Investigation into Methods of Reducing the Blocking Time of Differential Protection During Inrush Conditions



CHAPTER 1
 INTRODUCTION
Three characteristics generally provide means for detecting transformer internal faults. These characteristics include an increase in phase currents, an increase in the differential current, and gas formation. When transformer internal faults occur, immediate disconnection of the faulted transformer is necessary to avoid extensive damage and preserve power system stability. Three types of protection are normally used to detect these faults: overcurrent protection for phase currents, differential protection for differential currents, and gas accumulator for arcing faults.
Overcurrent protection with fuses or relays provided the first type of transformer fault protection. Transformer differential protection is one of the most reliable and popular technique for protecting large power transformers. The percentage differential principle was applied to transformer protection to improve the security of differential protection for external faults with CT saturation.

Differential relays are prone to maloperation in the presence of transformer inrush currents. Inrush currents result from transients in transformer magnetic flux [10]. The first solution to this problem was to introduce an intentional time delay in the differential relay. Another proposal was to desensitize the relay for a given time, to overcome the inrush condition [15], [16]. Others suggested adding a voltage signal to restrain [4] or to supervise the differential relay [18].

This research focused primarily on methods of reducing the blocking time of differential protection during inrush. These methods included adjusting the slope of the differential characteristics, adjustment of restraining current, and evaluation of current transformers during saturation. 

1.1. Motivation for this work.
This work was motivated by the need to reduce the blocking time of differential protection during inrush conditions. This is following a number of questions that arise while applying differential relays for transformer protection. Protection of large power transformers is a very challenging problem in power system relaying. Large transformers are a class of very expensive and vital components of electric power systems. Since it is very important to minimize the frequency and duration of unwanted outages, there is a high demand imposed on power transformer protective relays; this includes the requirements of dependability associated with maloperation, security associated with no false tripping, and operating speed associated with short fault clearing time [1]. 

Discrimination between an internal fault and a magnetizing inrush current has long been recognized as a challenging power transformer problem [1]. This research will analyze the problem and its effect on transformer differential protection. First, the research will review the concept of transformer differential protection and then analyze magnetizing inrush, overexcitation and current transformer saturation phenomena as possible causes of relay maloperation. Since magnetizing inrush current generally contains a large second harmonic component in comparison to an internal fault, conventional transformer protection systems are designed to restrain during inrush transient phenomena by sensing this large second harmonic. However, the second harmonic component may also be generated during internal faults in the power transformer [2]. This may be due to CT saturation, presence of shunt capacitance, or the capacitance in long extra high voltage transmission lines to which the transformer may be connected.
The magnitude of the second harmonic in an internal fault current can be close to or greater than that present in the magnetizing inrush current [1]. The second harmonic components in the magnetizing inrush currents tend to be relatively small in modern large power transformers because of the improvements in the power transformer core material. The commonly employed conventional differential protection technique based on the second harmonic restraint will have difficulty in distinguishing between an internal fault and an inrush current thereby threatening transformer stability [1].
Transformer overexcitation is another possible cause of power transformer relay mal-operation. The magnetic flux inside the transformer core is directly proportional to the applied voltage and inversely proportional to the system frequency [3]. Overvoltage and/or underfrequency conditions can produce flux levels that saturate the transformer core. These abnormal operating conditions can exist in any part of the power system, so any transformer may be exposed to overexcitation. Transformer overexcitation causes transformer heating and increase exciting current, noise, and vibration [3]. Though it is difficult, with differential protection, to control the amount of overexcitation that a transformer can tolerate, transformer differential protection tripping for an overexcitation condition is not desirable. 

1.2

Problem Statement

The basic problems of transformer differential relaying from the perspective of magnetizing inrush, overexcitation of the core, internal and external faults are reviewed in the context of measurements, security, dependability and speed of operation. This research project investigates methods of reducing the blocking time of differential protection during inrush conditions.

1.2.1
Inrush Current

Inrush current refers to the large amount of current that sometimes occur upon energizing a transformer. Typically, for steady-state operation, transformer magnetization current is slightly less than 5% of the rated current [3]. However, at the time of energisation, this current may reach 20 times the normal rated current before quickly damping out and returning to steady state [3]. This damping effect typically takes less than twelve cycles. 

The practical inrush current magnitudes can range from 0.05 to 20 pu, depending on the point on wave of energisation, as well as the residual flux in the transformer core. 
1.2.2
 Residual Flux 

A typical resistive circuit has no memory[3]. The state of the circuit upon de-energisation has no effect on the state of the circuit upon re-energisation, assuming that the circuit is not damaged in the process. On the other hand, this does not hold for a transformer, or inductor wound on a ferromagnetic core. 

Upon transformer de-energisation, the core remains permanently magnetized due to the hysteretic properties of the materials used. The transformer has a residual magnetic flux, the magnitude of which is influenced by the transformer’s specific properties such as winding capacitance and core gap factor [1]. This residual flux is mostly determined by the opening angle, the point on the incoming voltage sine wave at which the transformer was previously de-energized. Non-linear and complex relationships between these and other factors make the residual flux hard to predict, and in most cases, it would be easier to measure. 
1.3. Research Outline

In Chapter 1, the subject and organization of the research are described. The motivation of the work and the problem statement of the research are presented. Some background on transformer differential protection during inrush conditions is also presented. 

In Chapter 2, an overview of power system protection and protection philosophy is presented. In this chapter the protection of power transformers with differential relays is discussed. Percentage restraint differential relays are introduced. Finally, the protection of power transformers with differential relays is presented.

In Chapter 3, simulation of a transformer as applied to differential protection is presented. Simulations with transformer models are carried out using both theoretical and actual transformer values. 

In Chapter 4, simulations of current transformers as applied to differential protection are described. Current transformers generally produce negligible distortion under symmetrical conditions but can become severely distorted under inrush conditions. Simulations with current transformer models under different system conditions are presented.

Chapter 5, simulations of differential relays as applied to differential protection are presented. Simulations are carried out to set and adjust harmonic restrained differential relay to overcome the effects of the presence of inrush current on a power transformer. C 

Chapter 6, field case investigations of transformer maloperation are discussed.
Chapter 7, discussion and conclusion of the research are presented.
CHAPTER 2
POWER SYSTEM PROTECTION
2.0
Introduction

Differential protection is one of the most reliable and popular techniques in power system protection. Differential protection compares the currents that enter with the currents that leave a zone. If the net sum of the currents that enter and the currents that leave a protection zone is zero, it is concluded that there is no fault in the protection zone. However, if the net sum is not zero, the differential protection concludes that a fault exists in the zone and takes steps to isolate the zone from the rest of the system.

In 1904, British engineers Charles H. Merz and Bernard Price developed the first approach to differential protection. The advantages of the scheme proposed by Merz and Price were soon recognized and the technique has been extensively applied since then [4]. However, it soon became apparent that differential protection operated incorrectly due to inrush currents. Over the years, various methods have been developed to ensure correct operation of differential relays.

2.1
Transformer Differential Protection 
A typical differential protection system is shown in Figure 2.1. Multiple circuits may exist, but the example is sufficient to explain the basic principle of differential protection [2]. It can be observed from Figure 2.1 that the protection zone is delimited by current transformers. Due to its very nature, differential protection does not provide backup protection to other system components. For this reason, differential protection is categorized as a unit protective scheme. The conductors bringing the current from the current transformers to the differential relay are in some situations called pilot wires.
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Figure 2.1:
General Differential Protection Principle
Differential relays perform well for external faults as long as the current transformers reproduce the primary currents correctly [4]. When one of the current transformers saturates, or if both current transformers saturate at different levels, false operating current appears in the differential relay and causes relay maloperation. Some relays use the harmonics caused by the current transformer saturation for added restraint [4].
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Figure 2.2:
Differential relay currents during normal operation or external

Under normal conditions, the current Ip entering the protected unit would be equal to the current leaving it at every instant. Consider current transformer A. The secondary current of current transformer A is equal to
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Equation 2.1
where,

Aα
 is the transformation ratio of current transformer A

IAe
 is the excitation current of current transformer A on the secondary side
For current transformer B, the equation is similar and is as follows.
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Equation 2.2
where,

Bα
 is the transformation ratio of current transformer B

IBe
 I is the excitation current of current transformer B on the secondary side
Assuming equal transformation ratios, Aα =Bα, the relay operation current Iop is given by

Iop = IAe - IBe




Equation 2.3
During normal system operation and during external faults, the relay operating current

Iop is small, but never zero. In the event of a fault in the protection zone, the input current is no longer equal to the output current. The operating current of the differential relay is now the sum of the input currents feeding the fault. 
2.1.1 Percentage restraint differential protection
Percentage differential protection overcomes the problems related with the identification of internal faults while keeping the advantages of the basic differential scheme [1]. In general, the operating current in the differential relay is equal to:
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Equation 2.4
where,

I1, I2 are the currents on the pilot wires of the current transformers

Due to the complexities associated with transformer differential protection, differential relays use a percentage restraint characteristic that compares an operating current with a restraining current. Percentage restraint increases the operate current needed to actuate the relay based on the current flowing through the protected transformer. The restraint setting, or slope, defines the relationship between restraint and operate currents as shown in Figure 2.3 [5]. The operating current, also called the differential current, IOP, can be obtained from the phasor sum of the currents entering the protected element as shown in Equation 2.4.

