value given to the relay is much lower and the time delay is

usually much longer. An overcurrent relay is typically set to operate for current 10% to 50%

above the rated limit and the time delays are in the range of seconds. Overload overcurrent

protection may operate during stressed operating conditions, for example high reactive power

flows during voltage instability may lead to mal tripping [3].

2.1.2. Classification by Technology

2.1.2.1. Electromechanical relay

Electromechanical magnetic relays are the old style relays, their actuating forces come

from the electromagnetic interaction between currents and fluxes, and thus they are sensitive to

external disturbances.
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2.1.2.2. Solid state (Static) relay:

Solid state relays use semiconductors and other associated components to perform the

protective functions and characteristics. They consist of analog and digital logic circuits.

Compared with electromechanical relays, they are less sensitive to external environmental

disturbances. In addition, electrical disturbance still can have non-negligible effect on their

performance.

2.1.2.3. Microprocessor based (Digital/Numerical) relay:

Digital relays are based on microprocessors. Their performances are achieved by sampling

the analog signals and using an appropriate computer algorithm to create suitable digital

processing of the signals. The decision is made according to these digital representations. They

have better immunity against external electrical disturbances than the solid-state relays.

However, due to the limitation on the size of the sampling window in which they have to make

their decision, their behavior can also be affected by disturbances [4].

In this thesis we are interested in digital overcurrent relay protection, the difference

between digital relay and numerical relay is based on the type of microprocessor used,

microprocessor is used in digital relay but numerical relay used Digital Signal Processor (DSP).

2.1.3. Classification by Operating Characteristics

2.1.3.1. Instantaneous (definite current) overcurrent

This relay operates when the current reaches a predetermined value without any time

delay, as shown in Figure (2-1-a).Its action is very fast. It has only pick up setting. This relay is

not suitable for backup protection.

2.1.3.2. Definite time overcurrent

This relay operating time can be adjusted in fixed steps, as shown in Figure (2-1-b). It can

be adjusted to issue trip decision after a specified delay. It has both time setting and pick up

setting. It is used for short length feeders.
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2.1.3.3. Inverse time overcurrent

This relay operates in a time that is inversely proportional to the fault current, as shown in

Figure (2-1-c). So this type has advantage over definite time relays for very high current, much

shorter tripping times are achieved. This type of relays can be classified into inverse, very

inverse and extremely inverse [5].

Most digital overcurrent relays consist from two units, the first is the instantaneous and the

second is the inverse. So, it is called inverse time with instantaneous unit as shown in Figure (2-

1-d). Figure (2-2): shows a typical practical overcurrent relay (MCGG type of GEC Alstom).

Figure (2-1-a):Instantaneous overcurrent Figure (2-1-b):Definite time overcurrent

Figure (2-1-c):Inverse overcurrent Figure (2-1-d): Inverse time with instantaneous
unit

Figure (2-1): Classification of overcurrent relays by operating characteristics
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Figure (2-2): MCGG type overcurrent relay

2.1.4. Classification by Techniques

2.1.4.1. Normal overcurrent

Overcurrent relay operates when the magnitude of the current exceeds the pickup or

operating level for a time greater than a pre-set delay (definite time) or a time delay determined

by the operating characteristic (inverse) [6].

An overcurrent relay can also be set as instantaneous relay, i.e. it operates with no

intentional time delay. A requirement of an overcurrent relay is that it should remain stable, i.e.

does not operate, on a starting current, a permissible overcurrent or a current surge.

2.1.4.2 Voltage dependent overcurrent protection

The plain overcurrent protection setting difficulty arises because allowance has to be made

both for the decrement of the fault current with time and for the passage of full load current. To

overcome the difficulty of discrimination, the terminal voltage can be measured and used to

dynamically modify the basic relay current/time overcurrent characteristic for faults [7].

Therefore, in generation protection it is important to have voltage control on the overcurrent

time-delay units to ensure proper operation and co-ordination. These devices are used to improve

the reliability of the relay by ensuring that it operates before the current becomes too high. There

are two basic alternatives for the application of voltage-dependent overcurrent protection, which
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will be discussed in the following sections. The choice depends upon the power system

characteristics and level of protection to be provided.

2.1.4.2.1. Voltage controlled overcurrent protection

Overcurrent protection works when current exceeds the pickup or operating level and

voltage drops below the threshold value. The voltage threshold setting for the switching element

is chosen according to the power system characteristics [4]. Typical characteristic is shown in

Figure (2-3).

Figure (2-3): Voltage controlled relay characteristics

The voltage controlled feature allows the relays to be set below rated current, and operation

is blocked until the voltage falls well below the normal voltage. The voltage-controlled approach

typically inhibits operation until the voltage drops below a pre-set value. In radial distribution

system when fault occurs we will find two cases. First case occurs when the source is remote

from the fault we find the voltage maintain its value, this relay will fail to trip. Second case

occurs when the source is near to the fault; we find the voltage will decay so the relay will work

correctly [7].

2.1.4.2.2. Voltage restrained overcurrent protection

Voltage restrained overcurrent protection provides improved sensitivity of overcurrent

relaying by making the set overcurrent operating value proportional to the applied input voltage.

Voltage restraint overcurrent relays are often used as an alternative to impedance relays on small
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to medium size generators (5 -150MVA)to provide back-up to the differential relay. Other

applications of voltage restrained overcurrent relays exist in networks to provide better

coordination and fault detection than plain overcurrent relays [8], when selecting the inverse time

delay, the delay time is a function of the applied current and proportional to the applied input

voltage within the specified voltage range. This means that the operating delay is shortened by a

reduction in voltage, as well as an increase in current. Typical characteristic is shown in Figure

(2-4).

Figure (2-4): Characteristics of voltage restrained overcurrent protection

Where:-

Vs: voltage setting range

I: current setting range

2.2. Basic Operation of Overcurrent Relay

The instantaneous overcurrent protection scheme is the simplest protection scheme. It is

the widely used because of its quick reaction time. Figure (2-5) shows the radial overcurrent

protection system along with the placement of protection components such as Current

Transformer (CT), circuit breaker, and relay for transmission lines protection [9].
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Figure (2-5): Radial protection

2.2.1. Basic Operation of Instantaneous Overcurrent Relay

A simple logic diagram of an instantaneous overcurrent protection scheme is shown in

Figure (2-6). Basically, an instantaneous overcurrent relay is a comparator as shown, in which

the magnitude of the relay input current is compared with threshold value (Pickup setting) to

check the fault status in the power system.

Figure (2-6): Logic diagram of instantaneous overcurrent scheme

In an instantaneous overcurrent relay, the proper setting of the threshold is very important.

Normally, a threshold value is set well above the nominal load current, so that the relay can

release a trip signal to the breaker as soon as the current exceeds this threshold. Equation (2-1)

describes the fault condition while equation (2-2) describes the normal operating condition [9].

If │I│ > Fault; trip (2-1)

If │I│< No fault; does not trip (2-2)

Where, I is the current in the relay and is the pickup setting of the relay.
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2.2.2. Basic Operation of Inverse Overcurrent Relay

Figure (2-7) shows the basic operation of overcurrent relay protection. We find between

the threshold and the normal operation status there is a safety margin, which is introduced to

avoid any mal-trip in case of harmonics or overload operation. A relay trip signal is sent out only

when the measured value exceeds the threshold and holds for a preset decision making time T

[10].

High set instantaneous overcurrent relay could pick up for one cycle and then drop out for

one to two cycles. A time delayed overcurrent relay could respond up to three cycles late.

Figure (2-7): Relay protection operation

Operating characteristics of the inverse relay are defined by the mathematical formula

described in the expression below [6].

= ∗ ( ) (2-3)

Where:-

T: relay operating time

TMS: time multiplier setting

I:fault current
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: pick up current

: constant forstandard relay characteristics

α: constant representing inverse time type, α >0

By assigning different values to α and , there are different types of inverse characteristics.

Table (2-1) shows the parameters of various types defined by IEC and IEEE respectively.

Table (2-1): Parameters for different types of inverse characteristics

Relay
Characteristics type

α
IEC IEEE IEC IEEE

Standard inverse(SI) 0.02 0.02 0.14 0.0515

Very inverse(VI) 1 2 13.5 19.61

Extremely inverse(EI) 2 2 80 28.2

Long inverse(LI) 1 -- 120 --

2.3. Overcurrent Relay Setting

An overcurrent relay has a minimum operating current, known as the current setting of the

relay. The current setting must be chosen so that the relay does not operate for the maximum

load current in the circuit being protected, but does operate for a current equal or greater to the

minimum expected fault current. So, pickup current should be above the maximum load current,

and below the minimum fault current of the feeder.

Although by using a current setting that is only just above the maximum load current in the

circuit a certain degree of protection against overloads, as well as faults may be provided.

Adjusting the setting of the overcurrent relays used in distribution feeder's protection is

usually difficult, where there is a wide variation in generating conditions. The problem is then:

On which load should the setting of the relay be based? The setting cannot be based on the light

load value as the relay may work under heavy load condition. If it was set based on the heavy



16

load value or the feeder rated value, there is a possibility that minimum faults may be below the

maximum load current, and hence remain undetected. It is also obvious that, adjusting the setting

manually after each change is not practical [11].

In addition, all relays have hysteresis in their current settings. The setting must be

sufficiently high to allow the relay to reset when the rated current of the circuit is being carried.

The amount of hysteresis in the current setting is denoted by the pick-up/drop-off ratio of a relay,

this value for a modern relay is typically 0.95. Thus, a relay minimum current setting of at least

1.05 times the short time rated current of the circuit is likely to be required.

2.4. Usage of Overcurrent Relay

Overcurrent relays are used for both primary and back-up protective relays, and applied in

every protective zone in the system. The application of time overcurrent relays in power systems

presents serious limitations in terms of sensitivity and selectivity. Digital forms of such relays

are being mostly used which have advantages of data recording and adaptive features,…etc.

Table (2-2) lists some types of overcurrent relays for different power system components.

Table (2-2): Overcurrent relay types for power system components

Power system component Overcurrent relay type

Generator-transformer unit Long inverse

Transformer feeder Extremely inverse

Short transmission line Definite time

Long transmission line Standard inverse

Capacitor Extremely inverse

The overcurrent relay for generator-transformer unit is actually a voltage controlled time

delayed inverse relay. It works as a back-up protection for the neighboring transmission lines.
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The characteristics of such overcurrent relay can be either standard inverse or long inverse,

depending on the voltage detected at terminal busbars. During a fault, the terminal voltage

becomes low; the overcurrent relay is of standard type. But if the terminal voltage is around the

nominal value, such as the case of normal switching of the unit, long inverse characteristic is

adopted.

Extremely inverse characteristics are adopted for transformer feeders. It is desirable to set

the overcurrent relays as sensitive as possible in the case of a transformer feeder. Also, it is

required that the overcurrent relay should protect the transformer against thermal damage due to

the fault current passing through the transformer. In case that the transformer capacity is very

small, fuses are used to protect the transformer feeder.

Standard inverse characteristics are adopted for long transmission lines. Long transmission

lines here refer to the lines whose System Impedance Ratio (SIR) is less than 2 (SIR is defined

by the ratio of the source impedance at the protected line’s terminal to the protected line’s

impedance). This is in accordance with the requirement of fast fault clearing at transmission

level.

Definite-time-delayed characteristics are adopted for short transmission lines. Short

transmission lines here refer to those lines whose SIR is greater than 2. The reason of applying

definite-time-delayed characteristics is that, for short lines there is no substantial reduction of

relay operating time as the fault is moved from the remote end to near end if inverse time-

delayed characteristics are applied. Compared with inverse-time delayed overcurrent relays,

definite-time-delayed overcurrent relays are also more economic.

Capacitor is normally equipped with internal fuse for its protection. But there are also

cases that it is protected by overcurrent relay. If it is protected by a relay, an extremely inverse

characteristic is needed for fast trip when the current is high [1].
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2.5. Main Core for Digital Overcurrent Protection

Algorithms are programs used in microprocessors that manipulate the samples of voltages

and currents to produce parameters of interest. Accurate, fast, and reliable algorithms are

important operational requirements in modern day power transmission systems. Phasor

estimation algorithm is the main core for digital overcurrent relay.

Information necessary for waveform algorithms is taken from sampling the signals at equal

intervals over a pre-specified time period usually referred to as a data window. After the required

parameters are calculated, a new sample is incorporated to the data window, and the oldest

sample is discarded as shown in Figure (2-8). The calculations of the required parameters are

performed and the process continues seamlessly. The relay algorithm stored in the processor is

the core of the digital relay. It determines the way to reconstruct the input signal based on the

digital samples from the A/D converter. As the input signal may contain unwanted components

such as harmonics, interharmonics and DC, the algorithm is designed to remove them as much as

possible. The algorithm functions as a digital filter to extract the fundamental component of the

input signal. The relay operation is carried out based on the fundamental component. With

different algorithm principles, the shape of the data window varies. The rectangular window, as

shown in Figure (2-8) is an option. The length of the data window is dependent on the required

decision speed of the algorithm and on the required tolerance against disturbances. The number

of sampling points in the data window is determined by the sampling frequency [10].

Figure (2-8): Data window for sampling
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Advantages of short window algorithms are simple techniques that use few samples and

can be implemented with few computations. The estimation of phasors with short window

techniques is, relatively quick, however it is affected by the presence of decaying DC and

harmonic components in the waveform. Additionally, these techniques amplify the noise, which

adversely affects the phasor estimates. So, most popular phasor estimation techniques employed

in numerical relays are long window techniques that use data from one-half cycle of the

fundamental frequency and more.

The selection of the window length is always a trade-off between the precision given by a

longer window and the faster response resulting from a shorter window. It is also possible to

develop recursive versions of these algorithms which are advantageous from the computational

simplicity point of view but are less secure and may lead to accumulation of errors.

Some of the waveform model algorithms are described in this subsection. These algorithms

can be divided in the following categories [12]:

- Non-recursive algorithms:

o Short window algorithms

- Miki and Mikano

- Mann and Morrison

- Rockefeller and Udren

- Gilbert and Shovlin

o Long window algorithm

- Discrete Fourier Transform

- Walsh Functions

- Least Square Error

- Recursive algorithms:

o Kalman Filtering

o Recursive Least Square Error



20

In the following subsection, brief explanations to these algorithms are introduced:

2.5.1. Sine Wave Based Algorithms

They are usually based on the responses to the root-mean-square or the peak value of the

input signal. Their accuracy is usually sufficient in the absence of significant wave distortion.

2.5.2. Fourier Transform Based Algorithms

These algorithms are based on the extraction of the fundamental component from the input

signal using the Fourier transform theory. It is possible to distinguish:

- Full-cycle window algorithm

- Half-cycle window algorithm

- Sub-cycle window algorithm

It is well known from Fourier theory that a signal can be expressed as the sum of infinite

series of sines and cosines. This sum is also referred to as a Fourier expansion. The big

disadvantage of a Fourier expansion, however is that it has only frequency resolution and no time

resolution. This means that although we might be able to determine all the frequencies present in

a signal, we do not know when they are present.

- Sines and cosines wiggle (extend) infinitely far.

- Does not handle gaps or localized signals well or faulty data (too many coefficients

needed to make cancellations to zero).

- A transient sharp “blip” needs many Fourier components. Huge number of non-zero

coefficients.

- Does not handle fast variations (highly oscillatory signal) well.

- Trouble at discontinuities (overshoots, undershoot, gibbs phenomena) [13].

2.5.3. Walsh Algorithms

Similarly to the Fourier transform, this algorithm is used to obtain the fundamental

component. Digital relays based on Walsh functions were originally developed to reduce demand
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on processing power. The algorithm makes extensive use of fast add/subtract operations,

avoiding the use of time consuming multiplication, division and square root operations.

2.5.4. Kalman Filtering

This algorithm is based on the use of several state-variables to create the fundamental

component of the wave using a recursive process. Its advantages are the precision of

fundamental component evaluation, and the ease of implementation due to the simplicity of

applied operations.

