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Abstract  

Power transformers, as one of the essential electrical power grid equipment, necessitate 

protection systems that require high reliability, stability and rapid tripping operation. In order 

to achieve these tasks, differential protection has been used primarily as the main protection 

for majority power transformers. However, the magnetizing inrush current may cause 

incorrect tripping of the differential relay that is generated during the energization of the 

power transformer. Hence, the primary function of the differential scheme is to discriminate 

between magnetizing inrush situation and internal fault condition. In addition, the 

differential relay must remain inoperative during over-excitation, heavy through fault with 

CT saturation and several other types of inrush conditions such as sympathetic and recovery. 

In order to distinguish between internal fault and magnetizing inrush, second harmonic 

component criteria have been presently utilized by many utilities. In addition, the fifth 

harmonic component has sometimes been extracted to determine the over-excitation 

situation of the power transformer. However, with the advancement of low-loss amorphous 

core materials in modern transformers, the harmonic content of the magnetizing inrush has 

been reduced. On the contrary, the internal faults of the power transformer may obtain 

sufficient amounts of the second and fifth harmonic components during an external fault on 

the adjacent transmission line. These situations may lead to a malfunction or delay in 

operation of the conventional harmonic restraint based differential relay. Therefore, it is 

necessary to develop an improved technique for differential protection of the power 

transformer which is capable to discriminate between internal faults and other non-internal 

events. 

Recently, with the advent of Artificial Intelligent (AI) technology, Support Vector Machine 

(SVM) has emerged as an outperforming classifier. In the first stage of research work, a 

combined S-transform and SVM based method is presented to distinguish between internal 

faults and other disturbances. In order to evaluate the classification of the different operating 

conditions of the power transformer, the power system network is modelled using PSCAD / 

EMTDC simulation software. Differential currents, acquired from the secondary of the CTs 

on both sides of the transformer, have been utilized in S-transform to extract the correct 

feature for further classification. To perform the classification, the Radial Basis Function 

(RBF) kernel of SVM has been used to train the dataset. The optimal RBF parameters, 
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obtained from the five-fold cross-validation process, have been utilized to test the dataset for 

fault classification. Compared to the existing technique, the proposed scheme provides better 

fault classification accuracy. 

In the second stage of research, algorithms based on superimposed and sequence components 

of differential currents have been presented to achieve high sensitivity during internal faults. 

In both the methods, Modified Discrete Fourier Transform (MDFT) algorithm is used to 

extract different positive and negative sequence components of differential currents. Based 

on the derived sequence components, the Internal Fault Detection Factor (IFDF) and Internal 

Fault Detection (IFD) ratios is calculated for the superimposed and sequence component 

based method, respectively. These methods have been validated using numerous 

dataset generated from the power system network modelled in the PSCAD/EMTDC 

software package. The comparative assessment of the proposed methods with the recently 

developed scheme demonstrates superiority in the detection of internal faults. In addition, 

the superimposed differential current-based method outperforms the sequence based 

technique in terms of stability during external fault and sensitivity in case of internal fault. 

Additionally, the superimposed differential currents based method has been successfully 

evaluated on real-time field data acquired from the substation, different connection and 

rating of the transformer, CT errors and various tapping. 

Due to the unavailability of negative sequence components during symmetrical internal 

faults (which are very rare in transformers), superimposed and sequence components based 

differential current algorithms may not give satisfactory results. In order to overcome this 

limitation, a quartile based differential scheme is developed in the third stage of research 

work. In this method, Fault Detection Ratio (FDR) has been computed to detect internal fault 

from quartiles of the differential current. The threshold value of the FDR has been 

determined from the mathematical models of internal fault, magnetizing inrush and over-

excitation conditions, and further, validated with the help of the simulation dataset obtained 

from different operating conditions of the power transformer. The proposed method has been 

successfully assessed for all types of internal faults, including large value symmetrical 

internal fault currents to low value turn-to-turn fault currents. In addition, the proposed 

method has been performed reliably against the different connection and rating of the 

transformer, real-time field data from the substation and noise. In the end, the comparative 

assessment of the proposed method with conventional differential protection and the recently 

developed method reveals superior performance in terms of sensitivity, reliability and speed. 
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The present research is likely to benefit significantly in the field of differential protection of 

power transformer. Based on observations from the proposed methods, few 

recommendations for future researchers have been highlighted at the end of the thesis. 
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Introduction 

1.1 Overview 

Electrical power network is one of the elementary systems in contemporary industrialization 

and it is an essential infrastructure for the development of a country. The electrical power 

system should not only competent to accommodate the existing load but also be capable to 

incorporate future demand. This outstanding performance of electrical power system is 

obtained as a result of meticulous planning, design and operation of a complex network of 

generators, transmission lines, transformers and distribution feeders. These apparatuses 

along with accessories are very expensive. Hence, the overall power system involves a very 

huge amount of capital investment. To make the most of the return on this expenditure, the 

electrical power system must be utilized as much as attainable level with the appropriate 

constraints of security and reliability of electrical supply. In spite of careful power system 

operations, the electrical power network is liable to be subjected to abnormal system 

disturbances, which are established by random load changes and various fault conditions [1]. 

Therefore, detection of the fault and detachment of the equipment in the event of a fault is 

the prime function of the relay and circuit breaker. 

To return the power system to its normal operating state, the protective relaying system 

identifies abnormal conditions of the power system and commences remedial actions as fast 

as feasible. This measure ascertains not only that the protective system has prevented further 

damage of the equipment but also continues to supply the power to the healthy network [2]. 

Further, the response of this relaying system must be reliable, quick and selective to cause 

the minimum amount of interruption to the power system [1], [3]. In this situation, protection 

of the various components of power network such as generators, transmission lines, 

transformers, distribution networks etc., is the foremost requirement for healthy operation of 

power system network. Thus, the presented research work has been carried out in the area 
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of power transformer protection. In this chapter, basic and advancement in the power 

transformer protection are described along with chronological developments. 

1.2 Power Transformer Protection 

Power transformers play a crucial part in the transmission of electric energy. A power 

transformer is a static device that transfers electrical energy from one circuit to another while 

maintaining the same frequency. In general, low voltage electrical power generation is 

relatively cost-effective. On the contrary, transmission of electrical power at low voltage 

leads in higher line current and high line losses. As a result, the capital cost of the 

transmission system increases at low voltage. Thus, a high voltage transmission has been 

carried out to transfer electrical power and a step-up power transformer has been utilized. 

Further, the voltage level must be stepped down to their desired level at the receiving end 

before the high voltage power can be transmitted straight to consumers. Additionally, three-

phase power transformers are more cost effective when bought as a single unit than when 

obtained in a bank of three single-phase transformers. However, three-phase transformers 

are difficult to transport and must be taken completely out of operation if one of the phase 

windings fails to function properly. 

1.2.1 Various kinds of fault abnormalities in power transformer: 

The various properties of the power transformer with different types of fault have a 

significant impact on system conditions, which have grown increasingly prominent in recent 

years. The various types of faults that a transformer is likely to experience are, therefore, 

worth reviewing before contemplating safety equipment. 

External/Through fault of power transformer: 

When through faults occur, the transformers must be disconnected only after a 

predetermined time has lapsed during which other protective equipment should have been 

in operation. Time-graded overcurrent relays or fuses are typically used for the external 

short-circuit condition on the main supply network (outside the power transformer). The 

primary protection of the power supply network should be coordinated with this backup 

transformer protection. The transformer's primary protection scheme, on the other hand, 

should be designed such that the protective equipment does not operate under such 

conditions. 
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Internal faults of power transformer:  

Transformer primary protection is designed to prevent damage caused by faults within the 

protected zone. Internal faults are extremely dangerous, and there is always the danger of 

fire; these internal defects can be divided into two categories. 

Category 1 – Incipient faults 

The term 'incipient fault' refers to abnormalities that are initially minor in nature, but slowly 

grow into more serious problems. They are also not observable at the winding terminals. 

These faults include: 

 Irregular electrical contacts between conductors or a core fault (owing to insulation 

failure at lamination, bolt, or clamping ring) that generates arcing under the oil but 

only in low amounts 

 Failure of the cooling system, resulting in a temperature increase even when the 

power transformer is not fully loaded. 

 Low oil content or obstructed oil flow, which can generate localised hot patches on 

windings. 

 Due to the circulating currents, overheating can be caused by regulator faults and 

poor load-sharing across parallel transformers. 

These types of faults in category 1, while not serious at the beginning, may develop into 

significant problems over time and should be addressed as earliest. 