IOP is proportional to the fault for internal faults and approaches zero for any operating conditions. The differential relay generates a tripping signal if the operating current, IOP, is greater than a percentage of the restraining current, IRT.

IOP ( SLPi.IRT




Equation 2.5
where,

SLPi is the slope of the ith characteristic of the differential relay

2.1.1.1
Calculation of minimum pick up current

The minimum pickup restraint setting, Ip.u (min) adjusts the sensitivity of the relay. In non-numerical relays, the Ip.u(min) was fixed at a typical value of 0.35 of the relay tap [5]. Selecting a lower Ip.u(min) setting needed an increase in the slope setting to maintain a given margin at the knee-point of the differential tripping characteristic. Conversely, it is sometimes necessary to accommodate unmonitored loads in the differential zone. In that case, the Ip.u(min) setting may be higher. A setting of 0.25 per unit of transformer full load rating is recommended for typical installations where no unmonitored load needs to be considered. This value is well above the magnetizing current and provides a safe margin at the knee point of the slope characteristic. 

2.1.1.2
Calculation of desired minimum pickup settings
Typical differential relay operating characteristic is shown in Figure 2.3. The characteristic consists of two slopes, SLP1 and SLP2 and a horizontal straight line defining the relay minimum pickup current, IP.U. The relay operating region is located above the slope characteristic and the restraining region is below the slope characteristic [4].


[image: image3.emf]SLP1

SLP2

Restraining Region

Operating Region

Ipu

Iop

Irt


Figure 2.3:
Differential relay with dual slope characteristics

2.1.2 Transformer Protection Faults
Overcurrent, differential and gas accumulation are three types of protection that are normally applied to protect power transformers.
Overcurrent protection provides the first type of transformer protection, and is used for small transformers. Differential protection replaces overcurrent protection as the main protection for large power transformers. An electric arc in oil decomposes the oil-producing gases. The emission of gas is used in gas accumulator and rate-of-pressure-rise relays to detect internal arcing faults.

2.1.2.1 Types of faults 
Faults can be classified as through faults and internal faults. A through fault is located outside the protection zone of the transformer. The unit protection of the transformer should not operate for through faults. The transformer must be disconnected when such faults occur only when the faults are not cleared by other relays in pre-specified time. Internal faults can be phase-to-phase and phase-to ground faults. These internal faults can be classified into two groups.

Group I: Electrical faults that cause immediate damage but are generally detectable by unbalance of current or voltage. Amongst them are the following:

• Phase-to-earth fault

• Phase-to-phase fault

• Short circuit between turns of high-voltage or low-voltage windings

• Faults to earth on a tertiary winding or short circuit between turns of a tertiary   winding

Group II: These include incipient faults, which are initially minor but cause substantial damage if they are not detected and taken care of. These faults cannot be detected by monitoring currents or voltages at the terminals of the transformer. Incipient faults include the following:

• A poor electrical connection between conductors

• A core fault which causes arcing in oil

• Coolant failure, which causes rise of temperature

• Bad load sharing between transformers in parallel, which can cause overheating due to circulating currents

For a group I fault, the transformer should be isolated as quickly as possible after the occurrence of the fault. The group II faults, though not serious in the incipient stage, may cause major faults in the course of time. Incipient faults should be cleared soon after they are detected.

2.1.2.2 Problems of differential protection applied to power transformers

A number of factors affect adversely the balance of the currents being compared. Some of these factors are as follows [9]:

· Two current transformers do not perform equally, even when they are from the same manufacturer and have the same ratio and type.

· The remnant magnetic fluxes in the cores of two current transformers may not be identical and consequently their excitation currents are not identical.

· The saturation of one of the current transformers affects the waveform and reduces the output of the current transformer. The difference of the outputs of the two current transformers manifests as relay operating current.

· Difference in length of the wiring produces a difference in the resistance of the pilot wires. This difficulty is overcome by connecting adjustable resistors to pilot wires.

· The incoming and outgoing sides of a power transformer have different voltage and current levels. For this reason, the ratios of current transformers used on the two sides of a differential protection must be different.

· The power transformer connection produces a phase displacement from the primary voltages and currents to the secondary voltages and currents. The delta-wye connection, the most common of transformer connections, produces a 30 degree displacement. This phase mismatch can also be corrected by the software of numerical relays.

2.2
Magnetizing Inrush

When a transformer is initially energized, there is a substantial amount of current through the primary winding called inrush currents. The rate of change of instantaneous flux in a transformer core is proportional to instantaneous voltage drop across the primary winding []. As will be discussed in chapter 3, the voltage of the transformer is a derivative of the flux, and the flux is the integral of the voltage. In a normal operation, the voltage and the flux are phase-shifted by 90 as shown in figure 2.4.
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Figure 2.4
Voltage, Magnetic Flux and Current Waveforms
When the transformer is energized at the moment in time when the instantaneous voltage is at zero, the flux and current build up to their maximum level as shown in figure 2.5.
In a transformer that has been sitting idle, both the magnetic flux and the winding current should start at zero. When the magnetic flux increases in response to a rising voltage, it will increase from zero upwards. Thus, in a transformer that is energized, the flux will reach approximately twice its normal peak magnitude as shown in figure 2.6
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Figure 2.5
Transformer energised when the voltage is at zero
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Figure 2.6
Transformer energised when the flux is at zero

In an ideal transformer, the magnetizing current would rise to approximately twice its normal peak value [2]. However, most transformers are not designed with enough margins between normal flux peaks and the saturation limits. During saturation, disproportionate amounts of mmf are needed to generate magnetic flux. This means that the winding current, which generates the mmf to cause flux in the core, will disproportionately rise to a value exceeding twice its normal peak as shown in figure 2.7. This is what causes inrush currents in a transformer’s primary winding when energized.
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Figure 2.7
Transformer energised when the voltage is zero (worst)
The magnitude of the inrush current strongly depends on the exact time that electrical connection to the source is made [2]. If the transformer happens to have some residual flux in its core at the moment of energisation, the inrush could even be more severe as shown in Figure 2.8
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Figure 2.8:
Transformer energisation with residual flux [2].
The magnitude of this inrush current can be several times the load current and flows only on one side of the differential relay, which tends to operate if some form of restraint is not provided [10]. Typical second harmonic content of inrush current due to the energisation of a power transformer simulated using Matlab/Simulink is shown in Figure 2.9. Detailed analysis of transformer energisation is carried out in Chapter 3.
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Figure 2.9:
Typical second harmonic content of inrush currents
2.2.1
Differential protection restraint to magnetizing inrush current
Early transformer differential relay designs used time delay, or a temporary desensitization of the relay to overcome the inrush current [11]. This technique increased the time to operate. Other designs used an additional voltage signal to restrain or to block the differential relay operation. However, for a stand-alone differential relay the additional voltage signal is not always available.

The methods presently used to differentiate between inrush currents and internal faults fall in two groups: those using harmonics to restrain or block relay operation, and those based on wave shape identification.

2.2.1.1 Harmonic-based methods

The magnetizing inrush currents have high component of even and odd harmonics. Table 1 shows typical amplitudes of the harmonics, compared with the fundamental (100%) [3]. Given that harmonic content of the short circuit currents is negligible, the harmonic based methods are used for either restraining or blocking the relay from operation during initial current inrush. Harmonic-based methods allow the differential relay to remain sensitive to fault currents while keeping the relay from operating due to magnetizing currents.