2.6. Challenging Problems for Overcurrent Relays

The sources of errors that cause the inaccurate overcurrent relay measurements and action,

are coming from the following:

- Adjusting the setting of overcurrent relays.

- Voltage controlled overcurrent protection with very small voltage variation.

- Nonlinear High Impedance Faults occurrence (HIFs).

- The existence of decaying exponential in the fault current waveforms.

- Harmonics produced by current transformers saturation at high fault levels.

- Harmonics in the fault waveforms due to the non-linear behavior of the fault arc.

- High frequency signals associated with the reflection of surge waveforms between the

bus and the fault.

- The non-exact time interval difference between samples due to timing errors in the

analog-to-digital converters.

- The drift overtime of the component values in the analog anti-aliasing filter.

- Non-fundamental frequency in the power system due to the excitation of the faulted

system natural frequencies by the fault application.
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2.7. Recent Contributions of Digital Protection for Solving Overcurrent

Problems

2.7.1. Adjusting Relay Setting

Adjusting the setting of the overcurrent relays used in protection is usually difficult where

there is a wide variation in generating conditions. The problem then: On which load should the

setting of the relay be based?.

The setting cannot be based on the light load value, as the relay may work under heavy

load condition. If it was set based on the heavy load value or the feeder rated value, there is a

possibility that minimum faults may be below the maximum load current and hence remain

undetected. It is also obvious that, adjusting the setting manually after each change is not

practical.

Conventional relays have fixed setting parameters and, therefore, it is difficult for such

relay systems to comply with the protection requirements for variable operation conditions in a

power system. A solution to this problem is the adaptive protection, which can vary its setting

parameters or its operation characteristics in response to the changes in the power system [14].

Several researchers in recent years have presented schemes aimed for adjusting the setting

of overcurrent relay. The setting can be classified into three classes: trial and error method,

topological analysis method, and optimization method [15].

In [11], an overcurrent relay for distribution systems is presented. The proposed relay

changes its characteristics as well as, its pick-up value on adaptive basis. The relay operating

time is minimum as a result of the variation of the relay pick-up value.

In [14], functional structure for performance improvement of time overcurrent relays is

presented, the adaptive relay uses the pick-up current only as the fault detector; the time

operation is calculated with the pick-up current and with the time curve of the primary device.

Therefore, the adaptive relay emulates the dynamics of the primary device to obtain a fast back-
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up time operation. The relay pick-up current is dependent on load condition, leading to an

increase in sensitivity.

2.7.2. Voltage Controlled Overcurrent Protection with Very Small Voltage Variation

The voltage dependent overcurrent protection is used to discriminate between fault current

and full load current, when the current exceeds pickup current value and the voltage reduced to a

value less than rated voltage. However in radial distribution system, some fault cases may occur

very far from source remote end when voltage maintains its value [3]. So, conventional relay

may not operate correctly and fails to trip.

Number of methods have been proposed to solve this problem in overcurrent relays. In

[11], an overcurrent relay for distribution systems is presented, this algorithm is based on trace

the changes in the load current and adjust the relay pickup value on adaptive basis. The main

challenge in this stage is to discriminate between the current increase as a result of load increase

and as a result of a fault. If the current exceeds the pickup value but it was less than the feeder

rated current, there is a possibility of either fault or load increase. As the voltage value does not

fall appreciably during load increase, the voltage signals are used to monitor such case. Faults

are identified by a significant drop of voltage. However, there is a possibility of high resistive

fault occurrence, where the current may be less than the pickup value. Such condition is

discovered if the difference between the voltage value, V and the rated value, Vr exceeds certain

value, ∆V or the residual current exceeds its limit, ∆Ie. The residual current Ie, can be calculated

as the sum of the three phase currents. It can be used as fault indicator in case of small voltage

variation.

In [16], adaptive fuzzy system for discrimination of fault from non-fault switching in

overcurrent protection, the proposed technique is based on extracting the fundamental frequency

damping and ratio of the amplitude of the 2nd harmonic to the amplitude of the fundamental

harmonic and feeding them to an ANFIS (Adaptive Network-Based Fuzzy Inference System), to

discriminate fault from non-fault switching. Since the basis of the recommended algorithm is the
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data obtained from the sampled current, which is taken normally in the overcurrent relays, it

prevents the mal-trip of relays with no extra cost.

2.7.3. DC-Offset Problem

Real world power system fault currents may contain varying amounts of exponentially

decaying DC offset from none to very high levels, depending on the system X/R ratio and the

fault inception angle. The fault inception angle in the real world is of course, a random value.

Figure (2-9) shows such a case for a phase-to-ground fault. Similar effects will occur for phase-

phase, 3-phase and 2-phase-to-ground faults.

As most of the power systems are dominated by the resistance-inductance behavior,

currents cannot change suddenly in the inductive elements during fault or any disturbance. In this

situation, decaying DC offsets are produced to allow for the sudden change of the nominal

frequency currents so that, the total current does not change suddenly.

This DC offset can adversely affect the performance of relays. Firstly, the pickup level and

the operating time can be affected, especially in those relays that do not employ digital filtering

techniques to remove the DC component. Note that, this does not imply that digital relays are

necessarily immune to the effects of DC offset. A second effect is the possibility of CT

saturation causing distortion in the current, affecting the ability to operate and/or operate time.

Figure (2-9): DC offset for A-G fault
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Number of methods have been proposed to reduce or eliminate the negative effects of

decaying DC components. In [17], DFT algorithm is proposed. Applying Full Cycle Discrete

Fourier Transform (FCDFT) to obtain the fundamental frequency signals, requires one cycle plus

two samples to compute and extinguish the dc offset. If the input signals do not have any even

harmonics, the Half Cycle Discrete Fourier Transform (HCDFT) can be used and only requires

half of the cycle plus two or three samples to accomplish the aim.

A modification of another algorithm has been produced in [18], which combines the

appropriate analog low pass filter and modified DFT algorithm to remove the decaying DC in a

voltage or current signal. Firstly, an appropriate analog low pass filter is used to remove higher

order harmonics. However, the analog low pass filter simultaneously produces the new time

constant of decaying DC. Fortunately, the new time constant is known and is derived according

to the characteristic equation of the low pass filter. The fundamental frequency component is

then estimated by applying the voltage or current signals after the low pass filter which uses

DFT. The modified FCDFT algorithm requires one cycle plus three or four samples and

modified HCDFT algorithm requires half cycle plus four samples.

In [19], a modified Fourier algorithm to eliminate the effect of the DC offset on phasor

estimation using DFT is proposed. The proposed algorithm decomposes the DFT process into

even samples set and odd samples set. The effect of the DC offset on DFT is calculated and

eliminated by using the recursive relationship between the outputs of even samples set and odd

samples set. Conventional DFT filters cannot easily eliminate the effect of the DC offset when

estimating the components of interest. This directly impacts the accuracy of the fundamental

frequency component based protective relaying algorithms.

In [20], elimination of DC offset in accurate phasor estimation using recursive wavelet

transform is proposed. Studies indicate that the convergence of the proposed algorithm is related

to the sampling frequency. To achieve a certain level of accuracy, the higher sampling rate one

uses, the shorter data window it needs, and vice versa.
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2.7.3. Harmonic Distortion Problem

In [21], a study of harmonic distortion and its impact on electro-mechanical and digital

protection relays is presented. It can be concluded that, the three generation of relays: electro-

mechanical, static and modern digital have different behavior under the presence of harmonic

distortion in voltage and current waveforms. The electro-mechanical relays are subjected to a

shift in the operation curves to shorter operation times in presence of harmonic distortion, and a

change in the curve slope makes less inverse the characteristic. The shift in the curve can

generate a faster operation of the relay in the presence of harmonics, generating a miss-operation

and wrong coordination of the relay. The change in the slope of the curve can cause that curves

of coordinated protection relays overlap, affecting the right operation and the coordination of

devices when harmonic distortion is present in voltage and current waveforms. For the case of

the static relay, the effect of the presence of harmonic distortion on waveforms is reflected in a

shift in the operation curves, generating a miss-operation and wrong coordination of the relay.

The modern digital relay shows that, the impact of harmonic distortion on operation curves is

negligible due to the use of an efficient digital filtering within the relay. The three types of relays

reject or does not respond in significant form to high order harmonics, above the thirteenth.

In [22], analysis of the harmonic distortion and its impact on the operation of digital

protection systems is investigated Protection systems may be subjected too to miss-operations

due to the presence of voltage and current harmonics. Thus, it is very important to evaluate such

protection relays behavior in the presence of harmonic pollution in the operation signals. This

contribution demonstrated with practical measurements that, harmonics have a minimum impact

on modern digital protection systems, in contrast with the well documented and established

knowledge in the open literature, which states the miss-operation of protection systems in the

presence of harmonic distortion. Good selection and implementation of algorithms in a MDPS

(Modern Digital Protection Systems) is the key of immunity to harmonic pollution.

In [23], design for adaptive harmonic filter to improve the performance of overcurrent

relays is introduced. When the total harmonic distortion is more than 20%, the overcurrent
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relay’s performance is significantly affected and a malfunction will be caused. When a fault

occurs in the system, the overcurrent relay will not be able to isolate the faulty location as they

will trip in an undesired way. Reducing total harmonic distortion to a level below 20% will

mitigate this problem and a proper relay’s operation can be retained. Passive harmonic filters are

not a cost effective solution for this problem. The proposed non-passive filter design is very

effective in reducing the total harmonic distortion in the system to almost negligible level and

will rectify relays operation in the existence of significant harmonic currents. The proposed filter

is compact, cost effective, technically sound and easy to be implemented.

It could be concluded that, overcurrent relays are designed to work under pure signals.

However if the signals have been contaminated with other harmonics, interharmonics or

subharmonic, this leads to mal operation for the overcurrent relay. Traditional overcurrent relays

are unable to detect all types of faults such as high impedance fault; because traditional

overcurrent relays depend only on current indicator so, problems may occur. Therefore, modern

techniques must be implemented to estimate proper value for RMS fundamental and detect such

faults. One of the powerful techniques used to detect such faults is wavelet packet transform

which will be discussed in details in Chapter Four.
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CHAPTER (3)

SURVEY on HIGH IMPEDANCE FAULT DETECTION and

FAULT LOCATIONS METHODS

Power system protection devices function is basically to detect the occurrence of fault and

initiate the correct tripping to isolate the minimized faulted area as rapidly as possible. This is

mainly in order to avoid the extended damage as well as, to keep the service continuity. Delayed

relay operation or mal-function may raise the risk of equipment damage, life loss and supply

interruption. On the other hand, the system complexities for recent power system networks may

reveal traditional relaying algorithms to be sometimes inadequate. More advanced protection

philosophies employing the modern signal processing capabilities, communication facilities and

intelligent elements are becoming indispensable for the next generation of relaying devices.

Nowadays, supplementary schemes such as fault locations have been an increasingly important.

Distribution systems including medium and low voltage networks, have their own

difficulties regarding fault detection and location methods as compared with high voltage

transmission lines. High impedance faults resulting from downed conductors represent the most

challenging problem for all known protective devices. Many downed conductor conditions cause

in some circumstances damage, fire or electric shock hazards [24].

This chapter will discuss two main issues. The first one is the high impedance fault

characteristics and their detection techniques. The second part introduces literature review on

fault location methods for distribution systems.

3.1. High Impedance Fault Detection: Introduction and Background

Power transmission and distribution systems are the vital links that achieve the continuity

of service from generating stations to the utilities or end users. These feeder conductors are prone
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to physical contact with the neighboring objects such as trees, buildings, or surfaces below them.

The detection of these "Downed conductors" is an important issue which currently exists in the

electric power utilities. Hence, providing them with the proper and fast protection methodologies

is quite essential.

High Impedance Faults (HIFs) are defined as unwanted electrical contact between a bare-

energized conductor and a non-conducting foreign object. Non-conductors present high

impedances to current flow due to their material. So, a fault of this type will not appear to the

protection equipment as an abnormal condition. Regardless of the circumstance of contact, a

leakage current leaves the energized conductor and flows into the ground via tangible objects

that are raised to a high potential posing a threat at least on human lives. When HIFs are not

detected, they create a public hazard and threaten the lives of people. The primary motivation is

to improve the HIF detection and to improve the public safety. An outdoor distribution feeder

shows the case of a potential tree-limb contact is illustrated in Figure (3-1) [25].

Figure (3-1): Potential HIF due to tree limb contact

The resulting level of HIF current is usually lower than the nominal current of the system

at fault location. Therefore, conventional overcurrent protection relay system will not be able to

detect the HIF. The failure of HIF detection is life threatening and poses potential fire hazards

[26]. Table (3-1) summarizes the current levels for different soil conditions for a distribution

network of 12.5kV [27]. As can be seen from this table, HIF current is in the range of 0-100 A.

This is well below the pick-up current for conventional overcurrent protection.
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Table (3-1): Typical HIF on different surfaces [27]

Surface Fault current (A)

1 Dry asphalt 0

2 Concrete (Non-Reinforced) 0

3 Dry sand 0

4 Wet sand 15

5 Dry sod 20

6 Dry grass 25

7 Wet sod 40

8 Wet grass 50

9 Concrete (Reinforced) 75

3.1.1. Factors Affecting High Impedance Faults

Some of the factors affecting the HIFs that occur are: voltage level, type of construction,

age of the circuit, etc.

(a) HIF Characteristics: Two characteristics of HIFs are (i) the low fault currents and (ii) arcing

fault current [28].

(b) Voltage Level: The majority of high impedance faults occur at distribution voltages of 15kV

and below, with the problem becoming worse at the lower voltages. The problem has a less

effect at 25kV and above, but HIFs may occur at these voltages as well.

(c) Type of Construction: Underground feeder circuits will not need HIF detectors, since they

pose few public safety concerns. Newer overhead circuits with large conductors and large

neutrals will be less affected to HIFs due to wire breakage. Older circuits are more likely to have

small conductors or a non-existent neutral and are more susceptible to HIFs. Ungrounded

systems are likewise good candidates for HIF detectors.

(d) Age of Circuit: Circuits with conductors in bad condition or circuits that have experienced

severe storms or overloads, significant tree contact, or with histories of excessive broken
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conductors may benefit from HIF detectors. Older circuits may also have been constructed with

practices which tended to favor the occurrence of HIFs.

(e) Arcing: A characteristic of HIFs with some current is the presence of arcing. Arcing is the

result of air gaps due to the poor contact made with the ground or a grounded object. Also, there

may be air gaps in the ground (soil) or grounded object (concrete, tree, etc.). These air gaps

create a high potential over a short distance, and arcing is produced when the air gap breaks

down. The sustainable current level in the arc is not sufficient to be reliably detected by

conventional means. Part of this is due to the constantly changing condition of the surface

supporting the arc and while maintaining high impedance.

3.1.2. Main Issues Related to HIF

As mentioned before the primary goal for HIF detection is not system protection or direct

economic benefits, but it is the safety of the public and properties. Till this day there is no

practical and reliable HIF detectors, some of the HIFs still remain undetected until they are

discovered by electricians while doing maintenance or reported by the customers when they

notice a downed conductor or they have disconnection in the power supply. When HIF detectors

are started to be applied to distribution feeders, numbers of issues have to be taken into

consideration such as economics, legal liability and control action (trip vs. alarm) as will be

described in the following subsections.

3.1.2.1. Trip or alarm

The most critical decision to be made after installation of high impedance fault detector is

what control actions to be taken if an HIF is detected. There is no one method for determining

which control action a utility should take. Each utility will have to determine a control strategy to

fit their goals. However, it will be important to carefully document decisions and reasoning.

There is an agreement within the utility industry that if a down conductor is present, one would

not want to reclose (automatically or manually). It may not be appropriated to trip a circuit under

all conditions given the presence of a down conductor. Some circuits may be feeding critical

loads in dense suburban areas, such as hospitals, industrial processes and traffic signals. If a
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feeder is not tripped or patrol action initiated for a downed conductor, possible personal injury,

legal liability, or property damage may occur. But if a feeder is unnecessarily tripped, possible

traffic hazards, medical emergencies and service interruption may result. The high impedance

detector could be configured by the utility for different output logic, as well as sensitivity

thresholds, to optimize the HIF detector to a given feeder [28].