Category 2 – Internal faults 

Extremely damaging electrical internal faults of power transformer can be detected by an 

imbalance in current or voltage, such as phase-to-ground fault, phase-to-phase fault on 

primary winding and secondary winding; faults on terminals of primary winding and 

secondary winding; short circuit between turns of windings and short circuit faults turns of 

primary and secondary windings. It is essential that the faulty power transformer must be 

disconnected as early as possible subsequently the fault is detected. It can restrict not only 

the destruction to the apparatus itself but also the length of time the system voltage is 

lowered. A longer period of low voltage may cause a loss of synchronism between machines, 



Chapter - 1: Introduction 

4 

and if this arises, the enormous current drawn by an out-of-step machine may cause other 

relays to operate, resulting in sequential and false tripping. 

It should be noted that the techniques used to protect against category 1 faults are not 

sensitive enough to detect category 2 faults, while it seems to detect category 1 faults cannot 

always detect phase and terminal faults and are not rapid enough to remove other problems 

in category 2. These concepts are fundamental to transformer protection, and the techniques 

of protection against categories 1 and 2 should not be viewed as alternatives, but rather as 

complements to one another. In the discussion to follow, we will describe the developments 

of protection schemes to detect the electrical unbalancing due to internal faults under 

category 1. 

With the advancement in transformer design and increase in load demand, different size of 

transformers (ranging from few kVA to hundreds of MVA) have been constructed. Each part 

of the power system requires transformer with different size, type, connections and most 

importantly voltage levels. Therefore, the transformer protection, a part of power system 

relaying, has also been considered depending upon its importance, application, rating and 

protection economy. To minimize the consequences of thermal stress and electromagnetic 

forces during abnormal conditions or faults within the transformer, it is recommended that 

the transformer protection operates as quickly as possible to disconnect it from the rest of 

the power system network. Thus, a transformer may be protected with different type of 

protective devices such as fuses, over-current relays, pressure relays and differential relays 

[4], [5]. Additionally, transformers are also monitored for incipient faults utilizing 

measurement of winding temperature and chemical decomposition of insulating oil into gas. 

As the transformer protection also depends on economic constraints, small distribution 

transformers can be protected by fuses. IDMT overcurrent and instantaneous relays can also 

be used as the primary type of protection in case of relatively small sized (low rating) power 

transformers. Moreover, the current and time settings of such relays must be coordinated 

with other protective equipment on the downstream network, which may result in time-

delayed protection. These relays are also utilized in large sized transformer as back-up 

protection due to their design and time-delayed constrain [6]. However, time-delayed 

internal fault clearance is intolerable on high rating power transformers due to requirement 

of selectivity, and sensitivity. It is a general practice and recommendation of manufacturers 

that the power transformer rated 10 MVA and above should be protected by percentage 

differential relaying against short circuit [2], [3], [6]–[8]. 
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1.3 Brief history of differential protection 

Conventionally, differential protection utilizing percentage differential relay has been 

adopted for the protection of power transformer against internal faults [1], [9], [10]. Though 

this method works well in most of the circumstances, it is subjected to false tripping due to 

abnormal conditions such as magnetizing inrush, over-excitation and CT saturation during 

external faults [3]. The primary reason for false tripping during the above abnormality is the 

presence of differential current [11], [12]. However, the waveforms in case of these 

conditions are non-sinusoidal, whereas it is sinusoidal in nature during the internal fault. 

Hence, it seems that harmonic components generation during the said abnormal conditions 

could be able to prevent the operation of differential relay [13]. Thus, the relay based on 

harmonic current restraint has been introduced to segregate the above abnormal conditions 

from the internal fault in the power transformer [14], [15]. Harmonic analysis of typical 

differential current waveforms due to magnetizing inrush and CT saturation during through 

fault is shown in Table 1.1, in which relative values are expressed with respect to 100% 

fundamental component [13]. 

It is observed from Table 1.1 that the harmonic components can be utilized to restrain the 

differential relay whereas the fundamental frequency component likely to operate it. Thus, 

in case of harmonic restraint differential relay, the relay trips during the lower value of 

harmonic content as compared to the set value whereas it restrains/blocks the operation 

during the higher value of harmonic content. 

Looking at the chronological development of the differential protection, the earliest 

harmonic restraint percentage differential relay was electromechanical relays. They are 

rugged, reliable and still in operation by many utilities. However, due to moving parts in 

such relays, they persist few problems such as friction, less torque, high burden due to 

TABLE 1.1 Harmonic contents in the waveform of differential current 

Harmonic content Magnetizing inrush (%) CT saturation (%) 

DC 57.7 0.0 

2nd 63.0 0.0 

3rd 26.8 37.4 

4th 5.1 0.0 

5th 4.1 16.7 
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loading and high power consumption in auxiliary components [16], [17]. Afterwards, with 

the development of electrical static circuit and Integrated Circuits (IC), static relays have 

been grown up into relaying operation in late 1950’s. The first static relay for differential 

protection has been introduced in 1969 [18]. The static type relays have several advantages 

like low burden, capacity to build up precise & complex characteristics and reduced space 

requirement. The static differential relay has improved the sensitivity and speed of internal 

fault detection. Moreover, it has provided security against magnetizing inrush and over-

excitation [19]. However, their cost was initially very high in comparison of 

electromechanical relay and failure rate was also high [16], [17]. By late 80’s, 

microprocessor based relays were introduced in which multiple functions were performed 

with the help of hybrid analog and digital techniques [20]. They have many advantages over 

the existing relays such as more than one function in multiple setting groups, less burden, 

programmable logic, self-monitoring & testing, event recorder and ability to communicate 

with other relays [17], [20]–[22]. Nevertheless, microprocessor based devices have 

shortcomings like a compulsory requirement of expert, continuous change in software & 

hardware and susceptible to electric transient [23]. With the advent of digital technology, 

digital relaying combined with computer technology brought revolutionary invention in the 

protection system [24], [25]. The major advantages of digital relay are reduction in cost, 

better performance, adaptability and mathematical functions flexibility which are not 

possible in electromechanical/static relay. Moreover, it has inbuilt benefit that of 

microprocessor based relay such as storage of waveform, fault data before & after the 

occurrence of an event, self-monitoring etc. On this platform, the harmonic restraint 

differential current relay was first introduced in 1971 [26]. The fundamental frequency and 

second harmonic components had been detached with the help of digital filters which were 

programmed in digital computer to make application possible in real time. Thus, 

advancement in digital technology has transformed traditional electromechanical differential 

protection relaying scheme into digital differential relaying protection [15]. Moreover, due 

to improvement in the material of the core, the second harmonic content during magnetizing 

inrush has been significantly reduced [8], [27]–[29]. To overcome the above mentioned 

problems, waveform identification based techniques have also been developed and still, 

research is going on in the area of digital relaying platform. 
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1.4 Power transformer differential protection 

The principle of power transformer differential protection is based on a comparison of the 

transformer primary winding currents to the secondary winding currents. If these currents 

are disproportionate, an internal fault is assumed to occur and the transformer is required to 

switch off [1], [3], [30], [31]. However, power transformer protection requires the careful 

consideration against non-identical CT(s) saturation characteristic, different load currents on 

primary/ secondary windings, spill currents during no load condition, tapings on winding, 

inherent phase shift and ratio errors of CT(s).  

Foremost, it may not be possible to obtain the CT ratios on the primary and the secondary 

side of power transformer such that the product of primary winding turns of power 

transformer & CT should be equal to the product of secondary winding turns of power 

transformer & CT. The problem is somewhat eased by the fact that most relays themselves 

provide different tap positions for each of the CT inputs to the relay. Utilization of auxiliary 

CTs to achieve the same task is rather less anticipated. Further, the ratio transformation errors 

of the two CTs may be dissimilar, resulting in substantial differential current when there is 

normal load condition or an external fault. Lastly, if the power transformer has a tap changer, 

changing the taps will cause a change in the main transformer ratio. These effects 

consequence in a differential current flowing through the overcurrent relay, and the relay 

design must incorporate these differential currents without triggering a trip. Because each of 

these causes results in a differential current that is directly proportionate to the current 

flowing in the primary and secondary windings of transformer, a percentage differential 

relay is an outstanding solution to this situation. In order to prevent tripping against all the 

aforementioned abnormalities, percentage biased differential protection relay has been 

employed. On the other hand, an inherent phase shift of star-delta connected transformer can 

be taken care by connecting CT(s) such that the effect can be counteracted i.e. by connecting 

CT(s) in delta-star in star-delta connection of transformer. 