	Harmonic components in Magnetizing Inrush Current
	Amplitude (% of Fundamental)

	DC
	55

	2nd Harmonic
	63

	3rd Harmonic
	26.8

	4th Harmonic
	5.1

	5th Harmonic
	4.1

	6th Harmonic
	3.7

	7th Harmonic
	2.4


Table 2.1: Percentage of harmonics in typical magnetizing inrush current
2.2.1.2
Harmonic restraint techniques

The original harmonic-restrained differential relay used all the harmonics to provide the restraint function [7], [8], [9]. The resulting high level of harmonic restraint provided security for inrush conditions at the expense of operating speed for internal faults with current transformer saturation. As a result, the harmonic-restrained differential relay compares the fundamental component of the operating current with a restraint signal consisting of the unfiltered restraint current plus the harmonics of the operating current. 
The differential relay operation condition can be expressed as;
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Equation 2.6

where,

Iop 

is the fundamental component of the operating current

I2h, I3h

are higher harmonics of the operating current

Irt

is the unfiltered restraint current

k1, k2

are the constant coefficients
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A more recent set of techniques use only the second harmonic to identify currents and the fifth harmonic to avoid maloperation for transformers due to over-excitation [4]. The basic operating equation for one phase can be expressed as follows:







Equation 2.7

Common harmonic restraint for three-phase transformer differential protection is a technique where the harmonic restraint quantity is proportional to the sum of the second and the fifth-harmonic components of the three relay elements. The relay operation is of the following form:
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Equation 2.8

2.2.1.3
Harmonic-Restrain Techniques
Typically, numerical transformer differential relays use second and fifth-harmonic locking logic [4]. A tripping signal requires that the following conditions are satisfied

[image: image75.wmf])

(

2

2

2

2

2

jX

R

I

V

E

+

+

=







Equation 2.9
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Equation 2.10
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Equation 2.11

In Figure 2.10 are shown the logic diagrams of harmonic restraint and harmonic blocking differential elements.
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(a) Harmonic restraint
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(b) Harmonic blocking

Figure 2.10:
Logic diagrams of differential elements employing harmonic-based methods
In Figure 2.11, the three-phase version of the logic diagrams of independent harmonic blocking differential element and independent harmonic restrain are shown [4]. The relay consists of three differential elements of the types shown in Figure 2.11. In both cases, a tripping signal results when any one of the relay elements asserts.
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(a) Independent harmonic restraint
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 (b) Independent harmonic blocking

Figure 2.11: Logic diagrams of three-phase differential elements employing harmonic based methods

2.2.1.4
 Wave shape recognition methods

Other methods for differentiating between internal faults and inrush conditions are based on analysis of the waveform of the differential current [1]. Wave shape recognition methods are divided between those methods that are based on the identification of the separation of different current peaks [12], [13], [14], [15], [16] and those methods that use DC offset or asymmetry in the differential current [17], [18], [19], [20].
A well-known principle [14], [15] recognizes the length of the time intervals during which the differential current is near zero. In Figure 2.12 is depicted the basic concept behind this low current differential method.
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Figure 2.12:
Differential relay blocking based on recognition of low-currents intervals

2.3
Relay performance and relay technology

2.3.1
Relay performance
Reliability: The reliability of a relay is directly related to with the concepts of dependability and security. A relay is said to be dependable when it operates for a fault relevant in its protection zone. Security is when the relay does not operate for a fault outside its operating zone, or when the system is in a healthy state.

Selectivity: Selectivity of a relay is the ability to open only those breakers that isolate the faulted element. Selective discrimination can be achieved by time grading or by unit protection. Selectivity by time grading means that different zones of operation are graded by time and that in the occurrence of a fault, although a number of relay respond, only those relevant to the faulty zone complete the tripping function. Selectivity by unit protection as in differential protection means that the relay will only operate under certain fault conditions occurring within a clearly defined zone.

Speed: When a fault occurs, the longer the time the fault is present, the greater the risk that the power system will become unstable. Relays are therefore required to clear the fault as quickly as possible. 

Sensitivity: The relay is said to be sensitive if the relay operates for the minimum fault levels.
2.3.2
Relay technology

Relays can be chronologically classified as electromechanical, static or solid-state, digital and numerical [13].

Electromechanical relays: The first relays were electromechanical devices. These relays worked based on creating a mechanical force to operate the relay contacts in response to a fault situation. The mechanical force was established by the flow of a current that reflected the fault current through windings mounted round magnetic cores. Electromechanical relays are relatively heavier and bulkier than relays constructed with other technologies. Besides, the burden of these relays can be high.

However, electromechanical relays were so extensively employed, tested and known that even modern relays employ their principle of operation, and still represent a good choice for certain of applications [13].

Solid-state relays: With the advances in electronics, the electromechanical technology was replaced by static relays in the early 60’s. Static relays defined the operating characteristic based in analog circuitry rather than in the action of windings and coils. The advantages that static relays showed over electromechanical relays were of reduced size, weight and electrical burden. 

Digital relays: Microprocessors incorporating into the architecture of relays in the 80’s. Digital relays incorporated analog-to-digital converters (ADCs) to sample the analog signals from instrument transformers, and used microprocessors to define the logic of the relay. Digital relays presented an improvement in accuracy and control, and the use of more complex relay algorithms, extra relay functions and complementary tasks.

Numerical relays: The difference between numerical relays and digital relays lies in the microprocessor used. Numerical relays use digital signal processors (DSP), which contain dedicated microprocessors especially designed to perform digital signal processing.

2.4
Summary

The operating principles of differential protection have been described in this chapter. The differential protection principle and the percentage restraint differential protection have been presented. The differential protection of power transformers, together with the problems and issues of their application, were presented. A chronology of relays was presented. 
CHAPTER 3
TRANSFORMER MODEL 
3.0
 Introduction
In most power systems, differential protection is applied for transformer capacity above 10MVA, while overcurrent protection is used for transformers below 10MVA. Transformers create large inrush currents when they are energized. This inrush current is rich in harmonics and assumes large initial peak value of about 5 to 30 times of the rated value [8]. This condition causes maloperation of differential relays. In order to prevent false tripping due to the inrush current, a technique using the second harmonic component of the current waveform is commonly used. 
Therefore, to understand the phenomena of inrush current it was useful to first create models that describe the performance of a transformer under inrush conditions. This chapter will describe the simulation model that was designed using the Matlab/Simulink program to analyze the effect of inrush currents on differential protection.
3.1
Modeling Transformer Hysteresis
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Modeling the core of the transformer is an involved process because of the nonlinear behavior of the flux in the core. To model the hysteresis, an approximate process with linear elements, resistance and inductance was implemented in MATLAB.  Flux can be expressed as in Equation 3.1 using Faraday’s law.






Equation 3.1
Hence, the flux density is;
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Equation 3.2
Equation 3.1 shows that the flux is directly proportional to the integral of the voltage across the winding. The magnetic field intensity in the transformer is also directly proportional to the current. Hence, the flux density, B, versus the magnetic field intensity, H, can be approximated by the voltage integral versus current.
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Figure 3.1:  Voltage Integral versus Current of Resistive Element

Figure 3.1 shows that the integral of voltage and resistive current are phase-shifted by 90. Due to the phase shift, the relationship has an elliptical shape with two radii that are functions of the resistance and the angular frequency [1].
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Figure 3.2: Voltage Integral versus Current of Inductive Element
When the integral of voltage and inductive current are in phase, they form a straight line relationship as shown in Figure 3.2.
When the two elements are added together in parallel as shown in Figure 3.3, the total currents are given by Equation 3.3
[image: image82.wmf]rt

i

op

I

SLP

I

.

³






Equation 3.3
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Figure 3.3: Approximate representation of Transformer Hysteresis

Transformer excitation is shown in Figure 3.4. This is used in this study as an approximate representation of the transformer core. 
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Figure 3.4
Typical transformer excitation curve
3.2
Transformer Equivalent Circuit
The transformer equivalent circuit as shown in Figure 3.5 consists of an ideal transformer with ratio N1:N2 and various other elements. The model takes into account the winding resistances R1 and R2, and the leakage inductances L1 and L2. Io is the excitation current representing the magnetic field intensity. Ro and Xo are the equivalent core resistance and the core inductive reactance respectively. The parameters of the core model are referred to the primary side of the transformer.
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Figure 3.5
Transformer Equivalent Circuit
3.2.1
Analysis of the Equivalent Model
The equivalent circuit of Figure 3.4 can further be reduced to that of Figure 3.5. The primary current of the transformer is given by Equation 3.4
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Equation 3.4

 The current I2 is equal to the load current as seen from the primary side. This is also known as the reflected load current. The relationship between I2 and I(2 is the turns ratio of the transformer as given by Ampere-Turns Equation [1].