3.1.2.2. HIF detector capabilities

An arcing condition in the absence of any other evidence of a possible downed conductor

will generally not be sufficient reason to de-energize a feeder, since the conductors may be well

intact and out of reach of the public. On the other hand, arcing in conjunction with evidence of a

fault or broken conductor has far more serious implications [29].

3.1.2.3. Service continuity

The most important issue is the trade-off between protecting people from the hazards of a

possible downed conductor and maintaining continuity of service. Continuity of service may also

involve safety issues such as traffic light. Therefore, these factors should be considered in

devising response strategies of the HIF detector [29].

3.1.2.4. Feeder layout and number of customers served

The protected feeder may or may not have significant exposure in areas accessible to the

public. Following a downed conductor indication, it may be wise to de-energize a feeder having

significant overhead exposure through a residential neighborhood or school. On the other hand,

this action might be less appropriate if the feeder serves primarily a rural area or industrial park.

The more customers affected, the more the utility must be sure of the validity of a problem

before tripping a feeder [29].

3.1.2.5. Reliability

Reliability of the performance is measured by the security and dependability. A high level

of security occurs when the HIF detector does not indicate falsely a downed conductor when
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there is no conductor on the ground and the level of dependability occurs when the HIF detector

can recognize correctly every downed conductor event that happens on its feeder. There is trade-

off between these two properties, that means a high security level reduces the level of

dependability and high level of dependability decreases the level of security. Dependability to

detect certain types of faults may be tested by a series of staged fault tests. Security can only be

tested by leaving the HIF detector in service for long periods of time to ensure it is not sensitive

to non-HIF events [29].

3.2. Classification of HIF Detection Methodologies

For HIF on distribution system, the high impedance faults do not result in a substantial

increase in the current and therefore are always difficult to detect. Although considerable

progress has been made recently in developing HIF detection systems, none of the developed

systems can detect HIF reliably under all circumstances. In the past three decades many

techniques have been proposed to improve the detection of HIFs in power distribution systems.

The detection is driven by either mechanical or electrical signals. Electrical detection methods

are divided into two categories:

- Upstream (substation) detection methods which are capable to detect all types of HIF

(sagged and/or broken conductor).

- Downstream detection methods which can only detect open conductor (broken

conductor).

Therefore, we have here three broad methodologies for downed conductor detection which

are completely different in their detection philosophy, driving signals, installation technology

and capability.

- First methodology: Downstream detection depends on a protection scheme which

comprises a number of devices located at lateral/feeder ends to detect open conductor, a

communication facility to transmit the signals send by the devices to the master unit in
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addition to a master protection unit located at the substation to collect alarm signals and

issuing the suitable decision. This scheme is capable to detect sagged conductor cases.

- Second methodology: The mechanical detection of downed conductors is based on

mechanical sensors installed at each pole of the feeder. The sensor is driven by the

mechanical force generated by the fallen conductor. It can detect both sagged conductor

and broken conductor.

- Third methodology: Upstream detection is based on a protective relay that is located at

the substation as usual. It uses the currents and voltages signals seen by the relay to

discriminate between a downed conductor case having low fault current and some other

conditions that produce current signals having comparable magnitude.

3.2.1. Harmonics Based Detection

3.2.1.1. Hughes research third harmonic detector

The Hughes detector monitors the phase angles of the 3rd harmonic currents under normal

system conditions and detects the change in imbalance under faulted conditions [30]. The

magnitude imbalance of the 3rd harmonic currents also changes unequally in the phases and is

used in the detection process under some conditions. An increase above a threshold value

indicates the existence of a high impedance condition. The limitations of this detector are:

- This detector does not take into account the existence of 3rd harmonic current due to certain

load imbalance.

- The detector requires at least 15A of 60Hz fault current for duration of 5 sec for its

operation. Low grade faults that do not cause a substantial change can go undetected.

Because of the above conditions, broken conductors on very high resistivity surfaces cannot

be detected.

- The detector depends on the 3rd and 5th harmonic components for its operation. Arc welders

can also cause a change in these frequency components and thereby pose mal trip problems.
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- Capacitor bank operations result in an increase in the level of the odd harmonic frequencies

and may cause false operation.

3.2.1.2. Amplitude ratio technique

The even harmonic current components are very small under normal system conditions.

Even order harmonics increases during high impedance arcing faults because of the

unsymmetrical characteristics of the arc current. Thus, parameters based on the ratio of even

order harmonics to odd order harmonic current can be utilized as an indication of HIF. One

method proposes the ratio of the even to odd harmonic currents in the range of 1st to 7th [31].

Another technique based on the ratio of some harmonics has been proposed in [32], in which,

residual current harmonics are extracted by FFT technique, and then the index = ( )( ) is

calculated where , , and are the first, second, third and fourth harmonics of residual

current respectively. When the index exceeds the threshold value, it illustrates that HIF is

occurred.

3.2.1.3. Nordon technologies HIF analysis system

The Nordon Technologies High Impedance Fault Analysis System (HIFAS) measures the

third harmonic current phase angle with respect to the fundamental voltage [29]. The operating

premise is that the current associated with an HIF produces a third harmonic current with a

unique phase relationship to the faulted phase voltage. At the fault location, they will be in

phase. The ambient 3rd harmonic phasor is averaged over time and stored for comparison. When

a fault occurs, the new 3rdharmonic phasor is subtracted vectorially from the stored value. If the

resulting magnitude is above a preset threshold and the angle matches the preset value for a

downed conductor, an HIF is declared. This system is installed in each breaker in the distribution

system.
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3.2.2. Digital Signal Processing Based Detection

3.2.2.1. Energy algorithms

Aucoin et. al. [33, 34] developed a series of algorithms for detecting high impedance earth

faults using the energy patterns generated during such fault. The term energy refers to the

summation of the squared sample values of current over one cycle. They have observed that

there was a persistent increase in high frequency (>2kHz) components of the fault current over

that of an unfaulted system. These algorithms examined the relationships between normal and

faulted conditions and tripped when there was a significant increase in the high frequency energy

for greater than a preset time. These high frequency components are due to the several strikes

and restrikes between the conductors and the high impedance objects. The relay failed when the

conductor was on the surface where the fault current was less than 20A peak. The relay also

failed to detect short duration faults of 1~2sec.

3.2.2.2. Randomness technique

This technique was developed by the researchers at A&M Texas Univ. that uses the

randomness as an indication of fault. An increase in the harmonic current activity caused by the

HIF is different than the energization of a noisy load from cycle to cycle. The noise generated by

the noisy load will be repetitive from one cycle to another. During a fault, violent bursts will be

present in some cycles while there will be small or no bursts in the other cycles. A sudden

increase in the noise level is occurred by looking at large variations from one cycle to the next.

The algorithm uses the total energy of all high frequency components between 2~7kHz as an

input parameter to the detector. Two separate indicators are used to detect the random, sporadic

nature of the arcing faults. The first is “Jumps” which counts the number of times that a high

frequency energy makes a sudden increase in a certain time period (30 power cycles). By storing

an average energy value, an abnormal increase can be detected. After an event, the algorithm

checks the next 30cycles for jumps. When the energy level of a cycle changes from ten times

greater than the average to less than three times the average or vice versa, then jump counter is

incremented.  Energy less than three times the average indicates no arcing occurrence [24].



37

3.2.2.3. Kalman filter

The availability of powerful microprocessors and signal processing algorithms has led to a

wide range of new techniques to identify the waveforms associated with HIF. Girgis et.al [35]

applied Kalman filtering theory to obtain the best estimation of the time variations of the

fundamental and harmonic components.

3.2.3. Artificial Intelligence TechniquesBased Detection

In [36], a Neural Network based technique for HIF detection and location on distribution

systems with distributed generation is proposed. The fault detection is based on the 1st,2nd,3rd and

5thharmonics of the symmetrical components of the current phasors measured at the local

terminal. In one time samples intervals, these components are calculated, using a one-cycle

sampling window (fundamental frequency) , and the fault state is identified, with the output

vector of this Artificial Neural Network(ANN) representing the type of fault and the phases

involved. If a fault state is identified for more than 10 consecutive samples, a fault state is

detected and the incidence point is determined.

Keyhaniet al [37], Presented a method based on a subband decomposition of the current.

The energies from the different subbands are used as input to train an artificial neural network

for the detection of HIFs. The technique, not only detects HIF faults, but also classifies the

signals into one of several classes. The main advantage of this method is that it is less sensitive

to noise and HIF can be distinguished from similar events, even in the presence of high levels of

noise.

Al-Dabbagh et al [38], proposed a technique for accurate high impedance fault detection

on power distribution lines using an ANN. The back propagation learning algorithm is used for

adjusting the weights in a multi-layer neural network to minimize the prediction error with

respect to the connection weights in the network.

3.2.4. Wavelet TransformBased Detection

In [39], Discrete Wavelet Transform (DWT) is utilized to extract features of faults due to

leaning trees. An absolute sum of the detail coefficient d3 over a period of power frequency
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cycle has been used as a detector. DWT has been processed on the residual voltage at different

measuring nodes allocated in a wide area of the network and such correlation of DWT

performance at different nodes can be carried out using distributed wireless sensors. Therefore,

the fault detection has been confirmed by numerous detectors. Other fault features that can

enhance the detection security are that the initial transients are frequently repeated and therefore

localized with each current zero crossing. The fault detection selectivity has been carried out

considering the multiplications of DWT detail coefficients of the residual current and voltage at

each measuring nodes. A sum over two cycles has been then computed to estimate the direction

of the transient power and therefore to discriminate between the healthy and faulty sections. Test

cases proved with evidence the efficiency of proposed technique.

Yang et al [40], applied zero sequence current based DWT to solve HIF problems. The

feature extraction system using DWT and the feature identification technique based on statistical

confidence has then been applied to discriminate effectively between the HIFs and the switching

operations. Continuous Wavelet Transform (CWT) pattern recognition of HIFs has also been

proposed. Staged fault testing results demonstrated that the proposed wavelet based algorithm

has feasible performance.

Lazkano et al [41], presented an HIF detection scheme based on the theory of the multi-

resolution signal decomposition and reconstruction. The decomposition of signals in frequency

sub-bands and the time-frequency feature of the Wavelet Transform (WT) allow arc phenomena

associated to HIFs to be discriminated. Proposed criteria should be used to define detection

algorithms that must be assessed with real faulted feeder signals and normal events of the power

distribution system.

In [42], Wai et al. used Wavelet Analysis Filter Banks (WAFB) to identify distribution

high impedance faults. High frequency components with the time localization information of

both HlFs and capacitor bank switching operations have been obtained using WAFB, and their

behavior is differentiated clearly. Results demonstrated that WAFB can be used as an element in

an HIF detector for fast and accurate identification of distribution HIFs.
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3.2.5. Hybrid TechniquesBased Detection

In [43], Lai et al. proposed a pattern recognition based detection algorithm for electric

distribution high impedance fault detection which uses the DWT as well as, frequency range and

RMS conversion. The aim is to recognize the converted RMS voltage and current values caused

by arcs usually associated with HIF. The analysis using DWT with the conversion yields

voltages and currents measurements which are fed to a classifier for pattern recognition. The

classifier is based on the algorithm using nearest the neighbor rule approach. It is proposed that

this method can function as a decision support software package for HIF identification which

could be installed in an alarm system.

In [44], Yang et al. presented a hybrid detection method of high impedance fault. The

DWT have been initially used to extract distinctive features of the voltage and current signals,

and are transformed into a series of detailed and approximated wavelet components. The

coefficients of variation of the wavelet components have then been calculated. This information

was introduced into the training ANN to detect occurrence of HIF from the operations of the

switches.

In [45], Amantaray et al. proposed an intelligent approach for high impedance fault

detection in power distribution feeders using advanced signal processing techniques such as

time–time and time–frequency transforms combined with neural network. Both time and

frequency information is required to be extracted to detect and classify HIF from nonfault case.

In the proposed approach, S- and TT-transforms have been used to extract time–frequency and

time–time distributions of the HIF and nonfault case signals, respectively. The features extracted

using S- and TT-transforms have been used to train and test the Probabilistic Neural Network

(PNN). The combined signal-processing techniques and PNN take one cycle for HIF

identification from the fault inception, the proposed approach was found to be the most suitable

for HIF classification in power distribution networks with wide variations in operating

conditions.
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3.3. Fault Location

Faulted lines must be repaired and returned to service in the shortest possible times to

provide reliable service to the customers. Over the last years, many researchers have put

considerable efforts into the development of accurate fault location methods for transmission

systems. However, due to economic constraints, utilities do not pay as much attention nor

expend as many resources for service reliability and quality of the power supply for distribution

systems. Therefore, research on fault location methods for distribution systems was not active for

many years. A primitive fault location method for distribution systems is the visual inspection,

which is time consuming and needs a lot of manpower. When a fault happens, system operators

normally perform fault locations calculations based on the customer’s report. Upon receiving

trouble calls from customers, system operators determine the outage area based on the feeder

map and the protection scheme. Then repair crews are sent to patrol the outage area. The process

is very time consuming so that the outage may last a very long time.

Distribution systems have some unique characteristics that make fault location methods for

transmission systems not effective for distribution systems. First, distribution lines have much

more complex topologies than transmission lines. Transmission lines generally are from point to

point, or networks have a tee, however distribution lines have dozens or even hundreds of

laterals, tees, load taps, etc. This difference in topology makes many techniques that were

designed for transmission lines incapable of functioning on distribution lines. Impedance-based

algorithms suffer from this issue because a distribution line has many points with the same

impedance from the substation. The traveling wave-based algorithms are “confused” because a

distribution line has many discontinuities, each of them causes a reflection. Second, distribution

systems have many single-phase and two-phase laterals away from the main feeder, which makes

the system unbalanced. Further, distribution lines are not fully transposed so that they have an

asymmetrical nature. Therefore, many methods using symmetrical components cannot be used.

In addition, distribution systems involve non-homogenous lines, a large number of elements,

dynamic loads, as well as topological changes because of network expansion. Hence, fault

location methods specifically designed for distribution systems are essentially needed [46].
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With the advent of sensitive loads, customers require a high quality service. In addition,

due to the introduction of a competitive market into the power industry, service quality and

reliability of distribution systems have recently caught the utilities’ attention, and many

researchers have begun to develop accurate and fast fault location methods for distribution

systems.

Most fault location methods for distribution systems can be categorized into five groups:

 impedance and other fundamental frequency component based methods

 high frequency components and traveling wave based methods

 artificial intelligence and statistical analysis based methods

 distributed device based methods

 hybrid methods

In the following sections, each of these is going to be briefly reviewed.

3.3.1. Impedance and Fundamental Frequency Component Based Methods

Many fault location methods that use the fundamental frequency component determine the

fault location by calculating the apparent impedance. In these methods, the fault types and

faulted phases are firstly identified. Then, the apparent impedance is calculated based on the

selected voltage and selected current. For the distribution system fault location, load currents at

different taps are sources of error if they are not considered. In [47], Girgis et al.gave equations

to calculate all kinds of faults occurring at the main feeder and single-phase lateral. Loads were

considered as constant impedance loads. The dynamic nature of the loads was not considered,

and multiphase taps were not considered either. In [48], Saha et al. presented a method that could

include many intermediate load taps. The non-homogeneity of the feeder sections was also taken

into account in this method, but the system was balanced. In [49], Santoso et al. presented a

method similar to [47]. However, a different method is used to take account of the fault

resistance. In [50-51], Das et al. developed a technique that took account of non-homogenous

lines, load taps, and the dynamic nature of the loads. However, the line is still considered fully
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transposed, so it was only good for line-to-ground faults. This technique calculated the apparent

impedance to find the faulted section first. Then an iterative method was used to solve an

implicit equation in order to find the distance from the start node of the faulted section to the

fault point.