In order to understand the principle of percentage biased differential protection, consider the 

single-phase transformer as shown in Fig. 1.1. The secondary currents of both CTs will be 

equal during a normal operation of transformer, if the product of primary winding turns of 

power transformer & CT should be equal to the product of secondary winding turns of power 

transformer & CT. Conversely, when an internal fault evolves, this criterion is not any more 
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concurred, and the difference between 𝑖1 and 𝑖2  becomes considerable and it is proportionate 

to the internal fault current as given in (1.1). 

𝑖𝑑 = 𝑖1 − 𝑖2 (1.1) 

Thus, the power transformer will be well protected if an overcurrent relay is connected as 

indicated in Fig. 1.1. In a percentage bias differential relay, the differential current must be 

greater than a predetermined proportion to the bias current of transformer. The average of 

the primary and secondary currents is defined as the bias current and it is given by (1.2). 

𝑖𝑏𝑖𝑎𝑠 = 
𝑖1 + 𝑖2

2
 (1.2) 

Where, 𝑖𝑏𝑖𝑎𝑠 is known as bias current of relay. The relay trips when, 

𝑖𝑑 ≥ 𝐾 ×  𝑖𝑏𝑖𝑎𝑠 (1.3) 

Where, 𝐾  is the slope of percentage bias differential characteristic and represented in a 

percentage measure. In (1.3), the typical value of 𝐾  vary between 10% to 40%. 

Fig. 1.2 shows the percentage bias differential relay characteristic (differential current vs 

bias current). The trip zone of the relay is determined by the slope of bias characteristic. The 

different sources of error like ratio mismatch, CT error and tapping of the transformer during 

normal operating condition has been taken care by percentage biased differential relay 

including safety margin in the restraining area. In such cases, the relay does not operate 

unless the differential current is more than the pickup value (Ipmin). The percentage biased 

differential relay attends a small amount of differential currents (less than the pickup 

current), which flows within the relay during normal operation of the transformer or during 

 
FIGURE 1.1 Percentage biased differential relay characteristic for transformer protection 
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an external fault condition. However, phenomena like magnetizing inrush, over-excitation 

and CT saturation during heavy through fault may cause a significant differential current to 

flow despite the fact that there is no fault within the transformer [3], [11], [12]. These 

differential currents are sufficient to trip the percentage biased differential relay. Hence, all 

such phenomena can be traced with special precautions in the percentage biased differential 

relay. In the following subsections, the causes and their effects of the above mentioned 

phenomenon have been thoroughly explained. 

1.5  Magnetizing inrush current 

The magnetizing inrush current flows during energization (with or without load) of the 

power transformer. It is a situation in which inrush occurs to establish the magnetic field in 

the transformer. In case of transformer, the flux (∅) value at any instant in the core is given 

by (1.4). 

∅ =  (∅𝑚  cos 𝜃  ± ∅𝑟) 𝑒
−𝑅𝑃
𝐿𝑃

𝑡
− ∅𝑚  cos(𝜔𝑡 +  𝜃) (1.4) 

Where, ∅𝑚 and ∅𝑟 are maximum and residual value of flux, respectively. Moreover, 𝜃 is 

instant of switching, 𝑅𝑃 and 𝐿𝑃 are primary winding resistance and inductance, respectively. 

It can be seen from (1.4) that the flux waveform has a DC transient component and decays 

at a rate which can be determined by the ratio of primary winding resistance to inductance, 

and steady state ac component. Thus, when a transformer is switched on at zero crossing of 

the voltage wave, current waveform becomes absolutely offset in initial few cycles. 

 
FIGURE 1.2 Percentage biased differential relay characteristic for transformer protection 
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However, it also results in very small current value in an alternate half cycle because the flux 

reduces from the saturation value, resulting in asymmetrical magnetizing inrush current. 

Fig. 1.3 shows the process of setting up the magnetizing inrush current in the power 

transformer. On the left side of the curve, the saturation has shown which is producing the 

exciting current during energization in order to build up the flux. Starting from the value of 

residual flux ∅𝑅, the exciting current may be determined for each point of the flux from the 

saturation curve. It is to be noted that the magnetizing inrush current is not sinusoidal, but it 

is a sharp pulse and its peak value is occurring at the maximum value of the flux. 

Now-a-days, very large inrush currents are possible in the most modern power transformer 

depending upon the switching on instant and residual flux value in the core of transformer. 

The magnitude of inrush current can be as high as eight times the rated full load current of 

the transformer and flows in the primary winding only [3]. Thus, such a high value of 

magnetic inrush current produces a differential current which is 200% of the restraining 

current and may cause false tripping of the differential relay [8], [13], [15], [30].  

Moreover, when a nearer external fault of transformer occurs, it should be taken out from 

service till the electrical network resumes to normal condition. During this period, the flux 

value inside the core are certain extent very much alike to those during magnetization. So, 

when applied voltage to the transformer resumes to normal value, the flux in the core are 

forced to change from post fault value to normal value. This transition may lead flux value 

to reach out in saturation region depending upon the fault clearance instant which is similar 

 
FIGURE 1.3 Magnetizing inrush current waveform from the saturation curve of transformer 
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to those confronts during switching on transformer. Thus, the excessive magnetizing inrush 

current may also arise as a result of voltage recovery after clearing of a nearby fault, known 

as recovery inrush [14], [19].  

When a transformer is energized to the network, which is already feeding to similar 

transformer in parallel, the magnetizing inrush current of the energizing transformer also 

flows into the other transformer. This magnetizing inrush current is known as sympathetic 

inrush [1], [30], [32], [33]. The produced DC flux gets overlaid on their normal AC 

magnetizing flux. This condition leads to rising in flux and corresponding magnetizing 

currents in energized parallel transformer. The value of inrush current depends upon the 

magnitude of DC decaying component and core flux value during transient period and mal-

operation of protective relay may occur. However, the magnitude of such magnetizing inrush 

is not as high as that of switched on magnetizing inrush. However, its value may exceed 

twice to the rated current of transformer [2], [6].   

1.6 Over-excitation 

The EMF equation of transformer is expressed as: 

𝐸 = 4.44 𝑓 𝑁 ∅𝑚 (1.5) 

Where, 𝐸 is the rms value of voltage, ∅𝑚 is the maximum value of flux, 𝑓 is frequency and 

𝑁 is number of turns. Thus, as per (1.5), the flux level of transformer is directly related to 

applied voltage and inversely proportional to the frequency of applied voltage. 

Over-excitation or over-fluxing is the phenomenon which occurs due to overvoltage, under 

frequency or a combination of both. This results in an excessive flux density in the power 

transformer. The generator-unit transformer is more prone to such conditions. One of the 

main reasons for the high ratio of voltage to the frequency on the generators-unit transformer 

is due to the operation of the generator at reduced frequencies during start-up and shutdown 

[3]. Moreover, a transformer may be subjected to an overvoltage at its nominal frequency 

during sudden rejection of large load. Further, long power transmission systems are also 

subjected to overvoltage conditions during light load periods. Additionally, overvoltage and 

under frequency conditions can also occur in power transformer when large disturbance 

forms an electric island near the power transformer [6]. Since the transformers are designed 

to operate near the knee point of the magnetizing curve, the primary winding of a transformer 
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is overexcited during the above mentioned circumstances and forced into saturation [30]. 

During an over-excitation condition, the higher volt-amperes seems to be flowing into the 

primary winding compared to the secondary winding. Thus, the differential relay will 

observe the over-excitation situation as a difference in current between the primary and 

secondary windings and consequently initiates a tripping command [3], [6]. Therefore, over-

excitation protection should be employed for all power transformers. Further, it would be 

advisable to use over-excitation protection along with the differential protection, where the 

power transformer is prone to overexcited conditions.  

As such, it is not necessary to apply differential relaying to protect transformers against over-

excitation. On the other side, transformer differential relays are subjected to operate on over-

excitation current which may cause damage to the transformer. Moreover, tripping of 

differential relaying due to over-excitation could cause confusion in investigation during 

post disturbance. Further, high rating transformers should be equipped with dedicated over-

excitation protection for which over-excitation affects intuitively, and related differential 

relaying protection should be blocked against excitation current operation for the reasons as 

said earlier. 