I(2N1
=
I2N2
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Equation 3.5
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The voltage equations of the primary and secondary circuits are:










Equation 3.6
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Equation 3.7

Equation 3.6 can be re-written by substituting Equation 3.7 into Equation 3.6
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Equation 3.8
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Equation 3.9

V(2  is the reflected voltage of the secondary winding

R(2 is the reflected resistance of the secondary winding
X(2 is the reflected inductive reactance of the secondary winding
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Equation 3.10
The transformer equivalent circuit is redrawn as per equation 3.10 and is shown in Figure 3.6.
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Figure 3.6: Transformer Equivalent Circuit with values refered to the primary
3.2.2
Matlab/Simulink Model of the Transformer.

The transformer equivalent circuit was modeled using Equation 3.10.The model was designed to simulate the current inrush phenomenon upon transformer energisation. The transformer was modeled as a series resistance and leakage inductance and by a nonlinear magnetizing inductance. The core loss was represented by a shunt  resistive branch R0
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Figure 3.7
The Matlab/Simulink circuit for the equivalent transformer.

Figures 3.8 to 3.13 show the transformer magnetizing curves for  various incident angles
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Figure 3.8:
Magnetizing Curve at 0° Phase Angle
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Figure 3.9:
Magnetizing Curve at 45° Phase Angle
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Figure 3.10:
Magnetizing Curve at 90° Phase Angle

The respective inrush currents graphs are shown in appendix
3.3
Model Validation

It was found necessary to fit parameters of the MATLAB/SIMULINK model to a real transformer. This allowed comparison of theoretical and practically obtained results and also to evaluate the elimination of transformer inrush currents through controlled closing. To determine the parameters of the transformer, open and short circuit tests were performed
3.3.1
Open Circuit Tests

The open-circuit tests were performed in order to determine exciting branch parameters, of the equivalent circuit, the no-load loss, the no load exciting current, and the no-load power factor. The experiment setup is shown in Figure 3.11. A rated voltage was applied to the primary side of the transformer while the secondary winding was open-circuited. 
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Figure 3.11: Experimental setup of the open-circuit test
3.3.2 Short Circuit Tests
The short-circuit test was conducted by short-circuiting the secondary terminal of the transformer, and applying a reduced voltage to the primary side, as shown in Figure 3.12, such that the rated current flowed through the windings. 
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Figure 3.12:
Experimental Setup of the Short-Circuit Tests
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Figure 3.13
Transformer short circuit test simulation

The results of the open and short circuit tests are shown in Table 3.2

	 Test
	Volts, V
	Current I1, A
	Current I2
	Power, W

	Open Circuit
	2400
	0.4847
	0
	171.1

	Short Circuit
	51.87
	20.83
	208.3
	642.1


Table 3.1: 
Short Circuit Tests Results

3.3.3
Transformer Parameters
The results from the open and short circuit tests were used to find the transformer parameters. From open circuit tests, the magnetizing branch resistance and reactance were obtained. The series resistances and leakage reactances were obtained using the short circuit results. A graphic user interface, GUI program was developed using Matlab to calculate the transformer parameters. 
The results were referred to the primary side of the transformer as per Equations 3.9 and Equation 3.10. The GUI program is shown in figure 3.14 and the results of the simulation are in Table 2.  

[image: image29]
Figure 3.14:
Transformer simulation done using Matlab/Simulink 

	
	Readings referred 
	to Primary
	Readings referred
	to Secondary

	
	resistance, (
	reactance, (
	resistance, (
	reactance, (

	Series circuit
	1.4799
	0.002
	0.0148
	0.02

	Branch circuit
	33664.52
	5005.96
	336.64
	50.0


Table 2: Transformer equivalent parameters obtained using Matlab/Simulink.

3.4
Summary

Inrush current is a phenomenon that occurs in every transformer when it is energized. Simulations of the transformer model were carried out using both theoretical and actual transformer values. The results of the simulation show that even the magnetizing curves and the inrush currents are different; the pattern is consistent of transformer magnetizing and inrush currents.

The inrush current of a transformer can be as high as 5-10 times the rated transformer current. This current appears only on one side of the transformer and is not reflected on the other side of the transformer. This causes an imbalance of the currents appearing at the transformer differential relay. This imbalance will be seen as a differential current and will cause the differential relay to trip. Since an inrush condition is not a fault condition, the operation of a differential relay during an inrush condition must be prevented.
The inrush current depends on the external input voltage, the source and supply line impedance, the input inductance and the type of material used for the transformer core. 

There are a number of ways of reducing the amplitude of the inrush current. From the simulations carried out, the amplitude of the inrush current can be reduced by controlling the switching angle. The results also showed that the greatest inrush currents occur when the incident voltage is at 0° and 360°. The least amplitude occurs when the voltage is at 90° and 270°. 
Chapter 4 Current Transformer Performance Analysis

4.0
Introduction

Current transformers provide insulation against power system high voltage and also supply relays with current proportional to that of the power system but sufficiently reduced in magnitude so that the relays can be made relatively small and inexpensive.

Inrush is among the worst types of current for a current transformer to reproduce. Inrush may be high in magnitude and contain heavy DC offset with a long time constant. It is important to be able to determine the behaviour of a current transformer within a certain range of accuracy when the primary current contains a DC component. Knowing the behaviour of the current transformer allows for prediction of the behaviour of the differential protection which might maloperate during inrush.

This section will present theoretical and simulations of current transformer performance during inrush conditions.   

4.1
Principal of Operation
A current transformer is, in many respects, different from other transformers [28]. The primary is connected in series with the network, which means that the primary and secondary currents are completely unaffected by the secondary burden. The currents are the prime quantities and the voltage drops are only of interest regarding exciting current and measuring cores. The current transformer equivalent circuit is shown in Figure 4.1.


Error! Not a valid link.
Figure 4.1
Current Transformer Equivalent Circuit

If the exciting current could be neglected the current transformer should reproduce the primary current without errors and the following equation should apply to the primary and secondary currents:
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Equation 4.1
In reality, however, it is not possible to neglect the exciting current [28]. A simplified equivalent current transformer diagram converted to the secondary side is shown in Figure 4.2. The diagram shows that not all the primary current passes through the secondary circuit. Part of it is consumed by the core, which means that the primary current is not reproduced exactly. The relation between the currents is shown in equation 4.2. The error in the reproduction will appear both in amplitude and phase. The error in amplitude is called current or ratio error and the error in phase is called phase error or phase displacement.
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Equation 4.2
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Figure 4.2
Simplified Current Transformer Equivalent Circuit
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Figure 4.3
Vector representations of the three currents in the equivalent diagram.
4.1.1
Accuracy

Transformer differential performance depends on the accuracy of transformation of the current transformers at both load currents and fault current levels. The accuracy of current transformers at high fault level currents depends on the cross section of the iron core and the number of turns in the secondary winding [28]. The greater the cross section of the iron core, the more flux can be developed before saturation [28]. Saturation results in an increase of ratio error. The greater the number of turns, the lower the flux required to drive the secondary current through the relay. The accuracy class of protective current transformers used in South Africa is in accordance with IEC60044-8:1998 and SANS 60044-6. Current transformer composite error is defined according to IEC 60044-3 as the difference between the ideal secondary current and the actual secondary current. This definition includes current and phase errors and the effects of harmonics in the exciting current. 
	Class
	Current Error at Rated Primary Current (%)
	Phase Displacement at Rated Current (minutes)
	Composite Error at Rated Accuracy Limit Primary Current (%)

	5P
	+/-1
	+/-60
	5

	10P
	+/-
	+/-60
	10


Table 4.1
SANS 60044-6 Accuracy Class Limit
Current transformer error decreases when the current increases as shown in Figure 4.8 [28]. This goes on until the current and the flux have reached a value (point 3) where the core starts to saturate. A further increase of current will result in a rapid increase of the error. At a certain current Ips (point 4) the error will reach a limit. This limit is stated in the current transformer standard. 
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Figure 4.4
Current Transformer Errors versus current
4.1.2
Burden
Burden is the load connected to the secondary terminals of the current transformer and is expressed in volt-amperes at a given power factor [28]. The term ‘burden’ is used to differentiate the current transformer load from the primary circuit load. The power factor referred is that of the burden and not of the primary circuit. Measurement of fault current requires lower accuracy, but a high capability to transform high fault currents to allow the differential protection relays to measure and disconnect the fault. 
4.1.3 Secondary Excitation Characteristics

Secondary characteristics are in the form of excitation current versus excitation voltage as shown in Figure 4.3. These values are obtained by carrying out an open-circuit excitation current test on the secondary terminals using a variable voltage rated frequency sine wave and recording rms current versus rms voltage. 