Other methods also, use the fundamental frequency component to locate faults. However,

they are not based on the apparent impedance. Aggarwal et al. [52-53] presented a single-ended

fault location technique, which was based on the concept of superimposed components of

voltages and currents rather than the total quantities. The method also treated all loads as

constant impedance loads. This fault location technique located faults by finding the point on the

line that gives the minimum values of the healthy-phase fault path currents. It was highly

insensitive to variations in source impedances and to the presence of taps with variable loads.

However, it was only good to locate faults on the three phase main feeder. In [54], Choi et al.

proposed a method for locating faults by solving a quadratic equation resulting from the direct

circuit analysis.

Chapter five (5.4.2) will discuss the implementation of a single end impedance method for

fault location. The implemented technique for fault location requires the following steps [55]:

1. Measuring the voltage and current phasors.

2. Extracting the fundamental components.

3. Determining the phasors and fault type.

4. Applying impedance algorithm.

One-ended impedance methods of fault location are a standard feature in most numerical

relays. One-ended impedance methods use a simple algorithm, and communication channels and

remote data are not required. Two-ended methods can be more accurate but require data from

both terminals. Data must be captured from both ends before an algorithm can be applied.
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3.3.2. High Frequency Components and Traveling Wave Based Methods

Traveling wave based methods locate faults based on a fault generating high frequency

signals. These methods have high accuracy, even for high impedance faults, and their accuracy

does not rely on system condition. They are used for transmission systems because of their

simple topologies. However, these techniques need high sample rate (above 20 MHz) and have

some problems for low inception angle faults. The implementation of these methods is more

expensive than the implementation of impedance based techniques. For distribution systems,

there are a lot of load taps and discontinuities in a line that will reflect a traveling wave, which

makes it difficult to apply traveling wave based methods to distribution systems. In [56], Thomas

et al.tried to use the cross-correlation function between the incident wave and the reflected wave

to locate faults in distribution systems. Both the double-ended method and the single-ended

method were used. The double-ended method could provide an accurate result if the fault

happened at the line where the fault recorders were installed, or at the main feeder. The single-

ended method did not work well.

In [57], Bo et al. presented another method to locate faults in order to distinguish the

reflected wave from the fault point and that from the remote bus bar, by capturing high

frequency voltage signals between 1 and 10 MHz. Around this range, the bus capacitance

dominated the bus impedance so that the reflected voltage signal from the remote bus had the

opposite sign to the incident voltage, while the reflected voltage signal from the fault location

had the same sign as the incident voltage. Then, by identifying two successive waves that had the

same polarity, the fault distance could be determined. However, the effects of tapped-off loads

were significant, and caused problems in identifying the fault location.

3.3.3. Artificial Intelligence (AI) and Statistical Analysis Based Methods

There are several artificial intelligent methods such as Artificial Neural network (ANN),

Fuzzy Logic (FL), Expert System (ES) and Genetic Algorithm (GA), etc. These methods can

help operators or engineers to do laborious work. By using these methods, the time factor is

substantially reduced and human mistakes are avoided. Therefore, many researchers used AI
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based methods in distribution system fault locations. In [58], an intelligent technique for locating

fault points in terms of their geometrical coordinates in a power distribution system is presented.

The proposed technique implements parallel-series adaptive neuro-fuzzy inference systems for

the purpose of locating fault points and identifying the fault type. The inputs of the proposed

system design are the post-fault three-phase root-mean-square currents, and the output provided

information about the fault points and types of faults.

3.3.4. Distributed Device Based Methods

Besides the methods in the above three categories, there are some methods using different

techniques. Wang presented a mathematical approach that located faults based on installed

voltage sensors’ information and the network’s topological structure [59]. The relation of the

voltage sensors with sections was formulated as a matrix. The other matrix was constructed

based on the topological relation between sections and nodes in an electric network. Through

some matrix operations, all faulted sections could be found. In [60], fault-sensing transmitters

were installed in a cable distribution system. These transmitters transmitted the coded signal to

the control center, and operators located faults based on these signals.

3.3.5. Hybrid Methods

Almost all the above methods locate faults based on one algorithm. Some have

investigated the use of hybrid methods that locate faults based on more than one algorithm to

achieve a more accurate estimation of the faulted section. Zhu et al [61]. proposed a hybrid

method that computed the fault distance using measurements available at the substation. The

method determines multiple potential fault locations; a fault diagnosis procedure was applied to

rank the list of multiple potential fault locations. By doing a circuit simulation, the operation of a

particular combination of protective devices and the load change pattern during different fault

scenarios could be obtained. Then by matching the fault situation to these scenarios, the actual

faulted section could be determined. However, this diagnosis procedure modeled the circuit and

simulated different fault scenarios, which were time-consuming tasks, and the modeling process

needed to be done again for another and each system. In [62], Järventausta et al. used the fault
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distance calculation, fault detector information, and geographical information of the distribution

system to locate faults. In [63], Zhong et al. presented a method to locate faults based on fault

current measurements, fault currents calculated from short circuit analysis, and system operators’

experience.

As shown, the factors affecting High Impedance Faults are introduced, in addition to

different issues related to HIFs and their detection methods. Besides, the chapter introduced

literature survey on fault location methods. Chapter five will introduce the two algorithms

applied for improving overcurrent relays performance, the first one for HIF detection using WPT

and the second one for fault location of short circuit faults.
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CHAPTER (4)

WAVELET TRANSFORM ANALYSIS

In this chapter, the method that is proposed to improve overcurrent protection performance

which depends on Wavelet Transform (WT) will be discussed in details. Therefore, WT as a

method of analyzing electromagnetic transients associated with power system faults will also be

introduced in details. This method, like Fourier Transform (FT), provides information related to

the frequency decomposition of a waveform, but it is more appropriate than the familiar Fourier

methods for non-periodic, wide band signals associated with electromagnetic transients. It will

appear by the end of this chapter that the frequency domain data produced by the WT may be

useful in analyzing the source of transients through different features detection schemes.

Power engineering is full of transient phenomena. Lightning transients, transformer inrush

currents, capacitor and line switching transients and motor starting currents are just a few of the

typical power system transients that power engineers would like to efficiently analyze and

understand in detail. Additionally, real-time identification of transients, fast solution of voltages

and currents for systems with a wide variation of electrical time constants, online control in

transmission and distribution applications, data compression, and storage of transient data are of

distinct interest to power engineers. Typically, these types of phenomena are analyzed in one of

two ways:

- By transforming the data into the frequency domain (e.g., Fourier analysis or transforms

such as the Laplace transform or the Z transform).

- By making use of companion circuit techniques (e.g., EMTP/ATP) or the mathematical

solution of differential equations via analytical or numerical techniques.

These methods are very familiar to the engineering community and have the advantages of

being derived from methods for solutions for differential equations (in the case of transform
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techniques) and having close relationships with existing experimental methods and commercial

instrumentation. However, these methods have several limitations [64].

4.1. Wavelet Transform Applications

The most popular WT applications in power systems are the following:

- Power system protection

- Power system transients

- Load forecasting

- Partial discharges

- Power quality

- Power system measurement

Figure (4-1) shows the percentage of publications in each area; as shown, power system

protection and power quality are the areas with more publications [65].

Figure (4-1): Percentage of wavelet publications in different power system areas
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4.2. Difference between Fourier Analysis and Wavelet Analysis

4.2.1. Fourier Analysis

Fourier Transform is a very useful tool for analyzing the frequency content of stationary

processes. Fourier analysis breaks down a signal into constituent sinusoids of different

frequencies. Another way to think of Fourier analysis is as a mathematical technique for

transforming our view of the signal from a time-based view to a frequency-based view as shown

in Figure (4-2).For many signals, Fourier analysis is extremely useful because the signal’s

frequency content is of great importance. So why do we need other techniques, such as wavelet

analysis?

Fourier analysis has a serious drawback. In transforming to the frequency domain, time

information is lost. When looking at a Fourier transform of a signal, it is impossible to know

when a particular event took place. If a signal does not change much over time that is, if it is

what is called a stationary signal this drawback is not very important. However, most interesting

signals contain numerous non-stationary or transitory characteristics: drift, trends, abrupt

changes, and beginnings and ends of events. These characteristics are often the most important

part of the signal, and Fourier analysis is not suited for detecting them [66].

Figure (4-2): Fourier transform



49

4.2.1.1. Short time Fourier analysis

In an effort to correct that deficiency, Fourier transform was adapted to analyze only a

small section of the signal at a time, a technique called windowing the signal or the Short-Time

Fourier Transform (STFT), which maps a signal into a two dimensional function of time and

frequency as shown in Figure (4-3).The STFT represents a sort of compromise between the time

and frequency based views of a signal. It provides some information about both when and at

what frequencies a signal event occurs. However, you can only obtain this information with

limited precision, and that precision is determined by the size of the window.

While the STFT’s compromise between time and frequency information that can be useful,

the drawback is that once you choose a particular size for the time window, that window is the

same for all frequencies. Many signals require a more flexible approach, where we can vary the

window size to determine more accurately either time or frequency. For example, a wide window

gives good frequency resolution but poor time resolution, whereas a narrow window gives good

time resolution but poor frequency resolution. Wavelets on the other hand, provide greater

resolution in time for high frequency components of a signal and greater resolution in frequency

for the low frequency components of a signal. In a sense, wavelets have a window that

automatically adjusted to give the appropriate resolution [66].

Figure (4-3): Short time Fourier transform
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4.2.2. Wavelet Analysis

A wavelet is defined as a waveform of effectively limited duration that has an average

value of zero (i.e., no dc component) and decays quickly to zero at both ends and thus is more

suitable for short duration disturbances. Wavelet analysis represents the next logical step, a

windowing technique with variable-sized regions. Wavelet analysis allows the use of long time

intervals where we want more precise low frequency information, and shorter regions where we

want high frequency information as shown in Figure (4-4).

The wavelet transform is a tool that cuts up data or functions into different frequency

components, and then studies each component with a resolution matched to its scale. The

advantage of the transform is that the band of analysis can be adjusted so that, high frequency

components and low frequency components are detected precisely. Results from the wavelet

transform are shown on both the time domain and the frequency domain [66].

Figure (4-4): Wavelet transform

The wavelet transform equation can be written as the following formula:( , ) = ∫ ( )∞ , ( ) (4-1)

Where:-

, ( ) = √ ∗ ( ) (4-2)
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a: is the scale variable of the wavelet which replaces the frequency variable in Fourier

transform

b: is the time shift variable

 Scaling

Scaling a wavelet means stretching (or compressing) it. The scale factor is introduced,

often denoted by the letter (a). The smaller the scale factor, the more “compressed” the wavelet

as shown in Figure (4-5).

Ѱ( ) ; = 1F (t) =

Ѱ(2 ) ; = 1/2F (t) =

Ѱ(4 ) ; = 1/4F (t) =

Figure (4-5): The effect of the scale factor on the wavelet

 Shifting

Shifting a wavelet is delaying (or hastening) its onset mathematically, i.e. delaying a

wavelet function Ѱ(t) by k is represented by Ѱ(t-k) as shown in Figure (4-6).

Figure (4-6): Shifted wavelet function
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4.3. The Continuous Wavelet Transform

Continuous Wavelet Transform (CWT) is defined as the sum over all the time of the signal

multiplied by scaled, shifted versions of the wavelet function ψ:

( , ) = ∫ ( )Ѱ( , , )∞
(4-3)

The results of the CWT are many wavelet coefficients C, which are functions of scale and

position. Multiplying each coefficient by the appropriately scaled and shifted wavelet yields the

constituent wavelets of the original signal as shown in Figure (4-7).

Figure (4-7): The wavelet transform process

4.3.1. The Wavelet Coefficients

The process of CWT produces wavelet coefficients that are functions of scale and position

[66].In fact, here are the five steps of an easy recipe for creating a CWT:

1- Take a wavelet and compare it to a section at the start of the original signal.

2- Calculate a number, C, that represents how closely correlated the wavelet is with this

section of the signal. The higher C is, the more the similarity. Note that the results will

depend on the shape of the chosen wavelet, as shown in Figure (4-8).
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Figure (4-8): Calculating the coefficient 'C'

3- Shift the wavelet to the right and repeat steps 1 and 2 until you have covered the whole

signal, as shown in Figure (4-9).

Figure (4-9): Shifting the wavelet to the right

4- Scale (stretch) the wavelet and repeat steps 1 through 3, as shown in Figure (4-10).

Figure (4-10): Stretching the wavelet

5- Repeat steps 1 through 4 for all scales. The coefficients are produced at different scales

by different sections of the signal.
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4.3.2. Scale and Frequency

Recall that the higher scales correspond to the most “stretched” wavelets. The more

stretched the wavelet, the longer the portion of the signal with which it is compared, and thus the

coarser the signal features measured by the wavelet coefficients, i.e. the low frequency changes

will be detected and measured, and vice versa, the lower scales correspond to the most

“compressed” wavelets. The more compressed the wavelet, the shorter the portion of the signal

with which it is compared, and thus the smoother the signal features measured by the wavelet

coefficients, i.e. the high frequency changes will be detected and measured, as shown in Figure

(4-11).

Figure (4-11): The low and high scale wavelet

4.4. The Discrete Wavelet Transform

Calculating the wavelet coefficients at every possible scale is a fair amount of work, and it

generates an awful lot of data. It turns out, rather remarkably, that if we choose scales and

positions based on powers of two, so called dyadic scales and positions, then our analysis will be

much more efficient and just as accurate. We obtain just such an analysis from the Discrete

Wavelet Transform (DWT).An efficient way to implement this scheme is using filters; this

algorithm is known in the signal processing community as a two-channel subband coder. This

very practical filtering algorithm yields a fast wavelet transform, a box into which a signal

passes, and out of which wavelet coefficients quickly emerge.
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4.4.1. One-Stage Filtering

In wavelet analysis, we often speak about approximations and details. The approximations

are the high-scale, and low-frequency components of the signal. The details are the low-scale,

and high-frequency components. The filtering process, at its most basic level, is shown in Figure

(4-12). In which, the original signal, S, passes through two complementary filters and emerges as

two signals.

Figure (4-12): The wavelet filtering process

Unfortunately, if we actually perform this operation on a real digital signal, we wind up

with twice as much data as we started with. Suppose, for instance, that the original signal S

consists of 1000 samples of data. Then, the approximation and the detail will each have 1000

samples, for a total of 2000.By looking carefully at the computation, we may keep only one point

out of two in each of the two 2000-length samples to get the complete information. This is the

notion of down sampling. We produce two sequences called cA and cD, as shown in Figure (4-

13).The process on the right, which includes down sampling, produces DWT coefficients.
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Figure (4-13): The down sampling process

4.4.2. Multiple-Level Decomposition

The decomposition process can be iterated, with successive approximations being

decomposed in turn, so that one signal is broken down into many lower resolution components.

This is called the wavelet decomposition tree as shown in Figure (4-14).

S = +
= + +
= + + +

Figure (4-14): The discrete wavelet multiple-level decomposition

Introducing the down sampling process, the decomposition tree can be represented as

shown in Figure (4-15), where (HP) is the high pass filter and (LP) is the low pass filter.
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Figure (4-15): Discrete wavelet multiple-level decomposition down sampling process

4.5. Wavelet Packet Transform (WPT)

The wavelet packet method is a generalization of the wavelet decomposition that offers a

richer range of possibilities for signal analysis. In the discrete wavelet analysis, a signal is split

into an approximation and a detail. The approximation is then itself split into a second-level

approximation and detail, and the process is repeated. In wavelet packet analysis, the details as

well as, the approximations can be split as shown in Figure (4-16) [66].
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Figure (4-16): The wavelet packet decomposition tree

Let Φ (t) to be the scaling equation associated with the mother wavelet. Then, the scaling

function can be convolved with the signal to produce approximation coefficients given by:-

, = ∫ ( )∞ ф , ( ) (4-4)

The function of mother wavelet can be convolved with the signal to produce detail

coefficients given by:-

, = ∫ ( )∞ Ѱ , ( ) (4-5)

In the following subsection, basics of WPT will be discussed in details, as WPT will be

implemented in the proposed scheme and it will be described in the next chapter. The WPT can

be used to separate harmonics. Let us assume a signal with fundamental frequency 50Hz and 3rd,

5th, 7th and 9th harmonics. Let the sampling frequency be 1.6 kHz. Then the maximum

measurable frequency is 800Hz (sampling theorem). Figure (4-17) shows the decomposition and

how the harmonics are separated using DWPT.