1.7 Current Transformer (CT) saturation 

The differential protection scheme is designed to operate reliably during in-zone as well as 

out of zone protection. In differential protection, CT(s) plays a vital role to generate 

differential current. However, due to its property, it is difficult to achieve the linear 

transformation of large fault current from the CT primary to CT secondary [31], [34]. During 

the flow of rated load current and small values of fault currents in the CT primary, the flux 

density is quite inside the linear region of B-H characteristics. Therefore, the value of 

excitation current is low and the secondary current is proportional to the current flowing in 

the primary winding of the CT. However, if the fault current is large and comprises with dc 

offset, the core flux increases beyond the knee point and drives into the saturation region of 

B-H characteristics. When the flux is in the saturation region, the value of excitation current 

not only increases high during the period but also it has a significant non-sinusoidal peak 

value. This high value exciting current reduces the amount of current to be fed to the load 

(protective relay) of CT and it is to be said that CT is saturated [35].  
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Thus, for certain internal and external faults of a transformer, it is possible that one of the 

CTs or more CTs may saturate when the fault currents are larger than the rated current of the 

CT(s). In both the fault cases, the saturated CT secondary current would not be matched with 

the other side CT secondary currents. This will generate differential current to appear in the 

operating coil of a differential relay. Thus, CT saturation on account of external faults causes 

unwanted tripping of the differential relay. At the same time, the harmonic components in 

the saturated CT secondary currents may pick up harmonic restraint signal and delay trip 

operation of the transformer differential relay in case of internal fault [3], [30], [36]. 

1.8 Literature Review on Differential Protection of Power Transformer 

In power transformer, numerous single or compound criteria based protection techniques 

have been proposed in the literature to discriminate between internal faults and other 

abnormal operating conditions such as magnetizing inrush current, over-excitation and 

external faults. One of the methods to avoid maloperation of the differential relay due to 

magnetizing inrush is to make use of slow speed induction type relays with high current and 

long-time settings [6], [9]. This is undesirable as it slows down the operation of the relay 

and becomes insensitive for internal faults. The other method to prevent tripping of the 

differential relay through magnetizing inrush is desensitization of the relay during few cycles 

after switching on the power transformer, which can also be applied to high speed differential 

relays [5]. These types of relay are controlled by supplementary relays, which operates on 

the transformer voltage. So, additional potential transformers (PTs) are required in 

conjunction with the current transformers for the protective system. These involve an 

increase in the cost of the protective system, complication in attendant circuit due to auxiliary 

relays and reduction in the sensitivity against internal faults during energization [13]. Thus, 

in order to solve the said issues, the other methods have been proposed by researchers to 

improve the differential relay operation in terms of sensitivity, selectivity and speed. They 

are mainly classified on the basis of (i) second harmonic restraining based techniques (ii) 

transformer-model based method and (iii) current waveform identification based schemes 

[27], [29], [37], [38]. 

1.8.2 Harmonic Restraint Method 

The harmonic restraint method is based on the investigation of harmonic contents of the 

magnetizing inrush and over-excitation currents [1], [6]. In case of internal fault, the 
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differential current is sinusoidal in nature. However, during magnetizing inrush and over-

excitation conditions, this current contains harmonics, which distorts the differential current 

waveform. Henceforth, the differential protection of power transformer is based on 

extracting the fundamental (1st) component, second harmonic (2nd) component, and 

sometimes fifth harmonic (5th) component. The ratio of the 2nd harmonic component to the 

fundamental component is found and compared with a predefined threshold value to 

discriminate between magnetizing inrush and internal fault conditions. Moreover, the 

proportion of the 5th harmonic component into fundamental frequency component is being 

compared with a predefined threshold value in order to distinguish between internal fault 

and over-excitation state [19], [33], [37], [39], [40]. In order to extract fundamental and 

higher order harmonic contents from the differential current, various filters, transforms and 

mathematical functions have been utilized. The filtered harmonic components are utilized to 

restrain or operate the differential relay. Normally, 15% restrain setting in differential current 

is adjusted [33]. This indicates that if second harmonic content in differential current is 

greater than or equal to 15% of the fundamental frequency component, the relay restrains 

the operation of differential element. 

Sykes et. al [26] described second harmonic restraint method, which is based on recursive 

second order type digital band-pass filters to obtain the coefficients for fundamental and 

second order harmonic components. However, the second harmonic content of the inrush 

current is very low when the inrush current has a very high peak with wide base. In such 

cases, the harmonic-restraint unit fails to operate and may mal-operate the relay. To avoid 

such false operation of the relay, an intentional time-delay is added in the trip circuit of the 

relay.  

Thereafter, Degens [41], [42] have proposed a method based on least-square curve fitting 

digital filters to extract harmonic components from the differential currents. In [41], the 

decaying DC and five harmonic components have been calculated using 15 different 

multiplication constants based on simulation test cases. Afterwards, in [42], the digital filters 

have been implemented in microprocessor based differential relaying scheme. In this 

method, laboratory tests have been carried out to check the capability of the developed digital 

filter. Later on, Grcar et. al [37] implemented least-square based digital filters in the high 

performance signal processor to find out harmonic components from differential currents. A 

complete integrated performance of hardware and software structure has been described in 

the proposed method, which identifies various operating conditions such as internal fault, 
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magnetizing inrush and over-excitation. Nevertheless, limited signal bandwidth during 

analog-to-digital and digital-to-analog conversions and variable accuracy during noise are 

the several limitations of the aforementioned schemes.   

Afterwards, weighted least square filtering algorithm has been presented in [43] for the 

harmonic restraint differential protection of power transformer. In this method, an important 

feature of weighting matrix is highlighted to find out 2nd, 3rd and 5th harmonic components 

using digital simulation for a variety of inrush and fault current data. Furthermore, a root 

mean square error criterion has been established to suitably identify the waveform and to 

choose the optimum data window. According to the proposed method, the model provides 

higher root mean square error during internal fault and less root mean square error during 

magnetizing inrush. However, a heuristic approach has been employed to form weighting 

matrix in filtering algorithm. Moreover, the root-mean-square error is influenced by the 

variability within the distribution of sample data, which affects the model performance of 

differential protection.   

In order to discriminate between internal fault and magnetizing inrush, an algorithm based 

on Fourier transform has been proposed by Thorp et. al [39]. In this method, the fundamental 

frequency current phasors (for the tripping) and the second & fifth harmonic current phasors 

(for the restraining) of one cycle duration for all phases are computed using Discrete Fourier 

Transform (DFT) formulation. At each sample instant for all phases, one trip and two 

restraint digital signals (in the form of “low” and “high”) have been obtained after comparing 

the magnitude of the trip and restraining phasors with predefined thresholds. As per the 

proposed method, the relay is restrained during magnetizing inrush and over-excitation 

condition when 2nd or 5th harmonic restrain signal turns “high”. On the contrary, the tripping 

signal goes “high” and restrain signal moves “low” during an internal fault condition. 

Further, these signals have been incorporated with the percentage differential characteristic 

for transformer differential protection. 

Thereafter, Rahman et. al [11] presented a rectangular transform based technique to generate 

the Fourier coefficients of various frequency components. The cosine and sine components 

of Fourier coefficients have been extracted using addition and subtraction routine of 

rectangular transform. The advantage of this scheme is that it can be easily implemented in 

low cost microprocessor. Afterwards, the applications of haar function and walsh function 

have been proposed to obtain sine and cosine Fourier coefficients for harmonic restraint in 
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transformer differential protection [44], [45]. However, when the differential currents have 

decaying DC and numbers of harmonics, the trip command of the relay may be delayed by 

these algorithms because of slower convergence.  

Subsequently, a new technique based on Kalman filtering has been utilized to estimate the 

fundamental and higher order frequency components of the differential current [46]–[48]. 

This method requires only half cycle samples. However, Kalman filters are applicable where 

the system and observations are linear, which is not the case of the differential current signal. 

Moreover, it needs accurate differential current signal model and pre-calculated precise 

covariance matrix to extract various frequency components [37]. Further, as the gains of 

Kalman filters are time-varying, a number of precomputed gains has been required to store 

in memory for the implementation of this technique. An alternative approach to the above 

technique is the application of state-space observers, which utilizes constant gains. 

Consequently, state-space based optimal state observer method [49] has been proposed to 

estimate the fundamental frequency and harmonic components of differential current. 

However, the noise components have not been modelled in the presented design, which 

affects the weighting matrices of state space model used to extract various frequency 

components. 

Recently, Bejmert et. al [50] presented a method based on the integral principle of the 

harmonic component to include stabilization in conventional percentage differential 

characteristic. In this method, the final decision of tripping of the relay has been commenced 

based on the calculation of operating differential current, restraining signal current and 

stabilization information. However, two different thresholds have been recommended in the 

proposed algorithm, which reduces sensitivity of the differential relay. Furthermore, the 

over-excitation condition has not been evaluated in the proposed method. Thereafter, various 

harmonic restraint methods such as per phase, cross blocking, percentage average blocking 

and harmonic sharing for secure operation of the differential relay have been described in 

[8]. 