The current transformer knee point is defined as the minimum sinusoidal e.m.f. at rated power frequency when applied to the secondary terminals of the transformer, all other terminals being open-circuited, which when increased by 10% causes the r.m.s. exciting current to increase by no more than 50%.[28] 
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Figure 4.5
Typical Secondary Excitation Curve for a Current Transformer

4.1.4
Polarity
The polarities of current transformer primary and secondary terminals are identified either by painted polarity marks or by the symbols H1 and H2 for the primary terminals and X1 and X2 for the secondary terminals. The convention is that, when primary current enters the H1 terminal, secondary current leaves the X1 terminal, or when current enters the H2 terminal, it leaves the X2 terminal. Standard practice is to show connection diagrams merely by squares as shown in Figure 4.4. The polarity of current transformers is important for differential protection. 
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Figure 4.6
Current Transformer Polarity diagram

4.1.5
Connections
There are three ways that current transformers are connected on three-phase circuits; wye, open delta and delta.

4.1.5.1 Wye Connected

In wye connection a current transformer is placed in each phase with phase relays to detect phase faults. In this connection secondary currents are in phase with primary current as shown in Figure 4.7.
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Figure 4.7
Wye Connected Current Transformer

4.1.5.2

Delta Connection

This connection uses three current transformers, but unlike the wye connection, the secondary terminals are interconnected before the connections are made to the relays. The delta connection is used for transformer differential protection schemes where the transformer has delta-wye connected windings. The current transformers on the delta side are connected in wye and the current transformers on the wye side are connected in delta. Any zero sequence currents associated with an external ground fault on the wye side will circulate in the delta current transformer connection and kept from causing false differential relay operation. Delta connection is shown in Figure 4.8
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Figure 4.8
Delta Connected Current Transformers.

For a delta-wye transformer, the currents transformers are connected as shown in Figure 4.9
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Figure 4.9
Transformer Differential Protection connections
4.2
Current Transformer Simulation using Matlab/Simulink
4.2.1
Transient analysis of inrush and fault current

The effect of DC offset, unipolar half wave current and residual flux in the current transformer can almost always cause at least a small amount of saturation in a current transformer that is otherwise totally acceptable for steady state AC fault current [16]. All these components are found in transformer inrush current.

A simplified test of whether a current transformer is at risk of entering saturation during the presence of DC offset or unipolar current waves is to integrate the secondary voltage as if the current transformer was ideal [16]. To provide voltage in a circuit requires a changing flux level in a coil:
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Equation 4.1
By integrating the voltage at the terminals over time we can determine the core flux level

[image: image95.wmf]ò

µ

=

edt

A

B

f








Equation 4.2


Where λ0 is the residual level at time = 0.
This equation provides a measure of the rating of the current transformer. At rated secondary voltage and no standing offset, the flux that the current transformer can produce is simply the integration of:
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Equation 4.3
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Equation 4.4


If the integration of secondary voltage rises above this level, then the current transformer begins to saturate. Transformer inrush currents are frequently characterized by a half wave current that has the appearance of the output of a half wave voltage rectifier [16]. From the above analysis, it becomes clear that any time the integration of secondary voltage exceeds the design rated volt-second rating of the current transformer, the current transformer is at risk of entering saturation. 
The negative half of a current wave is needed to balance the positive voltage waves and, if the half waves are not balanced, the integration of secondary voltage will build up and the current transformer will enter saturation. The number of unipolar pulses that the current transformer can reproduce before entering risk of saturation is the area under the voltage profile curves of an ideal current transformer until the integration reaches the voltage rating defined by Equation 4.4 

4.2.2
CT driven into saturation by heavy DC offset in inrush or fault

A large DC offset in the inrush current of fault current will cause current transformer saturation. This may result in differential relays maloperating. A program to simulate current transformer was developed in Matlab/Simulink as shown in Figure 4.8.
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Figure 4.8
Saturable Current Transformer

Simulation of the current transformer shows that during inrush condition, the current transformers produce a distorted waveform. This distorted waveform may cause the differential relay to maloperate.
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Figure 4.9
CT driven into saturation during in inrush or fault

4.2.3
CT driven into saturation by excessive burden or primary current

If a current transformer is driven by too much primary current or excessive secondary burden, the current transformer will begin to have an output similar to Figure 4.10. This might be fine for typical load currents, but when a major fault occurs, it is hard to predict how a relay will respond to such a distorted wave. Even if the current transformer had not failed, it is not immediately clear how the digital relay will respond to currents of such magnitude. 
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Figure 4.10
CT driven into saturation by excessive burden or primary current

4.2.4
CT driven into saturation by unipolar transformer inrush

Inrush current driven in a current transformer is half-wave-like in nature will eventually drive a current transformer into saturation. As noted in the earlier graphs, it will cause a cumulative buildup of flux and, if extended long enough, will cause a current transformer to fail to reproduce current and, hence, cause another unexplained operation of the transformer differential relay.

4.3
Summary

The operation of transformer differential protection is influenced by distortion, and measures need to be taken to manage this phenomenon. One source of distortion is current transformer saturation. Saturation of a current transformer can cause a failure to occur or a delayed operation for a fault within the protected zone. Saturation can also cause unwanted operations for external faults.

To guarantee correct operation, the current transformers must be able to produce a sufficient amount of secondary current, even if the current transformer becomes saturated. Under symmetrical current conditions, current transformer distortion generates odd harmonics, but no even harmonics. A current transformer experiencing saturation during an asymmetrical fault develops both even and odd harmonics. Relays that restrain on odd harmonics may fail to operate if the harmonic content exceeds the relays’ threshold for restraint. Relays that restrain on just even harmonics may temporarily restrain until the current transformer recovers.
From the current transformer equivalent circuit, it was seen that:
· The secondary current will not be affected by the change of the burden impedance over a considerable range

· The secondary circuit must not be interrupted while the primary winding is energized, since, if the secondary circuit is open-circuited, the voltage developed will only be limited by the shunt magnetizing impedance and may be very high.

Chapter 5
Differential Protection Relay Studies

5.0
 Differential Relay Simulations
The test power system shown in Figure 5.1 was used to develop the differential relay studies using PSCAD [22] [23]. 
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Figure 5.1
Fifteen-bus test system

5.1 Setting and adjusting of a differential relay

The purpose of this study was to adjust the parameters of a numerical percentage restraint differential relay model protecting a power transformer. The adjustment of the slope of the differential characteristic, SLP, is to achieve correct operation during normal operation, inrush and fault conditions. The evaluation of SLP is based on the behavior of the operating and restraint current during normal operation and during inrush conditions.
In general, the operating current in the differential relay is equal to:
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Equation 5.1

where ID1 and ID2 are the currents on the pilot wires of the current transformers

For their operation, percentage restraian relays employ a restraining current. The following are the most common ways to obtain the restraint current:

[image: image99.wmf]dt

d

v

l

=







Equation 5.2
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Equation 5.3
where k is a compensation factor and generally taken as 0.5 or 1 

Percentage restraint differential protection employs the restraint current Irt, together with the operating current Iop, to define the relay operation on a coordinate plane, as shown in Figure 5.2. A line divides the coordinate plane in two parts. The upper part is the operating region while the lower part is the restraining region. This dividing line is called the characteristic of the differential relay. Typical characteristic of differential relays present a small slope for low currents to allow sensitivity to light internal faults. At higher currents, the slope of the characteristic is much higher, which requires that the operating current, Iop, be higher in order to cause operation of the differential relay.
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Figure 5.2
Characteristics of a Percentage Differential Relay
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Figure 5.2
Three-phase Internal Fault
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Figure 5.3a
Simulation of differential currents for normal operation and after fault inception
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Figure 5.3b
Differential currents during normal operation
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Figure 5.3c
Differential currents after fault inception
The first part is the behavior of the differential relay currents during the normal operation of the power transformer. The second part is the behavior of the differential relay currents after the occurrence of the fault. Zooming of the simulations of the differential currents during normal operation and after the occurrence of the fault are shown in Figure 5.3(b) and Figure 5.3(c) respectively. The relevant values for adjusting purposes of the unfiltered restraining current and the operating current are summarized in Table 5.1.