Frequency ordering after WPT is very important and it has to be understood. The example

illustrated shows level three WPT decomposition and the first frequency band is 0-100Hz thus,
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its center frequency is 50Hz. Hence, the selection of the sampling frequency is very important

and it should be done in an intelligent manner such that the important frequencies we are dealing

with are usually the center frequencies of the bands. The maximum level of decomposition that

have to be reached for decomposition varies from one application to another. Note that the center

frequency in each of the nodes is exactly the odd harmonics of 50 Hz.

800 Hz

400-800 Hz

0-400 Hz

600-800 Hz

400-600 Hz

200-400 Hz

0-200 Hz

200-300 Hz

300-400 Hz

600-700 Hz

700-800 Hz

100-200 Hz

0-100 Hz

400-500 Hz

500-600 Hz
HP

HP

HP

LP

LP

LP

Figure (4-17): Frequency bands in Hz of level 3 DWPT decomposition with a sampling

frequency 1.6kHz

4.6. Mother Wavelet

Wavelets are families of functions generated from one single function, called an analyzing

wavelet or mother wavelet, by means of scaling and translating operations. Some mother
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wavelets are shown in Figure (4-18). The difference between these wavelets is mainly due to the

different lengths of filters that define the wavelet and scaling functions. The choice of mother

wavelet is determined according to the required application [66].

D4 Wavelet Coif5 Wavelet

D10 Wavelet Sym8 Wavelet

Figure (4-18): Mother wavelets often used in wavelet analysis

WPT based approach has been proposed to improve the Discrete Wavelet Transform

(DWT) based approach for the RMS measurements. The algorithm can separate harmonic

components of power system waveforms and measure the RMS for each harmonic component. It

will be shown in the next Chapter, that the proposed scheme evaluation will be performed based

on simulated AC current waveforms.
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CHAPTER (5)

PROPOSED OVERCURRENT SCHEME

This chapter presents a scheme for the overcurrent relays used in distribution system. A

technique for proper calculating fundamental RMS value of current and voltage signals using

Wavelet Packet Transform (WPT)is introduced, since it can preserve both time and frequency

information with high resolution by decomposing a waveform into uniform frequency bands, and

measuring individual harmonic components. The proposed scheme possess some features to

avoid some practical problems such as detecting short circuit faults within wide variation in

generating conditions, with very small voltage variation and locating short circuit faults,

detecting High-Impedance Faults (HIFs) with low level of current below the sensitivity settings

of the relay, examining the load current continuously and changing the relay pick up value

adaptively.

5.1. Using Wavelet Packet Transform (WPT) to Estimate the Harmonics RMS

The Discrete Wavelet Transform (DWT) algorithm for RMS value of the current and

active power measurements has been first introduced in literature [67, 68]. The results showed

that the discrete wavelet based algorithm could quantify the RMS value of the current. The

waveform decomposition results using the DWT provide non-uniform frequency bands, however

at low levels of decomposition, the frequency band is wide. As a result, frequency bands at these

levels cover more harmonic components than those at higher levels. Therefore, the discrete

wavelet based algorithm cannot be used to measure the RMS value of the current or power of

individual harmonic components. To overcome the limitation, the DWT algorithm is expanded to

the Wavelet Packet Transform (WPT) algorithm in this thesis. Similar to the DWT algorithm, in

WPT algorithm the input waveform is decomposed into wavelet coefficients, and frequency

separation is achieved using a wavelet filter. The advantage of the WPT is that, it can decompose

a waveform into uniform frequency bands, so that this WPT algorithm has a capability to

measure the RMS value of the current or power of individual harmonic components [69, 70, 71].
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As mentioned in details in Chapter (4), The WPT is a direct expansion from the DWT

algorithm, In DWT algorithm, the detail coefficients (or the output from the high-pass filtering)

are not used for further decomposition, only the approximation coefficients (or the output from

the low-pass filtering) at each level are treated to yield further approximation and detail

coefficients. In the WPT algorithm, both the detail and approximation coefficients are

decomposed into higher levels to produce further coefficients (hereafter, both detail and

approximation coefficients are called wavelet coefficients); wavelet packet decomposition is

shown in Figure (5-1).

Figure (5-1): (a) Two wavelet packet transformation and (b) Frequency bands level



63

Where:- ( ): The original signal samples( ), ℎ(n): The WPT low and high pass filters respectively, , : The WPT decomposition at different levels

: The wavelet coefficients at level 2, node 0

: The wavelet coefficients at level 2, node 1

If the measured signal is ( ), then its wavelet transform can be formulated as follows:-

( ) = ∑ ( ) ф ( − ) + ∑ ∑ , (2 − ) (5-1)

Where:- ( ): are the approximated coefficients of the last approximated version, : are the detail coefficients at different scalesф ( − ): is scaling functionψ 2 t − k : is wavelet function

The RMS value of the current ( ) is:

= ∫ ( ) (5-2)

∫| ( )| = ∫ ∑ ( ) ф ( − ) + ∑ ∑ , (2 − ) (5-3)

Due to the orthogonality we can get:

= ∑ ( ) + ∑ ∑ ( ) (5-4)
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The previous equation calculates the total RMS value of the current, so how can we

measure the RMS value of each individual harmonic?

As mentioned in the previous section the wavelet transform divides the signal into different

frequency bands or components (as shown in Figure (5-2)), so using the wavelet coefficients of

each band or component, the RMS value of each band could be calculated separately. Therefore

by selecting the appropriate sampling frequency and the wavelet analysis resolution level, as will

be mentioned in the next sections, we can allocate each harmonic component in an individual

band and consequently we will be able to determine its RMS fundamental value.

Figure (5-2): The wavelet packet decomposition tree

The total root mean square equation can be rewritten in the following form [72]:

= ∫ ≅ ∑ = ∑ ∑ , = ∑ ( ) (5-5)

Where:- 2 : The number of the original signal samples
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j: The frequency band level ( analysis resolution level)

i: The frequency band node

k: The wavelet coefficient number

: The rms value of the current for the frequency band at node I and level j

Let the original signal contains 2 sampling points. The wavelet coefficients at the level ( j )

and node ( i ) is ( ).The maximum resolution level can be achieved is N.

Where:-

i = 0, 1, 2, 3 … 2 -1

j = 1, 2, 3, 4 ….N

From the previous analysis, it is clear by choosing the appropriate sampling frequency and

the WPT resolution level; we can allocate the required harmonics in different frequency bands

(nodes).RMS of each frequency band (node i) can be estimated as follows:

= ∑ ( ) (5-6)

Where:- 2 = 2 ∗ (5-7)

is No. of points in wavelet coefficient

The use of WPT permits decomposing a power system waveform into uniform frequency

bands, with adequate selection of the sampling frequency and the wavelet decomposition tree,

the harmonic frequencies can be selected to be in the center of each band in order to avoid the

spectral leakage associated with the imperfect frequency response of the filter bank employed.

In this section we will present how to select the appropriate mother wavelet to get the most

accurate results, also how to select the suitable sampling frequency to be able to apply the

proposed algorithm based on the basics previously introduced in Chapter (4).
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5.1.1. Selecting the Sampling Frequency and WPT Resolution Level

The system under the study in this thesis is 50 Hz power system. If the power system

waveform contains only odd harmonics the algorithm will be designed to decompose the

waveform into uniform frequency bands each with an adequate width to allocate each harmonic

frequency in the center of the band, in this case 100 Hz frequency band width will be perfect, the

decomposition tree in this case was shown in Figure (4-17) where the sampling frequency used is

1.6kHz and the analysis reached to the resolution level three.

If the system contains both odd and even harmonics, the 100 Hz band width will not be

adequate because the even harmonics will be on the frequency bands borders. So, the proposed

algorithm will be achieved through decomposing the waveform into 25 Hz frequency bands, then

using each two adjacent bands to estimate the harmonics, as shown in Figure (5-3).
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Figure (5-3): WPT decomposition of a waveform using 1.6 KHz sampling frequency

For example to estimate the RMS value of the 1 harmonic component we will need to

estimate the RMS value of the 2 and 3 frequency bands which are denoted by node 1 and 2,

then get the target RMS value of the 1 harmonic as shown in the next equation:

= ( ) + ( ) (5-8)
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In this thesis the sampling frequency will be 6.4kHz, which will provide 128 sample/cycle,

i.e. 2 = 128 =2 , which means that the maximum resolution level that can be reached is the 7
level.

5.1.2. Selecting an Adequate Mother Wavelet

In the analysis of harmonics in the time-frequency plane, it is very important to exactly

localize the harmonics in the frequency plane. The WPT algorithm (as explained in the previous

part) partitions the time-frequency plane, one partition for every decomposition, it allocates the

lower interval to the low pass filtered part and higher frequency interval to the high pass filtered

part. Thus, it is very important to select an appropriate wavelet filter which has a frequency

response close to an ideal filter. Different disturbances can be modeled and presented using

different wavelet ( ) and scaling ( ) functions. The accuracy of this presentation depends

on the smoothness of the selected mother wavelet function. As the number of vanishing moments

of the selected wavelet function increases, more smoothness can be achieved and more accurate

representation of the distorted signal is obtained. This will provide sharper cut-off frequency to

the selected mother wavelet and reduce the amount of leakage energy to the adjacent resolution

levels. Therefore, the criteria for selecting a proper mother wavelet is to have a wavelet function

with a sufficient number of vanishing moments in order to represent the salient features of the

disturbance. At the same time, this wavelet should provide sharp cut-off frequencies.

Furthermore, the selected mother wavelet should be orthonormal [71-73]. For applications of the

detection of transients such as impulses, it is important to use a wavelet with less number of

vanishing moments which is more applicable, as the wavelet will be more localized in time than

the wavelets with large number of vanishing moments which will be more localized in the

frequency.

The magnitude of the leakage energy of the analyzed pure signal at adjacent resolution

levels due to utilizing different wavelets has been shown here with two types of orthonormal

mother wavelets:

• Daubechies (db4, db10, db40)

• Coiflet (coif5)
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The frequency response of the Daubechies (db4, db10, db40) and Coiflet (coif5) wavelet

functions (high pass filters) and scaling functions (low pass filters) are shown in Figure (5-4).

Daubechies 4 shows a bad sharper cut-off frequency compared with the others and hence the

leakage energy between different resolution levels is high, but Daubechies 40 shows the sharper

cut-off frequency compared with the others and hence the leakage energy between different

resolution levels is reduced. The number of vanishing moments of the db40 wavelet is large, and

hence it gives a meaningful wavelet spectrum of the analyzed signal.

Figure (5-4): Frequency response of the wavelet filters

As mentioned before that the selection of the mother wavelet is important. The selected

one should provide a sharp cut-off frequency to decrease the energy leakage into neighboring

frequency bands. Here, we will study the frequency response of two mother wavelet families
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which are the most used wavelet families in power system studies Daubechies and Coiflet. The

frequency response of these wavelets is shown in Figure (5-4). It is obvious that the Daubechies

40 (db 40) filters have the sharper cut-off frequency. The frequency characteristics of both the

low pass and high pass filters decrease faster near the filter band edges.

To test the performance of RMS measurements using the WPT algorithm, three main cases

which are software generated waveforms are analyzed using the WAVELAB toolbox.

First case study: Generated waveform which contains beside the fundamental component the

harmonics orders from the 2nd to the 7th (integer harmonics). The equation of the waveform

tested is as follows:-

X = 4.5 + √2×10 sin (2π×50×t) + √2×9 sin (2π×50×2×t) + √2×8 sin (2π×50×3×t) + √2×7 sin

(2π×50×4×t) + √2×6 sin (2π×50×5×t) + √2×5 sin (2π×50×6×t) + √2×4 sin (2π×50×7×t)

This waveform contains beside the fundamental component the harmonics orders from the

2nd to the 7th with the shown rms magnitudes. MATLAB software with the WAVELAB toolbox

will be used to apply the WPT algorithm (more details about the MATLAB program and the

WAVELAB toolbox are given in the appendix A).Analyzing this waveform using 5 mother

wavelets gives the results shown in Table (5-1) and the accuracy of each filter is shown in Table

(5-2).
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Table (5-1): Comparison between the results of true and calculated values of RMS of
different wavelet filters for the first tested case

Node Frequency
Band(Hz)

Harmonic
Component

True
Calculated

Db10 Db20 Db40 Coiflt1 Coiflt5

1 25-50 1 10 10.39 9.918 10.00 11.12 9.991
2 50-75
3 75-100 2 9 9.119 8.946 9.000 9.500 9.044
4 100-125
5 125-150 3 8 8.908 8.139 8.060 7.321 8.865
6 150-175
7 175-200 4 7 6.982 6.999 7.000 6.870 6.990
8 200-225
9 225-250 5 6 3.331 5.9255 5.907 4.370 4.690

10 250-275
11 275-300 6 5 4.481 4.990 4.990 3.100 4.840
12 300-325
13 325-350 7 4 3.465 3.920 3.920 2.700 3.580
14 350-375

Table (5-2): Comparison between the results accuracy of different wavelet filters for the
first tested case

Harmonic
Component

The Calculated Accuracy %

Db10 Db20 Db40 Coiflet1 Coiflet51 96.10 99.81 100.0 88.80 99.912 98.67 99.4 100.0 94.44 99.513 88.65 98.26 99.25 91.51 89.184 99.74 99.98 100.0 98.14 99.855 55.51 98.75 98.45 72.83 78.166 89.62 99.80 99.80 62.00 96.807 86.62 98.00 98.00 67.50 89.50

The results showed that the mother wavelet (Db 20) and (Db40) have the higher accuracy,

and showed that the WPT algorithm can compute the rms of each harmonic component with a

high accuracy. Db 20 will be used in the further analysis in this thesis, as Db40 has high

vanishing moments so, it needs a microprocessor with high specifications to implement it.
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Second case study: Generated waveform which contains beside the fundamental component,

harmonics orders from the 2nd to the 5th, interharmonic components at 1.4, 2.6, 3.6 of the

fundamental frequency, and subharmonic components at 0.4, 0.8 of the fundamental frequency

which are clearly non-integer multiple of the fundamental frequency. The equation of the

waveform tested is as follows:-

X = 4.5+ √2×10 sin (2π×50×t) + √2×9 sin (2π×50×2×t) + √2×8 sin (2π×50×3×t) + √2×7 sin

(2π×50×4×t) + √2×6 sin (2π×50×5×t) + √2×4 sin (2π×50×0.4×t) + √2×4 sin (2π×50×0.8×t)

+ √2×4 sin (2π×50×1.4×t) + √2×4 sin (2π×50×2.6×t) + √2×4 sin (2π×50×3.6×t)

In this section we introduce WPT and DFT (Discrete Fourier Transform) to calculate the

fundamental value under the effect of interharmonic, subharmonic and harmonics. Selecting the

appropriate mother wavelet to get the most accurate results, also selecting the suitable sampling

frequency to be able to apply the proposed algorithm based on the basics introduced in Section

(5.1) will be discussed.

Analyzing this waveform with Daubechies mother wavelets, Coiflet mother wavelet and

DFT gives the results and the accuracy of mother wavelet filter shown in the Table (5-3).

Table (5-3): Comparison results between true and calculated values of fundamental RMS
of different wavelet filters and DFT for second tested case

algorithm True fundamental
Value

Fundamental( )
calculated

The Calculated
Accuracy %

Db20 with 1 cycles 10 13.125 68.75
Db20 with 2 cycles 10 11.903 80.97
Db20 with 4 cycles 10 10.704 92.96
Db40 with 1 cycles 10 13.222 67.78
Db40 with 2 cycles 10 11.655 83.45
Db40 with 4 cycles 10 10.830 91.70

Coiflet5 with 1 cycles 10 13.234 67.66
Coiflet5 with 2 cycles 10 12.240 77.60
Coiflet5 with 4 cycles 10 10.827 91.73

DFT 10 6.5604 65.60
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Refereeing to this test case, it can be concluded that the DFT techniques are the most

susceptible to the effects of interharmonics and subharmonics, in addition, it is found that WPT

technique is very adequate if sampling is carried out for number of cycles of the fundamental,

being quite resistant to the effects of interharmonics and subharmonics, but it is prone to a large

error if sampling is carried out for only 1 cycle of the fundamental.