Though the number of methods has been proposed to extract the fundamental frequency and 

harmonic components of the differential current signal, second harmonic restraint method 

by means of traditional Fast Fourier Transform (FFT) in discrete form is the most widely 

used technique [33], [51]. However, the weak performance of FFT has been found during 

electromagnetic transients and impulsive conditions [52], [53]. It has also been noted in 
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various literature that the second harmonic component may be generated during internal 

faults in power transformer due to CT saturation and distributive capacitance of long 

transmission line to which the transformer is connected. In these situations, magnitude of the 

second harmonic component during an internal fault may be greater than that found in the 

magnetizing current. On contrary, the second harmonic components in the magnetizing 

current likely to be small in modern power transformer due to improvement in design and 

core material [28], [29], [53], [54]. Hence, the conventional harmonic restraint criteria for 

differential protection of power transformer may not be able to discriminate between internal 

faults and magnetizing inrush currents/over-excitation conditions. Thus, an improved 

technique for differential protection of power transformer is required to distinguish between 

internal fault and abnormal operating conditions of the power transformer. 

1.8.3 Transformer Model Based Algorithms 

Digital algorithms have also been proposed based on the transformer model which do not 

utilize harmonic components of differential current to distinguish magnetizing inrush from 

internal faults. For instance, Phadke et. al [12] proposed computer based flux restrain current 

differential relay for power transformer protection. In this scheme, tripping of the relay 

depends on ratio of change in flux to change in magnetizing current. In case of internal faults, 

this ratio is larger and hence, a trip signal would be issued. However, the voltage signal is 

required from other protective devices in the substation for computation of flux. Further, the 

technique presumes open secondary winding during magnetizing inrush; therefore, the 

complexity begins when the magnetizing current arises during loading condition. 

Additionally, the method utilizes transformer winding currents for relay operation. 

Afterwards, an algorithm based on transformer model to access incremental flux leakages is 

reported in [55]. Here, the ratio of change in windings flux linkages of both sides of the 

transformer is equal to the turns ratio of the transformer in case of normal operating 

conditions, magnetizing inrush and over-excitation. At the same time, this ratio differs from 

the turns ratio during internal winding faults. In addition, three independent detectors have 

been applied to find out incremental flux of the transformer, which reduces sensitivity of the 

differential relay. Though the method has been claimed to differentiate magnetizing inrush 

and over-excitation from internal fault conditions, CT saturation condition has not been 

evaluated. 
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Then after, another method based on equivalent circuit parameters of the transformer has 

been proposed in [56], which measures the inductance of the transformer. According to the 

algorithm, the measured values of inductance and inverse inductance matrices from the 

equivalent circuit elements of the transformer are remarkably different for internal faults and 

magnetizing inrush. However, it becomes necessary to determine equivalent parameters 

experimentally, as these parameters are not always available with the manufacturer. Besides, 

the algorithm also requires transformer winding currents to be measured. However, 

measurements of the delta winding currents are difficult in the transformer due to non-

availability of terminals. Afterwards, a method has been presented in [53], which depends 

on the calculation of equivalent instantaneous inductance of the transformer core. In this 

method, variation of equivalent instantaneous inductance has been detected on the basis of 

nonlinear characteristic of the transformer core. However, this scheme requires derivative of 

differential currents in the computation of instantaneous inductance, which increases 

computation burden. Further, during inductance variation, the computation of instantaneous 

inductance can be deteriorated due to signal disturbance in the time domain. Additionally, 

the above technique has not considered the effect of CT saturation in which core flux is also 

disrupted. 

In order to detect an internal fault in power transformer, Sachdev et. al [57] reported the 

method based on the transformer model. In this method, the electro-magnetic equations of a 

transformer are derived to estimate primary side voltages for the certain time period from 

differential equations of voltages, currents, and mutual flux linkages. During magnetizing 

inrush, normal operating conditions and external faults, these estimated voltages are equal 

to the measured value of voltages for the duration of the consecutive time period. On the 

other side, inequalities of estimated and measured primary side voltages indicate internal 

faults in the power transformer. However, the proposed algorithm requires both winding 

currents to estimate primary side voltage, which may not be always available (in case of 

delta connected winding of power transformer). Afterwards, the same authors have 

suggested a method based on voltage drop estimations of three phases from the modal 

transformation [27]. The estimations of voltage drop have been derived using modal 

transformation from both sides windings currents and voltages of a transformer. These 

estimated voltage drops have been compared with measured voltage drops, in which, these 

voltage drops have a larger difference during internal faults whereas their variation are small 

in case of other disturbances. However, both algorithms require accurate winding currents 
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and voltages to estimate primary side voltage & voltage drops and hence, an additional PT 

increases the overall cost of the protective system. 

Later on, a compensated current based differential relay has been presented in [58]. In this 

method, modified differential currents are utilized to compensate the magnetizing current. 

These modified differential currents have been obtained from the measured differential 

currents, core loss currents and calculated flux. Afterwards, these modified differential 

currents have been utilized in conjunction with the magnetization curve to estimate the 

magnetizing current and thus, the operation of relay is restrained during inrush condition. 

However, this method also necessitates the restraining current as an input which is found out 

from harmonics of differential current like conventional differential relay.  

Subsequently, Ma et. al [59] presented a novel approach using two terminal networks by 

removing mutual flux of the windings. In this technique, two terminal network, containing 

leakage reactance and winding resistance of the transformer, has been utilized to calculate 

the absolute value of active power. Afterwards, the absolute difference of active power on 

both sides of the network has been measured and compared. This measured absolute 

difference of active power is higher during internal faults in comparison with magnetizing 

inrush. However, over-excitation and CT saturation effects have not been discussed in this 

method. 

Afterwards, researchers have also established transformer differential protection techniques 

based on variation of transformer windings flux [60]–[62]. In these methods, tripping or 

blocking decisions are selected based on preselected criteria, which relies on development 

in induced potential difference due to varying flux at the time of internal fault or magnetizing 

inrush. Nevertheless, boosting costs of the protective system of differential protection due 

to prerequisite of special type of sensors like search coils, quintuplet set on printed circuit 

board and additional potential transformer are the main drawbacks of the above techniques. 

Meanwhile, Naseri et. al [63] proposed Extended Kalman filter based approach to 

distinguish internal faults from inrush condition. In this method, primary winding current 

has been estimated with the application of Extended Kalman filter. The difference between 

measured and estimated primary winding signal has been utilized to find an internal fault in 

the transformer. However, the said scheme operates with the help of core magnetizing curve, 

so the magnetizing characteristics must be preinstalled in the relay which can be dissimilar 

for power transformers manufactured by different manufacturers. Further, the other 
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disadvantage of the method is an inferior performance of extended Kalman filter for faulty 

transformer. 

1.8.4 Current Waveform Identification Based Differential Protection 

Second harmonics restrain based methods are relatively successful but there are few 

situations (more harmonics during internal fault and low harmonics during inrush) in which 

predetermined threshold is not adequate to make tripping or blocking decision of the relay 

and mal-operation of the relay may occur [64]. Moreover, most of the transformer model 

based methods need number of PTs to get voltage signals, which increases overall cost of 

the protective system. Further, accurate values of transformer parameters are challenging to 

attain using complex electromagnetic relations to employ the transformer model based 

method [65]. To overcome these situations, current waveform identification based digital 

relaying techniques have been proposed to increase sensitivity, reliability and speed of 

digital relays. These methods have been established depending on fuzzy logic, artificial 

neural network, machine learning, power differential, wavelet transform, etc. These 

techniques are described below. 

1.8.3.1 Fuzzy Logic and Artificial Neural Network Based Differential Protection:  

Nowadays, artificial intelligence (AI) becomes a powerful tool in various fields of power 

system operation, control and protection. One of the applications of AI is to solve 

classification problems efficiently. Moreover, technological research is going on for the field 

implementation of AI. The protective relay developed for classification is considered as a 

classifier that can classify various types of abnormal, faulty and normal operating conditions 

with the help of several built-in coefficients, different variables and number of functions of 

AI [66]. Consequently, the protective relays, which are utilizing AI platforms, have the 

ability to improve the quality of the protective system in terms of sensitivity, reliability and 

speed. In the AI based classification techniques, fuzzy logic, artificial neural network (ANN) 

and other classifiers have been utilized as a tool for the effective classification of faulty and 

non-faulty conditions.  