	Differential Current
	Normal 
	Operation
	After
	Fault

	
	Initial
	Stable
	Initial
	Stable

	Operating
	1.55
	0.8
	30.4
	58

	Restraining
	6.78
	2.87
	52.8
	32


Table 5.1
Relevant values of the differential currents

According to Equation 2.9, during normal operation, the operating current must be smaller than the restraining current, and in a fault, the operating current must be larger than the restraining current. Under normal operation, it was observed that these differential currents fulfilled the requirements of a correct operation as shown in Figure 5.3(b).
After the fault inception, it was only in the initial stage that the differential currents did not fulfill the requirements of a correct operation as shown in Figure 5.3(c). Therefore, the selected value of SLP must make the unfiltered restraining current value smaller than the operating current during the initial stage of the fault, while keeping the restraining current larger than the operating current during normal operation.

5.2

Differential protection against inrush conditions
As explained in section 2.2, inrush current is the most important issue related with differential protection of power transformers. The purpose of this study was to set and adjust a harmonic-restrained differential relay to overcome the effects of the presence of inrush current on a power transformer.

To create an inrush current in the power transformer Tx7, the breakers B6 and B9, shown in Figure 5.4, were opened during the first 0.1 seconds of the simulation. After this time, the breakers B6 and B9 were closed, causing the energization of the power transformer Tx7. Due to the sudden energization, an inrush current appeared in the windings of the power transformer Tx7. After certain time, the inrush current disappeared, and the currents through the power transformer became stable. 
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Figure 5.4
Energisation of transformer
The behavior of the differential currents of the differential relay in the presence of the inrush current is shown in Figure 5.5. The differential currents during the entire simulation are shown in Figure 5.5(a). The effect of the presence of the inrush current in the operating and restraining currents before the fault is shown in Figure 5.5(b). From the time of breakers closing, up to 0.25 seconds, the operating current was larger that the restraining current, which means that the differential relay would operate incorrectly, since the presence of inrush current due to energization of the transformer is not a fault. The differential currents after the fault were unaffected by the presence of inrush current as shown Figure 5.5(a).
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Figure 5.5a
Complete simulation showing normal operation and fault event during inrush.
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Figure 5.5b
Zooming of the differential currents during normal operation during inrush
The harmonic-restraint differential relay employs the second harmonic of the operating relay to overcome the problems in the protection of power transformers due to the inrush current. Equation 2.7, rewritten in Equation 5.4, suggests that the second harmonic of the operating current must be multiplied by a factor and the product must be added to the restraint current.
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Equation 5.4
The second harmonic phasor magnitude of the operating current generated in the simulation case is shown in Figure 5.6. The factor was estimated considering the difference in magnitude between the restraining and operating currents and the magnitude value of the second harmonic of the operating current during the presence of the inrush current.
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Figure 5.6: Second harmonic phasor magnitude of the operating current
From figure 5.7, it can be observed that the biggest difference between the restraining and the operating current occurred at t=0.115 seconds.
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Figure 5.7:
Zoomed differential currents and second harmonic current during inrush
In Figure 5.8 are shown the differential currents just after the fault inception, and below it, the second harmonic magnitude of the operating current for the same period of time. In can be observed that the second harmonic of the operating current had pick values from the time of the fault inception t=0.55 seconds up to t=0.562 seconds. The difference between operating current and restraining current during the pick values of the second harmonic was not large enough to avoid making the restraining current temporarily larger than the operation current just after the fault inception, which caused a delaying in the identification of the fault condition by the differential relay.
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Figure 5.8: Differential currents and second harmonic current just after fault inception
In Figure 5.9 shows the operating current and the modified restraining current. Figure 5.9a shows the entire simulation, Figure 5.9b shows a zoomed simulation of the differential currents during the affect of the inrush current. In Figure 5.9c is  the zoomed simulation of the differential currents just after fault inception.

It can be observed that the restraining current was larger than the operating current during the effect of the inrush current and for the rest of the normal operation. However, in Figure 5.9c it can be observed that the restraining current was larger than the operating current during the first 7 samples after fault inception, time that represents the delay of the differential relay to identify the fault condition. This means that the differential relay made a compromise by delaying the identification of a fault, loss of dependability, in order to avoid false tripping during the presence of inrush current, increase in reliability.
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(a) Complete simulation graph showing the normal operation and fault event
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(b) Zoomed differential currents during the effect of the inrush current
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(c) Zoomed differential currents after fault inception

Figure 5.9: Differential currents adjusted to overcome inrush current issues
5.3
 Differential protection of under internal faults

The purpose of this study was to investigate the response of differential relays to internal faults in the protected transformer. The differential relay adjusted in previous sections was used to carry out this study. The study was divided in the simulation of internal fault on the side of Bus 6, and in the simulation of internal faults on the side of Bus 9, as shown in Figure 5.10
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Figure 10:
Internal Fault Simulation
The response of the differential currents for a three-phase internal fault in front of the CT’s of the side of Bus 6 –considering that the CT’s “see” toward the transformer location. The response of the differential currents for a phase A-to-ground internal fault in front of the CT’s on Bus 6 is shown in Figure 5.11.
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Figure 5.11: Differential currents, three-phase internal fault, Bus 6 side
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Figure 5.12: Differential currents, phase A-to-ground internal fault, Bus 6 side

It can be observed that the differential relay showed correct operation for the simulated faults. Both responses also showed the delay in the identification of the fault condition.
The response of the differential currents for a three-phase internal fault and a phase to ground fault in front of the CT’s of the side of Bus 9 is shown in Figures 5.13 and Figure 5.14 respectively. The differential relay showed correct operation for both simulated faults. However, it was also observed that the responses to the internal faults of side of Bus 9 showed a shorter delay in the identification of the fault conditions, which improved the differential relay performance.
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Figure 5.13: Differential currents, phase A-to-ground internal fault, Bus 9 side
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Figure 5.14: Differential currents, three-phase internal fault, Bus 9 side

5.4
 Differential protection under external faults

The purpose of this study was to investigate the response of differential relays to external faults. The differential relay adjusted in previous sections was used in this study. The study was carried out for external faults before Bus 6, and for external faults after Bus 9, as shown in Figure 5.15
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Figure 5.15:
Simulation of External Faults

The response of the differential currents for a phase A-to-ground external fault located directly at Bus 6 is shown in Figure 5.16. The response of the differential currents for a three-phase external fault, located directly at Bus 6 is shown in Figure 5.17. The differential relay showed correct operation for both faults. The restraining current in both faults remained above the value of the operating current during all the simulation time, which meant that the differential relay identified correctly the event as an external fault. 
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Figure 5.16:
Differential currents, three-phase external fault, at Bus 6
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Figure 5.17:
Differential currents, phase A-to-ground external fault at Bus 6
The response of the differential currents for a three-phase external fault, located directly at Bus 9 is shown in Figure 5.18. The response of the differential currents for a phase A-to-ground external fault located directly at Bus 9 is shown in Figure 5.17. The differential relay showed correct operation for both faults. The restraining current in both faults remained above the value of the operating current during all the simulation time, which meant that the differential relay identified correctly the event as an external fault. 
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Figure 5.18:
Differential currents, three-phase external fault, at Bus 9
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Figure 5.19: 
Differential currents, phase A-to-ground external fault Bus 9
5.5
 Differential protection with CT saturation

The purpose of this study was to observe the behavior of the numerical differential relay model with CT saturation. Secondary currents for normal and current transformers saturation for CT6 and CT9 with ratios 1750 /5 A and 1200 /5 A respectively are shown in Figure 5.20.  The voltage in the secondary side of the CT is proportional to the current flowing on secondary windings of the CT and to the burden connected to the secondary terminals of the CT, as expressed in  equation 5.[25] [26] [27]. Therefore, the knee points of the excitation curves of these current transformers are 350 and 240 volts on the secondary side, respectively.
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Equation 5.5
where, 