Third case study: Generated waveform which contains fundamental component with frequency

deviation of 4% and harmonics orders from the 2nd to the 7th (integer harmonics). The equation

of the sine wave tested is as follows:-

X = 4.5+ √2×10 sin (2π×48×t) + √2×9 sin (2π×50×2×t) + √2×8 sin (2π×50×3×t) + √2×7 sin

(2π×50×4×t) + √2×6 sin (2π×50×5×t) + √2×6 sin (2π×50×6×t) + √2×5 sin (2π×50×7×t)

Selecting the appropriate mother wavelet to get the most accurate results, also selecting the

suitable sampling frequency to be able to apply the proposed algorithm based on the basics

introduced in Section (5.1), will be discussed in the following section.

Analyzing this waveform with Daubechies mother wavelets, Coiflet mother wavelet and

DFT gives the results and the accuracy of mother wavelet filter shown in the Table (5-4).

Table (5-4): Comparison results between true and calculated values of fundamental RMS
of different wavelet filters and DFT for third tested case

algorithm True fundamental
Value

Fundamental( )
calculated

The Calculated
Accuracy %

Db20 with 1 cycles 10 10.682 93.18
Db20 with 2 cycles 10 10.157 98.43
Db20 with 4 cycles 10 10.084 99.16
Db40 with 1 cycles 10 10.177 98.23
Db40 with 2 cycles 10 10.102 98.98
Db40 with 4 cycles 10 10.027 99.73

Coiflet5 with 1 cycles 10 10.258 97.42
Coiflet5 with 2 cycles 10 10.195 98.05
Coiflet5 with 4 cycles 10 10.172 98.28

DFT 10 10.177 98.23
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Refereeing to this test case, it can be concluded that the DFT techniques are the most

susceptible to the effect of frequency deviation, in addition, it is found that WPT technique is

very adequate if sampling is carried out for number of cycles of the fundamental, being quite

resistant to the effect of frequency deviation, but it is prone to a large error if sampling is carried

out for only 1 cycle of the fundamental.

Therefore, Db-20 will be used in thesis study as Db-40 has high numbers of filter

coefficients so, it needs a microprocessor with high specifications to implement it.

5.1.3. Evaluating of RMS Measurements in the Proposed Overcurrent Relay:

A series of tests was carried out to evaluate RMS measurements feature on the

performance of time of trip calculation for the proposed inverse overcurrent relay. The

characteristic of inverse time overcurrent relays is described as mentioned before in Chapter (2)

in Section 2.3.2.The results of testing different waveforms contaminated with harmonics,

interharmonics and subharmonics using Db-20 are shown in Table (5-5). Such results clearly

indicate the accepted performance.

Table (5-5): Evaluating of trip time for proposed overcurrent relay
Current

(in p.u of pickup
value)

Required trip
time (sec)

Actual trip
time
(sec)

Time Error in
%

1.2 4.4560 4.4380 0.403
1.4 2.0427 2.0356 0.347
1.6 1.2571 1.2533 0.302
1.8 0.8750 0.8700 0.571
2 0.6530 0.6500 0.459

2.7 0.3110 0.3100 0.321
4 0.1307 0.1303 0.306

4.9 0.0852 0.0850 0.234
5.5 0.0670 0.0669 0.149
6 0.0560 0.0559 0.178

6.7 0.0447 0.0445 0.447
7 0.0409 0.0407 0.488

7.5 0.0355 0.0354 0.281
8 0.0311 0.0310 0.321
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5.2. Main Features of Proposed Overcurrent Relay

A protection scheme for improving the performance of overcurrent relays used in power

network protection is proposed. The scheme uses a technique for calculating the fundamental

RMS value of current and voltage signals using WPT (mother wavelet of Db20) since it can

preserve both time and frequency information with high resolution by decomposing a waveform

into uniform frequency bands, and measuring individual harmonic components. The proposed

scheme demonstrates its feasible performance in detecting short circuit faults then finding

locations of faults, detecting nonlinear high impedance faults with low voltage and current

variation. In addition, the proposed scheme examines the load current continuously and changes

the relay pick up value adaptively.

5.2.1. Short Circuit Fault Technique

Overcurrent protection uses the current as the indicator of fault occurrence in short circuit

fault voltage dependent overcurrent protection to discriminate between fault current and full load

current. When the current exceeds pickup current value and the voltage reduced to a value less

than rated voltage the relay will trip. However in radial distribution system, some fault cases may

occur very far from source remote end when the voltage maintains its normal value, in such case,

conventional relay may not operate correctly and fail to trip. So, the residual current "Ie" (can be

calculated as the sum of the three phase currents) will be checked and used as fault occurrence

indicator in case of small voltage variation.

5.2.2. High Impedance Fault (HIF) Detection Technique

Figure (5-5) shows the HIF fault-detection procedure of the proposed technique, where WI

is a counter that signifies the sample number (and, therefore, the time period) for which useful

information through WPT realization under HIF persists. The sum value of the detailed (node [1,

1]) output (Sum_d1) for a 1-cycle period which is represented as an absolute value is checked

against a fault criterion (Sth), which is the signal magnitude threshold as the lower limit of that is

used to detect the HIF, and in addition, the sample number that signifies the duration time for

which a transient event (such as HIF) has to persist continuously. This technique is used to
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discriminate between HIF and non-fault transient events such as capacitor and line switching,

etc. The whole process is based on a moving window approach where the 1-cycle window is

moved continuously by one sample. It is apparent from the foregoing decision logic that, the

criteria for the protection relay to initiate a trip signal is Sum_d1must stay above the threshold

level Sth continuously for three cycles. Extensive series of studies has revealed that, in order to

maintain relay stability for external faults and also restrain under no-fault conditions, the optimal

settings for Sth and WI are 73 and 384, respectively. The setting values of these thresholds are

dependent on the system environments.

Figure (5-5): Flow chart for high impedance fault detection technique
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5.2.3. Pickup Adjusting Methodology

Pickup current should be above the maximum load current, pickup current should be below

the minimum fault current of the feeder. Adjusting the setting of overcurrent relays is usually

difficult where there is a wide variation in generating conditions. The setting cannot be based on

the light load value, as the relay may work under heavy load condition. If it was set based on the

heavy load value or the feeder rated value, there is a possibility that minimum faults may be

below the maximum load current and hence remain undetected. It is also obvious that, adjusting

the setting manually is not practical, therefore conventional relay may not operate correctly.

Therefore an adaptive relay is proposed that modifies the pickup current as a function of

the load current. If there was not short circuit fault or an HIF fault and still there is a considerable

difference between the calculated RMS current and the stored load current value, a variation in

generating conditions is ensured. In such case, the scheme will not change its pick up value

unless the new load value is settled at this condition for 3 consecutive cycles period at power

frequency.

5.2.4. Fault Location Methodology

The proposed technique for fault location depends on Takagi algorithm method

[55].Takagi suggested an algorithm that uses the fundamental frequency voltages and currents

measured at a line terminal before and during the fault. This approach uses the Thevenin's

equivalent of the faulted system and obtains an estimate of the distance to a fault. It requires the

following steps:-

- Measuring the voltage and current phasors.

- Extracting the fundamental components.

- Determining the phasors and fault type.

- Applying the algorithm.

The method to calculate the distance to a fault point is based on the following equation that

expresses a fault point voltage and current using the one-terminal data as shown in Figure

(5-6).
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Figure (5-6): fault in a single phase circuit

= cosh( ) − sinh ( )
(5-9)

= sinh( ) − cosh( )
For equations (5-9), two approximations are adopted:

1- tanh ( )= , where a transmission line is sufficiently short.

2- Angles of a fault current and a fault current from the source terminal are equal.

Then, the distance is obtained using the one terminal data as described in the following

equation. Details are shown in Appendix B.

=
( ( )∗ )( ( )∗ ) (5-10)

Where:-

: Distance to the fault point

: Voltage of source terminal

: Current of source terminal

: Voltage of fault point

: Fault current

: Voltage difference between pre-fault and after-fault voltage.
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: Current difference between pre-fault and after-fault (fault component current):Fault current from S-terminal

: Surge impedance

: Transmission line impedance per unit length

: Propagation constant

: Imaginary component

*: conjugate component

In equation (5-10), the effect of the load flow is cancelled by using fault component current

, and the effect of fault resistance is reduced by eliminating fault resistance (appendix B).

In [69], Vatansever and Ozdemir provided in details how to calculate the imaginary

component of the fundamental harmonic of the voltage and current signal using wavelet packet

transform (WPT).  The angle of a complex coefficient in the bands is proportional to the phase

angle of the harmonic θ by using equation (5-11) as follows:

θ + (5-11)

Where:-

: The wavelet coefficients at the level ( j ) and node ( i )

QMF: Quadrature Mirror Filter

Imaginary components of the fundamental harmonics of the voltage or current signal are

calculated as:( ) = (5-12)( ) = (5-13)

Note that, the most critical input to a fault location impedance algorithm is the impedance

data. Be sure to use the impedances, voltages and currents appropriate for the type of fault

detected. For line-to ground faults, line-to-ground quantities are used; and for others, phase-to-
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phase quantities are used. Table (5-6) shows the selected voltage and the selected current for all

type of faults.

Table (5-6): The selected voltages and currents for different fault types

Fault Type

a-g
b-g
c-g

a-b, a-b-g − −
a-c, a-c-g − −

a-b-c, a-b-c-g Same as phase-to-phase faults

Location estimation errors are expressed as percentage of the line length by using equation

(5-14) as follows:

Error = ∗ 100 (5-14)

5.3. Proposed Scheme Description

Figure (5-7) describes the complete features of the proposed overcurrent scheme flowchart

started from Wavelet Packet Transform (WPT) decomposition for current and voltages samples.

The whole process is based on a moving window approach where the 1-cycle window is moved

continuously by one sample. The sampling frequency is chosen to be 6.4kHz (128 samples per

cycle). Constant values are supplied to the relay in the initialization stage (FI, ZI, WI and PI are

counters that signify samples number and, therefore, time periods).

Then, it calculates fundamental root mean square (RMS) for current and voltage as

mentioned before in Section 5.1. Therefore, the relay then checks the fault conditions by:

 Comparing calculated RMS current and its instantaneous trip value, the relay trips

instantaneously if the current value exceeds “x” times the pick-up value for specific short
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period (high set instantaneous overcurrent relay could pick up for one cycle and then drop

out for one or two cycles).

 If the current exceeds the pickup value but less than instantaneous trip value, there is a

possibility of either fault condition occurring or load increasing. In such case, the relay

will utilize the voltage signals to work as voltage controlled overcurrent relay to

discriminate between fault current and full load current. If the voltage is reduced to a

value less than rated voltage, this means a fault case is detected. If not, the residual

current "Ie" (can be calculated as the sum of the three phase currents) will be checked and

used as fault occurrence indicator in case of small voltage variation, such case may occur

in radial distribution system as mentioned before in Section 5.2.1. A time delayed

overcurrent relay element could respond after three cycles (D=384 samples). If short

circuit is occurred the algorithm of fault location is executed (as mentioned before in

section 5.2.4) to estimate fault distance.

 In case of either not exceeding current pickup value, or exceeding pickup value but not

accompanied with simultaneous occurring of either voltage decrease or residual current

increase exceeding their setting values, there is a possibility of either high impedance

fault condition occurring or load increasing. Therefore, the proposed index of absolute

sum of WPT coefficients at node [1, 1] for current is calculated for one cycle period

(Sum_d1). The criteria for the overcurrent relay to initiate a trip signal for HIF detection

is such that the index (Sum_d1) must stay above the threshold level Sth continuously for

three cycles (D samples) as mentioned before in Section 5.2.2. In this regards, an

extensive series of studies has revealed along studied system lines and under non fault

conditions, that results in the optimal settings for Sth is at "73". The setting value of this

threshold is dependent on the power system configuration. The criteria for the proposed

relay to initiate a trip signal for HIF detection case is achieved when the counter "WI",

that signifies the sample number, attains the optimal level setting that is corresponding to

three cycles (D samples).

 Finally, if there was not an HIF fault and still there is a considerable difference between

the calculated RMS current and the stored load current value, that ensures variation in
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generating conditions (as mentioned before in Section 5.2.3). In such case, the scheme

will not change its pick up value unless the new load value is settled at this condition for

3 consecutive cycles period at power frequency.

Figure (5-7): Flow chart of the proposed overcurrent scheme
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CHAPTER (6)

SIMULATION TESTS and RESULTS

6.1. System Under Study

Simulation work was carried out on a radial system shown in Figure (6-1), using ATP program.

Electrical parameters of the radial distribution system are shown in Table (6-1).

Figure (6-1): Configuration of the simulated circuit

It comprises four distribution feeders of different lengths. Each feeder carries loads. The

proposed scheme at feeder F4 is considered as the studied relay. The Current Transform (CT) is

modeled using ideal transformer and non-linear inductor (type-96) as shown in Figure (6-2). It

should be noted that, the response due to CT has been taken into account in the simulation so

that, the signals fed to the proposed scheme performance are quite close to that expected in

reality.
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Figure (6-2): ATP current transform modeling

Table (6-1): Basic parameters of the test distribution system

Voltage Source
Es 66 kV
F 50 Hz
R 7.969 Ω
L 43.811 mH

Transmission Line
R 0.25 (Ω /km)
L 0.994(mH/km)
C 0.0117 (μF/km)

Four lines
L1 40 km
L2 34 km
L3 32 km
L4 36 km

Distribution
Transformers

F 50 Hz
P 100 MVA
VP 66 kV
VS 11 kV
Iron losses 11.52 kW
Copper losses 73.49 kW
r% 4.414p.u
z% 4.4124p.u

Loads

Load1 2.482MVAR,4.483MW
Load2 1.29 MVAR, 3.699MW
Load3 2.482 MVAR,4.483MW
Load4 1.129MVAR,3.699MW

6.2. Testing Proposed Scheme

Performance of the proposed relaying scheme has been thoroughly tested for many times.

The main simulation and analysis cases have been investigated are:
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6.2.1. The Short Circuit Fault Analysis

Short circuit faults simulations are carried out by using resistance and time-controlled

switch. Several different Single Line to Ground faults (SLG) at different locations, different

inception angles (different fault time occurrence) and different fault resistances are carried out.

The results of short circuit fault are shown in Figure (6-3) and Figure (6-4).Figure (6-4c) shows

the residual current for SLG at 29 km from the relay at 0.09sec and fault resistance 0.5Ω.