Initially, researchers have described the mathematical tool based on multi-criteria decision 

concept of fuzzy set theory to improve the reliability of the transformer differential relay 

[67]–[69]. In these methods, fuzzy rules have been developed based on various features of 

fuzzy sets for tripping decision of differential relay. However, recommendations to set the 
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internal parameter of fuzzy logic implementation in relay have not been discussed in these 

methods. Later, the fuzzy logic approach has also been utilized in [70] to enhance fault 

detection sensitivity of conventional differential transformer protection relay algorithm. This 

method has utilized properties of power transformer (derivatives of flux-differential currents 

and second harmonic restraint) and percentage differential characteristic as an input to 

construct fuzzy logic for internal fault detection. Afterwards, a novel method based on 

Clark’s transform and the fuzzy set has been proposed in [71]. In this method, Clark’s 

transform has been found out from the differential currents of transformer and patterns of 

Clark’s transform have been further utilized as an input in fuzzy sets. The major advantage 

of the proposed method is its ability in terms of successful operation in various operating 

conditions such as over-excitation, sympathetic inrush, switching on magnetizing inrush and 

internal faults (near to neutral). However, necessity of high security due to precise 

information requirements in constructing fuzzy rules is the major limitation of fuzzy logic 

based methods. 

In order to improve the differential protection of transformer, Perez et. al [38] and Balaga 

et. al [72] have proposed ANN based scheme to discriminate between magnetizing inrush 

and internal faults. The former method is recognizing the wave shape of the differential 

currents with the application of ANN. However, the authors have utilized time delayed ANN 

to normalize the current samples. In later method, the Genetic Algorithm (GA) has been 

compared with the Back Propagation (BP) method to improve the training speed of ANN. 

Though GA has provided better accuracy in comparison of BP, large training time of ANN 

in case of huge amount of data is the limitation of GA based method. Successively, ANN 

based method has been proposed which is designed and trained by BP algorithm [29]. The 

key feature of this method is that the training and testing data have been developed from 

transformer protection laboratory setup. Moreover, the off-line and on-line evaluation have 

been carried out to check the accuracy and speed of the proposed ANN based algorithm. 

Nevertheless, time consuming learning process and empirical network architectures of ANN 

are major drawbacks of the above method. Subsequently, improved ANN methods based on 

Multilayer Feed Forward Artificial Neural Network (MFFANN) [73] and Finite Impulse 

Response Artificial Neural Network (FIRANN) [74] have been proposed. In the prior 

method, the authors have recommended the application of MFFANN to determine the inrush 

phenomenon and also reconstructed the differential current from partially saturated CT using 

ANN as a parallel process. Whereas in FIRANN based method, three sets of ANN and 
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normalized currents from both sides of the transformer have been utilized to distinguish 

between internal faults and magnetizing inrush/external faults. Nevertheless, the above 

techniques require high computational burden and numerous data for training to implement 

differential transformer protection. 

Subsequently, Tripathy et. al [75]–[77] presented a novel concept for differential protection 

of power transformer based on Probabilistic Neural Network (PNN). This method utilizes 

voltage to frequency ratio and amplitude of differential current to detect the various 

operating conditions of power transformer. The advantage of PNN based method is that only 

one variable, known as a smoothing factor, has to be calibrated. However, large training data 

and high computational burden are requisite of PNN training to obtain a suitable model. 

Further, PNN requires large memory while it is executing a trained network. Yet, the 

discrimination accuracy for unknown test data samples depends on the correctness of 

training data that is used to construct PNN. 

Further, a new method using combination of ANN, Fuzzy logic and Genetic algorithm has 

been suggested in [78]. In this method, ANNs have been applied to make data correction 

during CT saturation; harmonic components estimation is done by genetic algorithm and 

fuzzy logic has been employed for tripping. However, slow convergence during training, the 

requisite of large number of datasets and the tendency to overfit the data are the several 

disadvantages of the said method.  

Recently, Convolution Neural Network (CNN) has been introduced for the differential 

protection [79] of power transformer. In this method, one dimensional feature of differential 

currents has been converted into two dimensions to enhance the learning capability of 

accelerated type CNN before classifying internal faults with other types of disturbances. 

Though, CNN outperforms the other types of ANN, poor performance in less amount of 

dataset and over-fitting problem in case of massive amount of data are the drawbacks of 

CNN.  

1.8.3.2 Power Differential Method: 

In a high voltage power transformer, the power available on both sides are almost equal due 

to very less internal core and winding power losses. During energization of the power 

transformer, the active power consumed by the transformer winding is very less due to the 

highly inductive circuit of the transformer winding. However, in case of internal fault 
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conditions, the average power loss in terms of heat energy raises. Therefore, an internal fault 

can be detected by setting a threshold on monitoring the average power flow in the 

transformer [80]. These average powers on primary and secondary windings can be 

calculated from the measurement of the current of each phase and voltage at transformer 

terminals. Nevertheless, the proposed method needs two power frequency cycles to compute 

average power which involves long operating time. Moreover, the proposed method is 

adversely affected during CT saturation. 

Afterwards, an algorithm depending upon the wave shape of transformer average differential 

power has been developed to identify internal faults and inrush condition [81]. The algorithm 

has been employed in the frequency domain of power signal and it has been found that the 

algorithm is reliable for all types of simulated cases of various conditions of the power 

transformer. As a continuous progress in this specified area of differential protection, the 

same authors have proposed a technique based on time domain [82]. The advantage of time 

domain perceptive in comparison with the frequency domain is its simplicity and application 

of lower sample frequency. However, requirements of voltage signals in addition to current 

signals are the key constrain of the proposed methods. 

1.8.3.3 Differential Protection Using Wavelets: 

Through Fourier analysis only averages frequency characteristics over time, wavelet permits 

the decomposition of a signal into different levels of frequency resolution. The mother 

wavelet dilates at low frequencies and compressed at high frequencies so that large size 

windows can be used to obtain the information for the low frequency components. Moreover, 

decomposition of wavelet contains the features both in time and frequency. Thus, the wavelet 

transform is predominantly applicable for power system transients since it divides the level 

of frequency range according to detectable frequencies [83]–[85]. In [86], the energies of 

differential current signals in time-frequency resolution has been found using wavelet. Based 

on these energies (as a vector) of particular frequency bands, multivariate Gaussian 

probability distribution function has been employed to classify the two disturbance events 

(internal fault and magnetizing inrush). However, the other major disturbances such as over-

excitation and CT saturation have not been examined by the said method.  

An alternative method based on Discrete Wavelet Transform (DWT) has been proposed to 

extract second harmonic component in [87]. This second harmonic components using DWT 
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has been found out in less than half a cycle of the fundamental frequency to identify 

magnetizing inrush condition. However, there are chances that the technique can mal-operate 

during energization with smaller value of second harmonic component. In other method [28], 

DWT has been applied on differential currents of the transformer to extract the feature of 

amplitude difference of wavelet coefficient in a definite frequency band. The proposed 

algorithm has segregated the internal fault and magnetizing inrush conditions within a 

quarter cycle after the occurrence of disturbances. Afterwards, Jamali et. al [88] presented 

the wavelet based scheme in combination with finite element method. In this scheme, it has 

been found that the slope of magnetizing current progressively increases with respect to time. 

On the other hand, the waveform of an internal fault has a higher slope at the time of fault 

inception, although it decreases afterwards. This criterion has been explored in the time-

frequency domain and discrimination of internal fault against magnetizing inrush conditions 

has been carried out.  

Later on, various researchers have proposed few more techniques based on DWT [89]–[91]. 

In these techniques, acquired differential current signals have been utilized as an input signal 

to the DWT. This transform decomposes the input signal into different kind of features such 

as correlation coefficient, wavelets coefficient spectral energy and detailed coefficients of 

various level of wavelet. Based on these extracted features, the internal fault detection 

techniques have been developed to enhance dependability during internal fault and higher 

stability against magnetizing inrush events. However, it is very difficult to implement these 

schemes in actual field. Medeiros et. al [92]–[94] proposed another scheme based on 

boundary discrete wavelet transform. In this scheme, wavelet coefficient energy parameter 

of boundary discrete wavelet transform has been adopted to find out threshold values to 

detect internal faults against magnetizing inrush, sympathetic inrush, energization in faulty 

condition, CT saturation and cross-country fault in the power transformer. However, the 

disadvantage of DWT decomposition filters is leakage energy, when the signal frequency is 

close to the edge of the decomposition filter frequency band [95]. In addition, higher 

sensitivity towards the noise signal and inability to include different signals in the 

predetermined Gaussian window are several shortcomings of the said techniques. 