ES is the secondary current of the CT

IS is the secondary excitation current of CT

ZB is the impedance burden connected to the secondary of the CT.
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Figure 20:
Single-phase differential protection of power transformer Tr7 in PSCAD
A method to increase the secondary circuit voltages is to increase the burden. The maximum fault currents used in the primary circuit at the C6 and C9 busbars were 100 kA and 26 kA, respectively. The maximum fault currents in the secondary terminals of the current transformers are determined by the following expressions:
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Equation 5.6
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Equation 5.7
According to Equation 5.5, the maximum allowed impedance burden that can be connected to the secondary terminals of the CT’s I6 and I9 without saturating their cores were established by the following expressions, respectively.
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Equation 5.8

[image: image106.wmf]Be

p

Ba

Bs

I

I

I

-

=










Equation 5.9

To saturate the CT’s I6 and I9 it was necessary to provide their secondary terminals with burden impedances larger than 1.22 and 2.21 Ω, respectively. The burden impedance chosen to saturate the CT’s I6 and I9 was 10 Ω.

The current transformers supplying the differential relay have a rating of 2000 amperes to 5 amperes. The knee point of the excitation curve of the CT’s is over 400 volts on the secondary side. The knee point of the excitation curve divides the linear operation region and the saturated operation of the CT[25] [26] [27]. Therefore, driving the operation of the CT over 400 V on the secondary circuit saturates the CT.

The voltage on the secondary side of the CT is proportional to the current flowing on the secondary windings of the CT and to the burden connected to the secondary terminals of the CT, as expressed in the following equation [25] [26] [27].
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Figure 5.21: Phase A secondary current of I6 and I9 CT for a three phase-to-ground fault 

Simulations were carried out for a transformer  internal fault as shown in Figure 20. The relay showed correct response for differential currents of the non-saturated CT’s case is shown in Figure 5.22a. The response of the differential currents for the saturated CT’s case is shown in Figure 5.22b. From an observation of the two simulations, the degree of corruption that the differential currents suffered due to the saturation of the CT’s can be observed. This corruption in the differential currents made it difficult for the differential relay to distinguish clearly the fault event. The fact that the differential relay employed second harmonic blocking worsened the identification of the event as a fault.
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a. Differential currents after fault inception, non-saturated CT’s case
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b. Differential currents after fault inception, saturated CT’s case
Figure 5.22: Differential currents response, three-phase fault, located as shown in Figure 5.20 non-saturated and saturated CT’s cases
5.6
 Summary

The presence of inrush current can be studied through simulations. Understanding the presence of inrush in a transformer helps in setting and adjusting the second harmonic restraint of the differential relay. It was observed that by adjusting the differential relay characteristic slope, the relay can differentiate between inrush and fault currents.

When the second harmonic restraint of the differential relay is properly set and adjusted it can discriminate between internal and external faults. Correct adjustment of the second harmonic restraint increased the response of the relay to internal faults thereby improving the differential relay performance.
The relay remained stable when subjected to external faults. Since differential protection is a unit type of protection, the relay should remain stable for all external faults. Again, this proved that when a differential relay is properly set, it will remain stable for external faults.

Differential relays using second harmonic restraint methods are adversely affected by current transformer saturation. Depending on the degree of saturation, differential relays may operate due to current transformer saturation.

CHAPTER 6

FIELD CASE
6.0
Introduction 
Field case studies were carried out at one of Eskom substation to find out why transformers were tripping out on main differential protection. Transformer protection single line diagrams are included in the Appendix A1. Inrush analyses tests results are in Appendix A2 and the second harmonic analysis are shown in Appendix A3. 
6.1
Analysis

Investigations were done to find out the cause for the transformer maloperation. The transformers have Main-1 differential protection with IDMT and Instantaneous overcurrent, IDMT earth fault, Breaker Fail, and open pole detection. Main-2 protection has differential, restricted earth fault, IMDT & Instantaneous overcurrent, IDMT earth fault, breaker fail and open pole detection. Also installed is Main-1 and Main- 2 restricted earth fault protection.  The differential relays used were static type and have harmonic restraint with a fixed second harmonic threshold of 20%.
Our first suspicion was that the transformers were tripping on inrush. An analysis of how the transformer differential relays were restraining on inrush were carried out. Simple models for each restraint method were developed using Matlab and PSCAD as described in Chapter 5.  These models were limited to harmonic restraint methods only. Other methods such as waveform recognition were excluded. 

6.1.1
Simple Harmonic Restraint Method

This method compares the second harmonic content of the current waveform to a threshold percentage. The waveform contained 45A of second harmonic and had 175A of fundamental at 50Hz, then calculated second harmonic percentage was;
Second harmonic percentage
=
(45/175)*100
=
25.71%

6.1.2 Shared Second Harmonic Restraint Method

This method is identical to the previous method except that it uses the sum of all the second harmonic contents.

6.1.3 Cross Blocking Restraint Method

This method blocks all three elements from tripping if any one has detected an inrush. This avoids maloperation when one of the differential currents cannot be determined to be inrush. The main problem of this method is the possibility of energising a faulted transformer.
6.2 Solutions Considered.

The following solutions were considered.

· To lower the harmonic restraint settings of the existing differential relays. This solution could not be implemented because the relays installed had a fixed harmonic restraint threshold of 20%.

· To replace the existing relays with those that have adjustable second harmonic restraint threshold.

6.2.1
Problem Remained
The existing relays were replaced with numeric relays. The problem of maloperation still remained. A request was made to the transformer supplier to provide the following:

· The minimum second harmonic percentage of the transformer

· The peak fundamental current.

The request was made in order to determine the new level of second harmonic the relay should be set to. Lower saturation densities in modern transformer have resulted in lower minimum second harmonic [25]. In some transformers, it’s as low as 7%. Conventional electromechanical and static differential relays have fixed second harmonic thresholds whereas numerical relays have settings ranging from 5 -100% [26].
The following minimum second harmonic peaks were obtained.

· Transformer A, the minimum second harmonic peak was 10%. This is protected by an ABB RET 521 relay using simple second harmonic restraint. The original relay was set on 15%, above the minimum expected second harmonic restraint.

· Transformer B, the minimum second harmonic is 7.8%. This is also protected by an ABB RET 521 relay using simple second harmonic restraint. The second harmonic threshold was set on 10%.

6.3
Summary
Most power transformers are built with high permeability steel cores [12]. The problem of using high permeability core materials is that inrush currents are 
increased. To solve the inrush problems, transformer manufacturers resort to gaps in the core. Gapping is an expensive production methodology and is difficult to control and test. In addition, gapped transformers become acoustically noisy. Most suppliers have proprietary technology (gapless) that produce toroidal transformer that have reduced inrush currents. . It is important that the second harmonic peak of transformers is known for setting of second harmonic restraint threshold.

Chapter 7
Analysis and Conclusion
7.1
Transformer Differential Protection 
The power transformer is one of the important links in a power system. The unplanned outage of a power transformer is costly to power utilities hence the need to minimize the frequency and duration of unwanted outages. A good transformer differential protection should never respond to faults beyond the zone of protection. Differential protection has proven to be the most reliable and popular technique in transformer protection. In most applications it serves as the main protection against faults in windings and at transformer bushings.
However, power transformer posses a wide range of characteristics and certain features which make complete protection difficult. Because of these characteristics, protection of large power transformers is perhaps the most challenging problem in the area of power system relaying. The following is a summary of some of the problems related to protective relaying of power transformers.
7.1.1

Inrush Conditions

Security – In modern power transformer, due to the magnetic properties of the core, the second harmonic during inrush and fifth harmonic during overexcitation may be very low jeopardising the relay security.

Dependability – The presence of higher harmonics does not indicate necessarily inrush. The harmonics may block a relay during severe internal faults due to saturation of current transformers.
Speed – It usually takes one full cycle to reject the magnetizing inrush if an internal fault is not severe enough to be tripped by unrestrained differential element.
7.1.2

Internal Faults.
Security – The internal fault current may be as low as a few percentage of the rated value. Attempts to cover such faults may jeopardize relay security.
Dependability - – The internal fault current may be as low as a few percentage of the rated value. The security demands under inrush conditions may limit the relay’s dependability.