(a):Current waveform at relaying point (b): Voltage waveform at relaying point

Figure (6-3): Voltage and current for SLG at 5 km from the relay at 0.082sec and fault

resistance 1 Ω

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
-3000

-2000

-1000

0

1000

2000

3000

4000

time (s)

cu
rr

en
t 

(A
)

Ia
Ib
Ic

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
x 104

time (s)

vo
lta

ge
 (

v)

Va
Vb
Vc



86

(a): Current waveform at relaying point (b): Voltage waveform at relaying point

(c): residual Current waveform at relaying point

Figure (6-4): Voltage, current and residual Current for SLG at 29 km from the relay at

0.09sec and fault resistance 0.5Ω

Several internal fault cases with different conditions were carried out for the evaluation of

the proposed scheme effectiveness, and its ability to detect short circuited faults. Figures (6-5)

and Figure (6-6) depicted the proposed relay detection response for different Single Line to

Ground faults (SLG) at different locations, different inception angles (different fault time

occurrence) and different fault resistances. The examined fault currents are ranged in such cases

from small values (less than twice pick up value) to large values (8 times pick up value). As

expected, the relay trips correctly at a time depending on the accurate RMS value of the current

measured using the WPT and according to tripping characteristics.
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L=4km       t=0.07 sec      r=0.5 Ω
time of trip = Instantaneous

L=10km    t=0.07 sec   r=0.5 Ω
time of trip =0.0441 sec

L=13km    t=0.083 sec    r=1 Ω
time of trip =0.076 sec

L=5km    t=0.075sec    r=1 Ω
time of trip =0.025 sec

L=17.5km    t=0.075sec    r=0.5 Ω, time of trip =0.162 sec

Figure (6-5): SLG (AG) internal fault cases at different locations, different time (inception

angles) and different fault resistance ranges from 0.5Ω to 1Ω
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L=20km   t=0.083 sec    r=2 Ω
time of trip =0.1916 sec

L=36km   t=0.09 sec    r=2 Ω
time of trip =0.5948 sec

L=25.5km    t=0.083sec    r=3 Ω
time of trip =0.4969 sec

L=13.5km    t=0.083sec    r=4 Ω
time of trip =0.215 sec

L=10km    t=0.083sec    r=5 Ω
time of trip =0.187 sec

L=30km    t=0.07sec    r=5 Ω
time of trip =0.887 sec

Figure (6-6): SLG (AG) internal fault cases at different locations, different time (inception

angles) and different fault resistance ranges from 2Ω to 5Ω
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6.2.2. Fault Location Analysis

The proposed technique was tested for estimating the location of single-phase-to ground

faults simulated at different locations. The procedure described in Chapter (5) was used for

estimating the locations of such faults.

Calculated values obtained for fault location at different locations are listed in Table (6-2).

Estimation errors, expressed as percentage of the line length, were calculated and also shown in

Table (6-2). The results indicate that the distances of the faults, estimated by the proposed

technique are substantially accurate. These studies were repeated using fault resistances of 1.0

and 5.0 ohms. The distance of the simulated fault locations and the fault locations estimated are

listed in Tables (6-3) and (6-4).

Table (6-2): Fault location estimates for the SLG fault cases when the fault resistance is

0.05 ohm

Fault
type

Fault
distance

(km)

Calculated
distance

(km)

Error

(%)
a-g 3 3.004 0.01
a-g 4.5 4.506 0.01
a-g 9 9.012 0.03
a-g 12.5 12.517 0.04
a-g 17 17.023 0.06
a-g 21 21.029 0.08
a-g 25.5 25.535 0.09
a-g 28 28.039 0.10
a-g 30 30.041 0.11

a-g 32 32.044 0.12
a-g 34 34.0442 0.13
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Table (6-3): Fault location estimates for the SLG fault cases when the fault resistance is 1.0

ohm

Fault
type

Fault
distance

(km)

Calculated
distance

(km)

Error

(%)
a-g 3 3.020 0.05
a-g 4.5 4.568 0.18
a-g 9 9.127 0.35
a-g 12.5 12.676 0.47
a-g 17 17.240 0.66
a-g 21 21.300 0.83
a-g 25.5 25.870 1.02
a-g 28 28.410 1.13
a-g 30 30.443 1.23
a-g 32 32.477 1.32
a-g 34 34.493 1.45

Table (6-4): Fault location estimates for the SLG fault cases when the fault resistance is 5.0

ohm

Fault
type

Fault
distance

(km)

Calculated
distance

(km)

Error

(%)
a-g 3 3.150 0.44
a-g 4.5 4.809 0.85
a-g 9 9.578 1.60
a-g 12.5 13.293 2.13
a-g 17 18.080 3.00
a-g 21 22.343 3.72
a-g 25.5 27.150 4.47
a-g 28 29.825 5.00
a-g 30 31.967 5.44
a-g 32 34.111 5.86
a-g 34 36.232 6.56

6.2.3. High Impedance Fault Detection

A simplified 2-diode model is used in the simulation. The circuit of the HIFs model is

shown in Figure (6-7). This HIF model is based on arcing in sandy soil. The model includes two
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DC sources, Vp and Vn, which represent the arcing voltage of air in soil and or between trees

and the line. Two resistances, Rp and Rn, between diodes and DC voltages represent the

resistance of trees and/or the earth resistance. In order to simulate asymmetric current, different

values of Rp and Rn are used. When the line voltage is greater than the positive DC voltage Vp,

the fault current starts flowing towards the ground. The fault current reverses backward from the

ground when the line voltage is less than the negative DC voltage Vn. In case the line voltage is

in between Vp and Vn, line voltage is counter-balanced by Vp or Vn so that no fault current

flows. The typical fault voltage and current for HIF at 4 km from the relay at 0.06sec are shown

in Figure (6-8)[43].

Figure (6-7) Simplified 2-diode fault models of high impedance faults (HIF)

(a): Current waveform at relaying point (b): Voltage waveform at relaying point

Figure (6-8): Voltage and current for HIF at 4 km from the relay at 0.06sec

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
-250

-200

-150

-100

-50

0

50

100

150

200

250

time (s)

cu
rr

en
t i

a 
(A

)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
x 10

4

time (s)

vo
lta

ge
 v

a 
(V

)



92

Using the simulation of high impedance faults with different operating and fault

conditions, the WPT coefficients content in the fault current will be measured to study its

behavior under the fault condition. The proposed index of absolute sum of the WPT coefficients

at node [1, 1] for current is calculated for one cycle period (Sum_d1). The criteria for the

overcurrent relay to initiate a trip signal for HIF detection is such that the index (Sum_d1) must

stay above the threshold level Sth continuously for three cycles.

The WPT coefficients analysis in case of different high impedance faults at different fault

locations (1km, 8km, 10km, 16km, 25km, 29km and 33km), will be shown in Figure (6-9) and

Figure (6-10).The analysis showed that the index “Sum_d1" has values greater than the selected

threshold at different locations; this means that the selected index has acceptable behavior in

detecting HIF.

(a) (b)

(c) (d)
Figure (6-9): Behavior of index " Sum_d1" under HIF at different fault location ranges from 1km

to 15km, (a) 1km from relay, (b) 4km from relay, (c) 8km from relay, (d) 10km from the relay
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(a) (b)

(c) (d)

Figure (6-10): Behavior of index " Sum_d1" under HIF at different fault location ranges from

15km to 36km, (a) 16km from relay, (b) 25km from relay, (c) 29km from relay, (d) 33km from

the relay

The proposed scheme has also been tested for ensuring blocking operations during similar

situations to HIFs, therefore, four different situations are considered:

1) Capacitor switching (in)

2) Capacitor switching (out)

3) Load switching

4) No load line switching.

The WPT coefficients analysis at these four different situations is shown in Figure (6-11).
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The analysis showed that the index “Sum_d1” exceeds the selected threshold in such

cases, however the time period does not reach the setting value that ensure tripping blocking in

such cases. This means that the selected index and time period have acceptable behavior in

detecting HIF in comparison with other similar situations.

(a) (b)

(c) (d)

Figure (6-11): Behavior of index "Sum_d1" under different situations

(a): Capacitor switching (in), (b): Capacitor switching (out), (c): Load switching,

(d): No load line switching
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6.2.4. Normal Load Changing and Changing the Pick-up Value Adaptively

Figures (6-12a, 6-12b, 6-12c, and 6-12d) show the relay current, voltage, residual current

waveforms at relaying point and proposed index “Sum_d1”, respectively for normal load

changing case. It is clear that there is no significant change in voltage, residual current; moreover

no detection for HIF is achieved as the proposed index value does not stay above the threshold

level for more than three cycles (setting value for counter PI). It’s evident from scheme

performance that the significant change in RMS current value is correctly interpreted as load

increasing, and therefore the pickup value will be changed to a new value when the new load

value is settled at this condition for at least three cycles (setting value for counter PI).

(a) (b)

(c) (d)
Figure (6-12): Load changing case

(a): Current signal, (b): Voltage signal, (c): Residual current, (d): Sum_d1 index behavior
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6.3. Summary

Performance of the proposed relaying scheme is tested for very long times. The main

investigated tested cases are:

 Cases I: Different internal short circuit fault conditions,

 Cases II: Fault location analysis

 Cases III: Different High Impedance Faults and similar non fault situations,

 Cases IV: Normal load changing and changing the pick-up value adaptively.

The studies show that the proposed relaying scheme is accurate. Moreover, the proposed

scheme is simple, and fast. It could be used for updating, improving, and refurbishing of the existing

overcurrent relays.
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CHAPTER (7)

PROPOSED DIRECTIONAL OVERCURRENT PROTECTION

for SERIES COMPENSATED LINE

Series compensated lines represent challenges for directional, distance, and differential

elements because the transient response of the series capacitor is not readily predictable.

Therefore, another application for the proposed scheme is the directional overcurrent backup

protection for series compensated lines. This application has the same methodology of using

Wavelet Packet Transform (WPT) to estimate the proper value for RMS fundamental, and hence

calculate trip time accurately even that the signals have been contaminated with other harmonics,

subharmonics or interharmonics.

Characteristics of the proposed scheme are fully analyzed by extensive ATP/EMTP

simulation studies that clearly reveal that the proposed scheme has an efficient performance

insensitive for the variation of the different fault conditions that may occur in double ended

transmission lines with series capacitors at the middle of the line.

7.1. Series Compensated Line Protection Challenges

The line reactance changes and the subharmonic frequency oscillations caused by the series

capacitors may affect the line protective relays. Series capacitors can also generate high

frequency transients; however the analog and digital filters in microprocessor-based relays

attenuate all high-frequency components resulting in very little effect on most modern relays

[74]. The problems that considered series compensated line protection challenges are

summarized in the following subsections:

7.1.1. Voltage Reversals

A voltage reversal will occur for a fault near a series capacitor when the impedance from the

potential location to the fault is capacitive rather than the inductive value normally encountered

in an uncompensated system. As a result, the voltage applied to a relay at the potential location

will be shifted approximately 180˚ degrees from what can be considered in the normal position.
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Since the simple distance function is designed to work properly on an inductive system, the

voltage reversal will have an effect on the performance of the function of distance protection

[75].

7.1.2. Current Reversals

It is said to be occurred when the current appears to be entering at one end of the line and

leaving at the other, just as what would occur during external faults. This may be an impractical

condition for a bolted fault since the large fault current would insure rapid bypassing of the

capacitors. However, in the case of faults with large fault resistance, the fault impedance can

reduce the fault current below the bypass level [75], so current reversals lead to an error

occurrence in distance protection.

7.1.3. Subsynchronous Frequencies

Capacitor will introduce a subsynchronous frequency which is dependent on the capacitor and

system parameters. The natural frequency is proportional to the degree of compensation and is

inversely proportional to the source impedance ratio and the fault location. Higher frequencies

occur when the fault is close to the relay. The higher frequencies will not be as critical for close

in faults since the capacitor Metal Oxide Varistor (MOV) will typically short the capacitor for

these cases. However, when a fault occurs near the end of the line the lower frequency

components will cause the impedance estimate to oscillate [76], so subsynchronous frequencies

lead to an error occurrence in distance protection.

7.1.4. Subharmonics

The series combination of the capacitor and the inductance of the system sets up a series

resonant circuit, the natural frequency of it (neglecting resistance), can be calculated by:= √ = (7-1)

Where: F is the power system frequency and X is the total system reactance. Since is typically

in the range of 0.25 to 0.75, F will be a subharmonic of the power frequency. Any system

disturbance, including faults, insertion of the capacitor, switching of any series element, etc., will
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result in the excitation of the system at the subharmonic frequency which in turn can give rise to

transient currents. These transients are typically damped out after a few cycles, but may last

significantly longer [75].

7.2. Main Features of Proposed Directional Overcurrent Relay

The scheme presented herein has some required features to ensure effective backup protection

as follows:

 Adaptive relay is proposed that modifies the pickup current as a function of load current

to avoid false trip as mentioned before in Section 5.2.3 and ensure detecting short circuits

faults within wide variation in generating conditions.

 Detecting High-Impedance Faults (HIFs) with low voltage and current dependent as

mentioned before in Section 5.2.2. The only difference is that the sum value of the

detailed (node [1, 1]) output (Sumv_d1) is for voltage signal not for current signal.

7.3. Description of Proposed Directional Overcurrent Protection Scheme

The flowchart shown in Figure (7-1) describes the complete features of the application of the

proposed scheme as a directional overcurrent backup protection for series compensated lines.

The whole process is based on a moving window approach where the 2-cycles window is

moved continuously by one sample (128 samples per cycle). Then, the fundamental Root Mean

Square (RMS) for current and voltage are calculated (as mentioned before in Section 5.1).

Therefore, the relay then checks the fault conditions by:

 Comparing calculated RMS current and its instantaneous trip value, the relay trips

instantaneously if the current value exceeds “x” times the pick-up value for specific short

period and moreover the direction to fault is detected by comparing the phase angle

relationship of the phase current to polarization voltage (Pd> Sd1th).

 If the current exceeds the pickup value but less than instantaneous trip value, there is a

possibility of either fault condition occurring or load increasing. In such case, the relay will

utilize voltage signal to work as voltage controlled overcurrent relay to discriminate between

fault current and full load current. If the voltage is reduced to a value less than rated voltage
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and a forward fault direction is also detected (Pd>Sd1th) this means a fault case is detected. A

time delayed overcurrent relay element could respond after three cycles (D=384 samples).

 In case of either not exceeding current pickup value, or exceeding pickup value but not

accompanied with simultaneous occurring of either voltage decrease, there is a possibility of

either high impedance fault condition occurring or load increasing. Therefore, the proposed

index of absolute sum of WPT coefficients at node [1, 1] for voltage is calculated for one

cycle period (Sumv_d1). The criteria for the overcurrent relay to initiate a trip signal for HIF

detection is such that the index (Sumv_d1) must stay above the threshold level Sv2th

continuously for three cycles (D=384 samples). In this respect, an extensive series of studies

has revealed along studied system lines under non fault conditions, that result in the optimal

settings for Sv2th at "10". The setting value of this threshold is dependent on the power

system configuration. The criteria for the proposed relay to initiate a trip signal for HIF

detection case is achieved when the counter "WI", that signifies the sample number, attains

the optimal level setting that corresponding to three cycles.

 Finally, if there is not an HIF fault and still there is a considerable difference between the

calculated RMS current and the stored load current value, this ensures variation in generating

conditions. In such case, the scheme will not change its pick up value unless the new load

value is settled at this condition for 3 consecutive cycles.
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Figure(7-1): Flow chart of the proposed directional overcurrent backup protection for series

compensated line

7.4. Series Compensated Line Under Study

Simulation studies using ATP/EMTP on the case study tested of the configuration system

shown in Figure (7-2) are carried out. The tested power network contains the 400 kV, 300 km
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transmission line, compensated with a three-phase bank of series capacitors installed at the mid-

line. The compensation rate was assumed 70%. MOVs are installed in parallel to series

capacitors and modeled as nonlinear resistors, its parameters are given in Table (7-1) [77].

Figure (7-2): Single line diagram of tested 400 kV double ended series compensated line

Table (7-1): Parameters of the tested series compensated transmission system

System voltage 400 kV

Equivalent system
at terminal A

(φ=0°)

Z1SA (0.656+j7.5) Ω

Z0SA (1.167+j11.25) Ω

Equivalent system
at terminal B

(φ= –15°)

Z1SB (1.31+j15) Ω

Z0SB (2.33+j26.6) Ω

Line AB

Line length 300 km
Z1 (0.028+j0.315) Ω/km
Z0 (0.275+j1.027) Ω/km
C1 13.0 nF/km
C0 8.5 nF/km

Series
compensation

Series capacitors 0.70 X1L

Position of
the compensating bank

0.5 p.u.

MOV
characteristic:=

p 1 kA
VREF 150 kV

q 23
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7.5. Testing Proposed Scheme

The performance of the proposed relaying scheme has been tested for many times. The main

tested cases that had been investigated are: different internal short circuit fault conditions,

different High Impedance Faults (HIFs) versus similar non fault situations, and normal load

changing and changing the pick-up value adaptively.