Thereafter, Wavelet Packet Transform (WPT) has been utilized by Eissa [52] to distinguish 

between internal fault and magnetizing inrush. In this method, the product of differential 

fault current and pre-fault voltage signals for each phase has been used as the features for 

four levels WPT. Then, obtained wavelet coefficients of four level WPT have been added 
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and compared to detect the internal fault in the power transformer. However, high sampling 

frequency and compulsory requirement of PTs on both sides of the transformer windings are 

the major limitations of the proposed method. Afterwards, Saleh et. al [96]–[98] have 

presented WPT based algorithms to analyze internal fault, magnetizing inrush and through 

fault in the three-phase transformer. The minimum description length (MDL) parameter and 

Butterworth passive filter have been utilized in the said methods to extract the features for 

classification of different operating conditions. These methods have been verified based on 

experimental test data. Later on, Aktaibi et. al [99] proposed use of WPT to reveal 

magnetizing current from internal fault. In this scheme, the d-q axis transformation on three-

phase differential currents has been utilized as an input feature to WPT. The prime advantage 

of the said scheme is the requirement of only one level decomposition of WPT to distinguish 

between internal fault and magnetizing inrush. Thereafter, WPT based method has been 

proposed in [100], which extracts the wavelet package decomposition energy of different 

levels of the differential currents. Further, the extracted features of energy have been 

processed for classification between internal fault and magnetizing inrush with the 

application of Radial Basis Function Neural Network (RBFNN). Nonetheless, the main 

drawback of the above method is that it becomes computationally intensive for WPT based 

energy feature and involves higher testing time of RBFNN. Though the number of schemes 

have been proposed based on WPT, the major limitation of the WPT is that the small shifts 

in input signal can cause major variation in the distribution of detail and approximate 

magnitudes among different levels of coefficients. 

Recently, an algorithm based on wavelet correlation modes has been put forward for the 

protection of power transformer [101]. In this method, Eigen value of wavelet correlation 

matrix has been employed to detect the internal faults. However, in the proposed algorithm, 

two different thresholds have been introduced for abnormality check and internal fault 

detection, which reduces the sensitivity of the algorithm. In general, the major disadvantage 

of wavelet application for differential transformer protection schemes is the requirement of 

a high sampling rate to extract various features through different decomposition levels. 

Furthermore, they are extremely sensitive against noise and unexpected disturbances. 

1.8.3.4 Machine Learning and Image Processing Methods: 

Machine learning is a part of AI which yields a system to possess automatic learning ability 

and the system can be developed by gaining the experience from accessing the raw data.  In 
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addition, the objective of machine learning research is the evolution of fast learning methods 

in various fields and advanced prediction models in decision making processes [102]. 

Initially, Vazques et. al [103] introduced Principal Component Analysis (PCA) based 

approach for the power transformer protection. PCA is an unsupervised learning statistical 

procedure that reduces the dimensionality of dataset. Using orthogonal transformation, it 

converts observations of correlated variables into values of uncorrelated variables called 

principal components. The proposed method takes out the features of the differential current 

in feature space to obtain principal components. The advantages of the method are linearly 

separable structure of extracted differential current data in feature space and no need of 

further classification process. However, the major limitations of PCA are requirement of 

standardization of data and information loss during feature extraction. 

Afterwards, Shah et. al [104] presented power transformer protection based on Support 

Vector Machine (SVM). SVM has appeared as a dominant tool for solving the classification 

problem. Furthermore, daubechies mother wavelet (whose characteristics match very close 

with transient signal) has been utilized for the feature extraction of differential current. This 

method has been verified with high value of accuracy for large test dataset. Moreover, the 

comparison of the proposed method with conventional harmonic restraint method and PNN 

based method has proved the superiority of SVM based technology in power transformer 

protection. Subsequently, the other SVM based differential protection method has also been 

proposed in [105]. The features for the classification between internal fault and other 

disturbances have been chosen as two dimensional characteristics of voltage and differential 

current. Though the said method claims high accuracy, application of PT to measure voltage 

increases the overall cost of the protective system. 

In order to differentiate between an internal fault and magnetizing inrush, Decision Tree 

(DT) [106]–[108] based technique for differential protection of power transformer has been 

proposed by researchers. These algorithms have been successfully tested on experimental 

and simulation dataset of power transformer with classification accuracy of more than 95%. 

Among the developed algorithms, the algorithm presented by Samantaray et. al [106] has 

been evaluated for noisy test data with high value of accuracy, whereas Shah et. al [108] 

proposed an algorithm to evaluate over-excitation conditions in addition to internal faults 

and magnetizing inrush. 
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Later on, Bayesian classifier has been utilized to identify an internal fault in the power 

transformer in [35]. Two features such as mean and covariance of differential currents have 

been extracted for the input to Bayesian classifier and reasonable classification accuracy has 

been achieved for internal fault identification. Though this classifier requires less amount of 

training data, it needs mutually independent features for classification process. However, in 

case of simultaneous internal fault during energizing power transformer, it is almost 

impossible to obtain mutually independent features and the said event may not be classified 

correctly.   

Thereafter, Mathematical Morphology (MM) has been introduced for differential protection 

of power transformer in [109]. It is a powerful tool in image processing, which is based on 

set theory and includes abstraction of shape characteristics from an image. MM operators 

can be used to convert any signal into their geometrical structure. In this method, differential 

currents of power transformer have been decomposed into MM components using 

morphological decomposition and morphological wavelet. Afterwards, another method 

based on MM has also been reported in [110]. In this method, morphological gradient has 

been employed to detect internal faults with and without CT saturation. Moreover, both the 

schemes have been assessed and verified with the help of simulation as well as laboratory 

prototype. However, structuring elements of signal in only one direction is required by MM. 

Conversely, randomly oriented features of current signal cannot produce expected output 

using MM operation.  

1.8.3.5 Various Transform Tools for Differential Protection: 

The S-transform is a time-frequency signal analysis and conditioning method that merges 

elements of wavelet transform and short time Fourier transform. It provides investigation 

window in which width of window decreases with increase in frequency and provides 

frequency dependent resolution. Thus, it has an advantage that it offers multiresolution 

analysis of the phase for each frequency, which leads to an application for detection of non-

stationary signals [111]. Hence, in order to detect magnetizing inrush current, S-transform 

based method has been proposed whose spectral energy feature is utilized for detection of 

transient signal. Afterwards, Hyperbolic S-transform (HST) and recursive S-transform based 

methods have also been presented to differentiate internal faults (major internal faults and 

incipient faults) from external faults and inrush currents of transformer [95], [112].  
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Recently, Time-Time (TT) transform has been derived from S-transform and it has been 

addressed in the signal processing area. Consequently, TT-transform based differential relay 

has been put forward in the application of power transformer protection [113]. In this 

scheme, a shape varying hyperbolic window has been employed to compute the TT-

transform of differential currents. However, TT-transform needs large run time when data 

samples are huge and it occupies high amount of memory. 

1.8.3.6 Sequence Component Based Differential Protection: 

To achieve the better performance in the field of power transformer protection, a number of 

researchers have presented various transformer differential protection schemes depending 

on sequence components of winding or differential currents [114]–[117]. To enhance the 

capability of digital differential relaying, both phase and magnitude information of negative 

sequence components of winding currents as well as voltages have been utilized in [114]. 

Nevertheless, the scheme utilizes the voltage signal as one of the measurement parameters, 

which increases overall cost during the implementation of the scheme. Subsequently, Batista 

et. al [115] proposed sequence components based method in which positive and negative 

sequence components have been utilized. Fundamental frequency and harmonic components 

of positive as well as negative sequence components have been used to extract various 

features such as magnitudes, perimeters, adjusted negative sequence amount and 

compactness. Afterwards, the cluster analysis has been applied on extracted features to 

recognize the events of internal faults, particularly turn-to-turn faults. However, this scheme 

has not been analyzed for optimum threshold and an electrical event like over-excitation 

condition. Recently, Peres et. al [116] presented an instantaneous negative sequence 

component of the current signal based protection scheme. Though, this technique is able to 

detect very low valued shorted turns fault current in case of turn-to-turn fault, it may fail to 

detect the internal fault while energizing the power transformer. Successively, the method 

based on fault related incremental currents has also been reported [117]. Although, this 

technique is sensitive enough to detect low valued turn-to-turn fault within one power 

frequency cycle, heuristic approach to find three different thresholds and inability to detect 

turn-to-turn fault during inrush current are major limitations of the said method.  
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1.8.3.7 Additional Waveform Identification Based Differential Protection: 

In order to discriminate between magnetizing inrush and internal fault, various waveform 

identification based methods have been proposed so far. Among these methods, one of the 

methods is magnetic sine-wave least square curve fitting technique [118]. In this method, a 

residual signal has been obtained from the difference between normalized differential current 

and sine-wave least square fitted signal for each phase. These residual signals have been 

compared with predefined thresholds to discriminate between internal faults and 

magnetizing inrush conditions. However, the defined threshold has dead band value which 

is not able to identify the said two conditions. 