Speed – The means of restraining the relay from tripping during inrush may limit relay speed of operation.
7.1.3

External Faults

Security – External fault current when combined with ratio mismatch may generate a false differential signal.

Dependability – All means of preventing false tripping during external faults reduce to a certain extent the dependability of the relay.

Speed – The means of restraining the relay from tripping during external faults may limit the relay speed of operation

7.2
Transformer Simulation 

A number of questions arose while applying differential relaying for transformer protection. The following are issues that relate to transformer differential protection:
7.2.1
The amount of fundamental and second harmonic current

To find the amount of fundamental and second harmonic current that the relay sees while energizing, testing of the transformer was proposed. The actual testing approach was found to be very risky, time consuming and expensive. Modelling was considered a more attractive and less expensive option. A Matlab program was developed for simulating transformer inrush conditions. The results show that the fundamental frequency and second harmonic content during inrush are high during energization. Other harmonics are also present but with a very low content. Both the magnitudes of the fundamental and second harmonic decrease as the inrush current diminish. Table 2.1 shows the harmonic content as a percentage of the fundamental frequency. The percentage of the second harmonic is above 60% for the transformer energization condition.
7.2.2
Transformer Inrush Magnitude. 

The voltage incidence angle and the residual flux are the main factors that determine the first peak of the inrush current. The results also showed that the greatest inrush currents occur when the transformer is switched at 0°. The least amplitude occurs when the voltage is at 90° and 270°. The system time constant (L/R) determines how fast the inrush current diminishes. The time constant for the decaying current is in the range of 0.1 seconds for small transformers, 100kVA and below and in the range of 1 second for larger units. The other factor that affects magnetizing inrush is the magnetic properties of the core material. The magnetizing inrush is more severe when the saturation flux density of the core is low. Most transformer core material have flux densities of 1.5 to 1.75 Tesla. Transformers operating closer to the latter value display lower inrush currents [17]. In general, however, the magnitude of the inrush current is a random factor and depends on the point of the voltage waveform at which the switchgear closes, as well as on the sign and value of the residual flux. It is approximated that every 5th or 6th energization of a power transformer results in considerably high values of the inrush current [17]
7.2.3
Effect of Inrush Currents on Differential Protection

The inrush current of a transformer can be as high as between 5-10 times of the rated transformer current. This current appears only on one side of the transformer and is not reflected on the other side of the transformer. This causes an imbalance on the currents appearing on the transformer differential relay. This imbalance will be seen as a differential current and will cause the differential relay to trip. Since an inrush condition is not a fault condition, the operation of a differential relay from an inrush condition should be avoided.

7.3
Differential Protection Relay Simulations
Historically, different means of delaying differential protection were used to prevent false tripping during inrush conditions. In most cases, the relay was disabled for a given time when switching a transformer. This in modern power system practice is no longer considered an acceptable means of restraining the differential relay during magnetizing inrush conditions especially for large power transformers. There are several means of restraining differential relays during magnetizing inrush. The research used the second harmonic restraint method. 
7.3.1
Differential protection against inrush current
Magnetizing current inrush appears as an internal fault to differential relays. Simulations were carried out to set and adjust a harmonic restraint differential relay during inrush. The behaviour of the differential currents during the inrush current conditions was developed. On energisation, it was found that the operating current was larger than the restraining current. This caused maloperation of the differential relay. This is unwanted operation because inrush current is not a fault current. The slope of second harmonic restraint current was adjusted and set so that the relay did not trip on energisation. 
7.3.2
Differential protection to internal faults

Simulations were carried out to find the response of the differential relay to internal faults. When the second harmonic restraint of the differential relay is properly adjusted and set; the relay can discriminate between internal and external faults. Three-phase fault and a phase to ground fault were simulated. The relay showed correct response to both fault simulations. When a differential relay is correctly adjusted and set it can correctly discriminate between internal and external faults. This also increases the response of the relay to internal faults and differential relay performance.
7.3.3
Differential protection to external faults

Simulations were also carried out to find the response of the differential relay to external faults. The relay remained stable to external faults. Since differential protection is a unit type of protection, it should remain stable for all faults outside its zone of protection.  
7.3.4
Differential protection under current transformer saturation conditions

Simulations were carried out to find the response of the relay when the current transformer saturate. High primary currents will result in the creation of a high flux density in the current transformer iron core. When this density reaches or exceeds the design limits of the core, saturation results. When the current transformers reach that point, their accuracy becomes very poor and the output is distorted by harmonics. This affects the secondary current output. Simulation results show maloperation of the relay due to current transformer saturation. Since differential relays use second harmonic to discriminate between inrush and harmonics, current saturation adversely affects the relay in discrimination between inrush and a fault. 
7.4
CONCLUSION
When a transformer is energized, there is large amount of inrush current generated in its primary winding. This current appears only on one side of the transformer and is not reflected on the other side of the transformer. This causes an imbalance of the currents appearing at the transformer differential relay. This imbalance will be seen as a differential current and will cause the differential relay to trip. Since an inrush condition is not a fault condition, the operation of a differential relay during an inrush condition must be prevented.

There are several ways of restraining the differential relay from operating during inrush. These include desensitizing of relays; wave shape recognition techniques and harmonic based methods. Desensitization method is no longer being practised. Wave shape recognition methods are still relatively new and not widely practised. Harmonic based methods are widely practised and this research used the second harmonic restraint method. The inrush current has a large harmonic component which is not present in fault currents. Inrush currents generate harmonics with second harmonic amplitudes as high as 65% of the fundamental. This is used by harmonic restraint relays to distinguish between faults and inrush. 
Transformer models were designed to give an in-depth understanding of the inrush phenomenon. These simulations were developed using Matlab/Simulink. No load transformer simulations were carried out. These simulations showed high magnitude of asymmetrical current with a high harmonic content. The magnitude of the inrush current was found to be depended on the point of voltage at which switching in occurred. The greatest inrush current occurred when the incident voltage was at 0° and 360° and least occurred when the voltage was at 90° and 270°.  The inrush value is also dependent on magnitude and polarity of residual flux, which may be left in the core after previous switching out. This residual flux is influenced by the transformer core material characteristics, core gap factor and other capacitances connected to the transformer.
Simulations of current transformers were carried out to determine the effect of inrush current. Current transformers saturate due to the large and slowly decaying component of the inrush. When current transformers are saturated, they produced distortions to their secondary current. To guarantee correct operation of the protection relay, current transformers must be able to produce sufficient amount of secondary current. 

Due to current transformer saturation during inrush conditions, the amount of the second harmonic current may drop considerably affecting protection relays that use second harmonic restraint method.
Simulations were carried out to determine the performance of the differential relay due to internal faults, external faults and during current transformer saturation conditions. These simulations were developed using PSCAD. The model provided valuable insight into the behaviour of a differential relay in a wide range of field events. Simulations were first carried out to adjust and set the second harmonic restraint slope.

Inrush currents were created by opening and closing the circuit breaker causing energization of the transformer and inrush currents. The relay restrained the effect of the presence of the inrush current. Since inrush is not a fault, it showed correct operation. 

Internal faults were simulated to investigate the response of the relay to internal faults.  The relay showed correct operation for the simulated faults. Since differential protection is a unit type of protection, it showed correct operation by remaining stable to all external faults. 

Current transformer saturation was simulated to investigate the behaviour of the differential relay. The differential relay was adversely affected by current transformer saturation. Depending on the degree of saturation, differential relays may maloperate due to current transformer saturation.
The harmonic restraint method adds the harmonic component of the operate current to the fundamental component of the restraint current, providing dynamic restraint during transformer inrush. Harmonic restraint methods ensure relay security for a very high percentage of transformer inrush currents. Properly setting and adjusting the second harmonic restraint percentage reduces the blocking time of differential protection during inrush. It also provides relay reliability to internal faults and stability to external faults.
Harmonic restraint methods may not be adequate to prevent differential element operation for unique cases with very low harmonic content in the operating current. Modern methods for differentiating inrush current from fault current may be required to ensure security without sacrificing fast and dependable operations when energising a faulted transformer. Further research is required in methods such as wavelet-based techniques for discrimination of internal faults from magnetizing inrush currents in power transformers. 
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