7.5.1. Different Internal Short Circuit Fault Conditions

Several internal fault cases with different conditions were carried out for the evaluation of the

proposed scheme effectiveness and its ability to detect short circuited faults. Figure (7-3)

depicted the proposed relay detection response for cases of different single Line to Ground Faults

(SLG) at different locations, different inception angles (different fault time occurrence) and

different fault resistances. The examined fault currents are ranged in such cases from small

values (less than twice pick up value) to large values (8 times pick up value). As expected, the

relay trips correctly at a time depending on the accurate RMS value of current measured using

WPT and according to tripping characteristics.

L=10km       t=0.09 sec      r=0.5 Ω
time of trip = Instantaneous

L=130km    t=0.08 sec    r=2 Ω
time of trip =0.2108 sec
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L=150km(before Xc)   t=0.08 sec    r=2 Ω
time of trip =0.3721 sec

L=150(after Xc)km    t=0.09sec    r=1 Ω
time of trip =0.1810 sec

L=190km    t=0.09 sec   r=1 Ω
time of trip =0.1208 sec

L=225km   t=0.095 sec    r=2 Ω
time of trip =0.2454sec

Figure (7-3): SLG (AG) internal fault cases at different locations, different time (inception

angles) and different fault resistance

7.5.2. Different High Impedance Faults (HIFs) and Similar Non Fault Situations

Modeling high impedance fault mentioned before in Section 6.2.3.The typical fault voltage

and current for HIF at 80 km from the relay at 0.095sec are shown in Figure (7-4).
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(a): Current waveform at relaying point (b): Voltage waveform at relaying point
Figure (7-4): Voltage and current for HIF at 80 km from the relay at 0.095sec

Several different cases have been considered to realize whether the proposed approach has the

ability to discriminate HIFs from similar situations or not. The examined HIFs currents in such

cases are ranged from 70% to 90% of the pickup value. It’s evident that for these cases, RMS

values do not have large significant change before and after the fault and therefore not suitable

for detecting this type of faults. However the faulted phase voltage waveform is significantly

distorted and this distortion is directly attributed to the highly non-linear nature of the fault arc.

Figure (7-5) depicted the proposed relay response by tracing the behavior of the proposed

index Sumv_d1 for such faults at different locations. As obviously shown, proposed index value

stays above the threshold level for more than three cycles (setting value for counter WI) that

ensure correct tripping in such case.
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(a) (b)

(c) (d)

(e) (f)

Figure (7-5): Behavior of index " Sumv_d1" under HIF at different fault location

(a) 10 km from relay, (b) 80 km from relay, (c) 150(after) km from the relay, (d)

150(before) km from relay, (e) 200 km from relay, (f) 260 km from the relay
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The proposed scheme has also been tested for ensuring blocking operations during similar

situations to HIFs. Therefore, two different situations are considered: switching off- operation,

and switching on- operation. According to Figures (7-6), index Sumv_d1 exceeds the selected

threshold in such cases, however the counter WI does not reach the setting value that ensures

tripping blocking in such cases. This means that, the selected index and counter have acceptable

behavior in detecting HIF in comparison with other similar situations.

(a) (b)

Figure (7-6): Behavior of index "Sumv_d1" under different situations

(a): switching off- operation, (b):  switching on- operation

7.5.3. Normal Load Changing and Changing The Pick-up Value Adaptively

If there was not a fault and still there is a considerable difference between the actual current

and the store value of the load, then there is a change in the load, so pickup value will be

changed to a new value when the new load value is settled at this condition for at least three

cycles (setting value for counter PI).It is important to mention that the scheme will enter this

routine only if there is no fault.

7.6. Summary

This chapter introduced the application of the proposed adaptive backup relaying scheme for

series compensated lines using WPT. The technique presented herein has a number of distinct

advantages over other traditional directional overcurrent detection techniques.

0 0.05 0.1 0.15 0.2 0.25
0

5

10

15

20

25

30

35

40

time (S)

su
m

 d
1

sum d1
Sth

0 0.05 0.1 0.15 0.2 0.25
0

5

10

15

20

25

30

35

40

time (S)

su
m

 d
1

sum d1
Sth



108

 It changes its characteristics as well as, its pickup value on adaptive basis.

 It can distinguish between fault cases and nonfault cases.

 It detects nonlinear High Impedance Faults (HIFs) effectively.
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CHAPTER (8)

CONCLUSIONS

During thesis work, a scheme for improving overcurrent relays performance using the

WPT is proposed. An algorithm based on WPT was developed to extract the fundamental

content in a waveform with high accuracy. The developed WPT algorithm is used to analyze the

current signal of all studied cases. The harmonics content changing characteristics were studied

in each case. It was found that this change has a soul signature, which can be used to detect High

Impedance Fault (HIF) and discriminate between it and other operating conditions. Extensive,

long and different cases are simulated for testing the proposed technique with short circuit faults

and HIFs.

8.1. Conclusions

- An algorithm based on the WPT was developed to measure the fundamental RMS

content in waveforms with high accuracy. This helps to get results from wavelet analysis

in more familiar form (than Wavelet traditional details and approximations) which could

easily be used in programming process of numerical protection relays.

- The proposed protection technique in radial distribution systems using the WPT, shown

in Figure (5-7), illustrates how it can detect short circuit faults, high impedance faults and

discriminate between them and other transient conditions such as capacitor switching

(in), capacitor switching (out), load switching and no load line switching.

- Another application for the proposed scheme as an adaptive backup protection for series

compensated lines is also achieved as shown in Figure (7-1).This application has the

same methodology of using wavelet packet transform (WPT).

- The High Impedance Fault (HIF) is accurately detected using the proposed algorithm.
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- A technique for fault location in radial distribution systems depends on fundamental

frequency voltages and currents measured at a line terminal before and during the fault

are accurately implemented in the proposed scheme.

- The technique presented herein has a number of distinct advantages over other traditional

overcurrent detection techniques:-

 It changes its characteristics as well as, its pickup value on adaptive basis.

 It can distinguish between fault cases and nonfault cases.

 It detects nonlinear High Impedance Faults (HIFs) effectively.

 It detects fault locations of short circuit faults in radial distribution systems

with accepted and reasonable practical accuracy.

8.2. Future Work

A set of suggestions may be presented here as a continuation of the research in this area

which has been observed throughout this work. Such suggestions may be summarized in the

following points:

1) Evaluating the proposed scheme using real field data.

2) Studying the capabilities of the proposed WPT algorithm for RMS measurements in

distance and differential protection algorithms.

3) More complex configuration systems such as parallel lines and teed circuits need to be

investigated for the proposed detection schemes.

4) Improving the results for fault location under series compensated line and nonlinear high

impedance faults.

5) Building mathematical models for the study cases.
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APPENDIX A

WAVELAB TOOLBOX

WaveLab is a collection of Matlab functions that have been used by the authors and

collaborators to implement a variety of algorithms related to wavelet analysis. WaveLab is a

library of MATLAB routines for wavelet analysis, wavelet- packet analysis, cosine-packet

analysis, and matching pursuit. The library is available free of charge over the Internet. Versions

are provided for Macintosh, UNIX and Windows IBM machines. WaveLab has over 1200 files,

which are documented, indexed and cross-referenced in various ways.

It can be downloaded free from the following link:

http://www-stat.stanford.edu/~wavelab/
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APPENDIX B

PROCEDURE for ESTIMATING FAULT LOCATIONS

A single phase circuit with a fault as shown in Figure (B-1a) can be separated into two

equivalent circuits: The pre-fault load flow component is shown in Figure (B-1b) and the fault

current component shown is in Figure (B-1c) from the fault point [55]:-

= = ( + ) = ( + ) (B-1)

and are expressed using values which can be observed from the S-terminal (source

terminal).

(a) A single phase circuit with

a fault

(b) load flow Component (c) Fault Component

Figure (B-1): Two equivalent circuits for a fault

= cosh( ) − sinh ( )
(B-2)

= sinh( ) − cosh( )
Where:-

: Distance to the fault point

: Voltage of source terminal

: Current of source terminal
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: Voltage of fault point

: Fault current

: Fault point current from S-terminal

: Fault point current from R-terminal (receiving terminal)

: Voltage difference between pre-fault and after-fault voltage.: Current difference between pre-fault and after-fault (fault component current)

: Fault current from S-terminal

: Fault current from R-terminal

: Fault resistance

: Surge impedance

: Transmission line impedance per unit length

: Propagation constant

: Imaginary component

Fault current is expressed by the following equation using .

= ∗ ɉ
(B-3)ɉ = ɟ ∗ Ө , Ө =

Equations (B-1) (B-2) (B-3) give the following equation:-

- tanh( ) + ( / tanh( ) - ) ɟ ∗ Ө = 0 (B-4)

From (B-4), ɟ can be eliminated results in:-

Im − tanh( ) ( / tanh( ) − ) ∗ Ө = 0 (B-5)
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Where:-

*: conjugate component

In (B-5), unknown values are Ө and x. When Ө is given, then the distance to the fault point

x can be obtained. Ө is a value which represents a phase angle difference between the fault

currents from the S- and R-terminal. Its value is expected to be zero or near zero. In (B-5),

replacing Ө by zero, and using the next approximation (B-6), x can be solved by (B-7):-

tanh ( )=

(B-6)/ tanh ( )<<

=
( ( ′′)∗)( ( ′′)∗) (B-7)

Where:-

Z = : Impedance per unit length.
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ث

ملخص الرسالة
عندما تتعرض الى قصر او الكھربیةجزء من عناصر القوى أيھو ازالھ الكھربیةللقوى الوقایة وظیفھ نظام 

ضد زیاده التیار من اكثر الحمایةوبذلك یعتبر جھاز , قد تسبب ضرراالتيالشاذةشكال شكل من االبأيالبدء 

فيوقایةكل منطقھ فيواالحتیاطیةاالبتدائیةالمرحلتین فيقد تستخدم التيالوقایةالكھربیةنظم فياستخداما األجھزة

.الكھربيالنظام

االولى التوافقیةفيللعمل ایكون مصممالوقایةجھاز عطال حیث انألنظرا لوجود التوافقیات عند حدوث ا

)fundamental (اعطال وایضا عند حدوث , اثناء عملھالوقایةن ذلك سوف یؤدى الى حدوث اخطاء لجھاز إفقط ف

فيالوقایةجھاز كما یْودى الى فشلغیر خطیھ یكون احیانا تیار العطل مساوى تماما لتیار الحمل عالیةذات مقاومھ 

.تحدید ذلك النوع من االعطال

داه فعالھ أوسیلھ و) Wavelet Packet Transform(باستخدام تقنیة حزمة المویجةتعتبر تقنیھ تحلیل الموجھ 

لقدرتھا على التعامل مع وذلك یرجع . الكھربیةمجال القوى فيالعابرةمجال تحلیل  الظواھر فيوجدیده نسبیا 

وھذا على خالف , بداللھ كال من الزمن والترددمفیدةوتحلیل االشارات واستخراج معلومات العابرةاالضطرابات 

تقوم بالتحلیل واستخراج المعلومات بداللھ التردد فقط التيالتقلیدیة) Fourier Transform(طریقھ تحلیل فورییر

.ھتحالھ االضطرابات الغیر ثابفي

الموجودة) RMS(الفعالة  لتحلیل الموجات وحساب القیمة) WPT(تم تصمیم برنامج اعتمادا على تقنیھ المویجة 

.وتمیز االعطال وبالتالي یمكن استخدامھ كإضافةألجھزة الوقایة ضد زیاده التیاروأیضا اكتشاف.في ھذه الموجات

یتم اختبار النظام لنینظامین كھربائیةلنمذج) ATP(العابرةاالضطراباتاستخدام برنامج خالل الرسالةتم

ابتدائيةھاز وقایضد زیاده التیار كجةیستخدم جھاز الوقایالتي تم اختبارھما احد النظامینن أحیث امالمقترح علیھ

ةنمذجایضا تم كما.احتیاطي لنظام الوقایة المسافیةوقایةضد زیاده التیار كجھاز ةیستخدم جھاز الوقایوالنظام االخر

ضد المقترحالوقایةاداء جھاز دراسةومن ثم تم وبالتاليعالیةبدقھ ) HIFs(غیر خطیھعالیةاعطال ذات مقاومھ 

قصر ومنھا عند حدوث اعطال ذات حاالتومنھا عند حدوثالعادیةمنھا مختلفةحاالت تشغیل فيه التیار زیاد

.یضا عند خروج الحمللحمل وألةالطبیعیةزیادالغیر خطیھ ومنھا عند عالیةمقاومھ 

فياختبارھماالذین تم ینیالكھربائینتم الحصول علیھا من تحلیل التیار والجھد للنظامالتياعتمادا على النتائج 

-:یأتيتم تقدیم تقنیھ قادره على ما ةباستخدام البرنامج المطور المبنى على تقنیھ المویجالمختلفةالحاالت 

.أوتوماتیكیااعتمادا على تیار الحمل الوقایةجھاز قیم ضبطیریتغ-أ

.وحاالت حدوث اعطالالعادیةبین حاالت التشغیل التمییز - ب

.خطیھالغیر عالیةالالمقاومةاكتشاف االعطال ذات - ت

.قبولةمبدقة الخطیةنظمھ التوزیع أيفحاالت القصرفيتحدید مكان العطل - ث



ج

:باالضافة الى المراجعوملحقینأبوابةثمانیمنالرسالةھذهتتكون

-:األولالباب

فيالكتشاف االعطال الملحةوالحاجھ , ضد زیاده التیارالوقایةلجھاز البالغةاألھمیةح یتوضالمقدمةتضمن ت

. المبكرةمراحلھا 

-:الثانيالباب

الى باإلضافةو نظریھ تشغیلھ ضد زیاده التیار من حیث التصنیف واالستخدام الوقایةلجھاز تفصیليیتناول شرح 

.ھاللحالمتاحةواسبابھا والطرق , الوقایةثر على جھاز ؤْ قد تالتيالمختلفةاالعطال 

-:الثالثالباب

وایضا یتضمن نبذه مختصره , )HIF(غیر خطیھالعالیةالةمقاومالاتطال ذعم نبذه مختصره عن كیفیھ تحدیداألیقد

.حاالت القصرفيكن االعطال اماعن كیفیھ تحدید العالمیةمن خالصھ الخبرات 

- :الرابعالباب

Wavelet Packet(المویجةتقنیةیستعرض Transform(ذو قصر او حدوث عطل حدوثتشافكالالمستخدمة

.التقلیدي) Fourier Transform(فورییرتحلیلعنتمتازبھوما)HIF(غیر خطیھعالیةمقاومھ 

-:الخامسالباب

االعطال وتحدید الكتشافالطریقة المقترحةیتم شرحوایضا .)RMS(الفعالةالقیمةلحسابالمقترح برنامجالیقدم 

.المقترحةالوقایةضد زیاده التیار مع عرض لتقنیھ الوقایةاماكنھا باستخدام جھاز 

- :السادسالباب

وایضا نتائج , التقلیدیةناء حاالت التشغیل ثاء النظام ادراسةأدوتم . نظام توزیع حقیقيومحاكاهدراسةیستعرض 

.كل حالھة فيتطبیق تقنیھ المویج

-:السابعالباب

حالھ استخدامھ كجھاز فيضد زیاده التیارالوقایةاالعطال باستخدام جھاز الكتشافیقدم شرح الطریقة المقترحة

Series(التى تم تعویضھا بمكثفات متوالیةالعاليالجھد خطوط فياحتیاطيةوقای Compensated Line ( مع

وایضا نتائج , ةوغیر التقلیدیالتقلیدیةناء حاالت التشغیل ثالنظام ااء دراسة أدوتم . الوقایة المقترحةعرض لتقنیھ 

.كل حالھة فيتطبیق تقنیھ المویج

-:ثامنالالباب

.االتجاهھذا يفالمقترحةالمستقبليالت البحث االتوصیات ومج, الدراسةیتضمن خالصھ 

- :األولالملحق

)Wavelab TOOLBOX(ـلمختصر تعریفن یتضم

- :الثانيالملحق 

Takagi(حاالت القصرفيلطریقھ تحدید مكان االعطال تفصیليیحتوى على شرح  algorithm( والمستخدمة فى

.النظام المقترح