Afterwards, Extended Park’s Vector Approach (EPVA) has been applied to segregate the 

magnetizing inrush from internal fault (particularly turn-to-turn fault) of power transformer 

[119]. In this paper, analysis of spectral content of Park’s vector modulus has been found 

out from differential currents. However, the prime limitation of this approach is that the 

scheme remains immune to system disturbances and power system transients. Subsequently, 

Dashti et. al [120] presented an adaptive multiregion transformer differential protection 

method, which makes distinction of internal faults from other disturbances based on adopted 

weighting factors and differential current trajectory. The trip signal operates when the 

addition of all weighted factors increases a pre-specified threshold value. However, 

difficulty in adapting weighting factor during in-zone and out-of-zone fault conditions is the 

limitation of the said scheme.  

Thenafter, a method for restraining the operation of power transformer differential 

protection, when undergoes to magnetizing inrush condition has been introduced in [121]. 

This work demonstrates that the phase angle difference between primary and secondary 

winding currents can be utilized to discriminate between magnetizing inrush and internal 

faults. However, the technique is only useful when the power transformer has been fed from 

both ends of the power system network. Thereafter, Lin et. al [122]  presented a new criterion 

based on superimposed phase voltages and differential currents for power transformer 

protection. At the same time, Khalkhali et. al [123] proposed orthogonal polynomials based 

internal fault identification method, which utilizes three different criteria with predefined 

thresholds.  However, due to multiple detection criteria, it decreases the sensitivity of the 

protection scheme. Further, difficulty in prediction value of coefficients of orthogonal 

polynomials during the unobserved situation is the prime limitation of the above approach. 
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Later on, correlation technique has been applied to strengthen the power transformer 

protection [124]. In this method, cross-correlation coefficients have been estimated from 

both sides of the power transformer windings for each phase and their values have been 

compared with the predefined threshold before providing blocking command against 

external fault. Yet, the testing of this method has been not carried out against inrush and 

over-excitation conditions.  

Successively, chirplet transform and Empirical Fourier Transform (EFT) have been 

introduced by the same researchers [125], [126] to detect an internal fault in power 

transformer. In the former method, z-score of normalized energy distribution on the time-

frequency plane using chirplet transform has been found out for differential current signal. 

This method has been applied in biased differential characteristic when the differential 

current trajectory enters the operating region. However, the prime limitation of chirplet 

transform is its susceptibility to noise and the same chirp rate to the entire signal in case of 

overlapping signals. In the latter method, a deviation factor value has been calculated using 

EFT for a fundamental frequency component of differential current. According to the 

method, the higher value of deviation factor than threshold indicates the inrush condition, 

whereas the lower value specifies the internal fault when differential current enters the 

operating region of biased differential protection characteristic. However, over-excitation 

characteristics have not been evaluated to find out the suitability of the said method. 

Thereafter, methods based on the zone of non-saturation [127] and current & voltage ratio 

[128] have been presented. However, these schemes may not give acceptable results during 

over-excitation and sympathetic/recovery type of magnetizing inrush. Moreover, later 

method primarily needs voltage measurement which puts extra cost in the protective system. 

Later on, the application of higher order statistics has been introduced in various research 

articles for the protection of power transformer [129]–[131]. Nevertheless, the major 

disadvantage of the said schemes is that they necessitate huge data length which in turn raises 

its computational complexity. Moreover, the performance of the scheme would be inferior 

in the event of dynamic range of dataset. Recently, Weng et. al [132]-[133] introduced new 

methods such as Hausdorff distance (measures of distance between two subsets) and Fréchet 

distance (measures of similarity between curves) for the application of power transformer 

protection. In the former method, the Hausdorff distance between two sequences of 

differential current and a standard sine wave is being calculated to replicate the sinusoidal 

relationship of the differential current. However, during comparison of huge datasets and in 
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time critical applications, the Hausdorff distance algorithms become computationally 

complex. In later method, the differences of phase characteristics of winding currents from 

both sides of the transformer have been used for internal fault detection. However, sensitivity 

towards non-uniformly distributed noise and instability during transformer energization in 

no-load condition (when the transformer is connected through a single source) are the 

limitations of the said scheme. 

1.9 Motivation of research 

The techniques, which are reported in preceding sections, can present a substitute or 

advancement in the existing power transformer differential protection schemes. However, 

the second harmonic restraint/bypass technique is widely utilized for power transformer 

protection, regardless of its limitations [78], [119]. It has been observed that the saturation 

of the current transformer and distributive capacitance of long transmission line connected 

with the transformer may develop second harmonic component during internal faults of the 

power transformer. In these cases, the magnitude of the second harmonic component in 

internal fault has been found to be as high as that of magnetizing current [73], [134]. On the 

other hand, improvement in core material in modern power transformer has reduced the 

second harmonic component. Thus, the conventional harmonic restraint based differential 

relay may not be capable to distinguish between internal faults and magnetizing inrush 

condition [27], [59], [121]. Moreover, internal faults appear near the end of the winding or 

neutral of the winding in case of star connection, turn-to-turn faults and interwinding faults 

are also challenging for researchers since these faults are not easily detectable by the 

percentage differential protection scheme [71]. Furthermore, the conventional percentage 

differential protection combined with harmonic restraint scheme may fail and affect the 

relaying operation in several operating conditions of power transformer [78], [135]. In 

addition, this protection approach has shown considerable decline in sensitivity in case of 

current-transformer (CT) saturation conditions and simultaneous internal fault while 

energizing transformer [98], [131].  

Thus, in order to overcome the above mentioned shortcoming of the differential protection 

scheme, there is a need to develop robust and accurate digital differential transformer 

protection scheme which should be independent of the second harmonic components of 

differential currents. Further, it should be also capable to identify low valued turn-to-turn 

faults, interwinding faults and internal fault while energizing transformer. Moreover, it 
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should remain stable during the disturbing events such as sympathetic inrush and CT 

saturation during external faults. 

1.10 Aim and objectives of thesis 

The main objective of the proposed work is to develop a new digital differential relaying 

scheme for power transformer. Keeping in the view of the said research gaps, the following 

objectives are set for the proposed research work: 

 To achieve effective discrimination between magnetizing inrush condition and 

internal faults. 

 To achieve high discriminating accuracy between magnetizing inrush and internal 

faults including minor faults like turn-to-turn and inter-winding.  

 To develop a scheme that remains stable against over-excitation and magnetizing 

inrushes situations such as sympathetic inrush and recovery inrush.  

 To design self-decision making and fast digital/numerical transformer differential 

protection scheme with a capability to operate or block the operating signal during 

unseen situation of power system variation due to residual flux, fault inception angle 

(in case of faults) or switching angle (in case of magnetizing inrush and over-

excitation), CT parameters, source impedances and loading condition of power 

transformer as well as different rating and connection of power transformers. 

The current state of the art and the existing gaps provides tremendous opportunities for 

further development of intelligent digital/numerical protection for power transformer. 

1.11  Organization of thesis 

The work presented in this thesis is divided into seven chapters as discussed below.  

Chapter 1: The first chapter deals with the introduction of the power transformer protection, 

percentage differential relays, various inherent phenomenon in power transformer and 

problems faced by differential protection scheme. In this chapter, three major issues (i) 

magnetizing inrush, (ii) over-excitation and (iii) CT saturation during an external fault have 

been discussed. Further, this chapter emphasizes on the research opportunities in the area of 

differential protection of power transformer. Moreover, it also provides the necessary 
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background and comprehensive literature survey on the existing transformer differential 

protection schemes for power transformer.  

Chapter 2: This chapter deals with the development of power transformer model. In this 

chapter, simulation model of a part of Indian power transmission network including a 315 

MVA, 400 kV/220 kV, 50 Hz power transformer, 400 kV and 220 kV transmission lines 

connected to the power transformer, various rating of loads and current transformers related 

to differential protection of power transformer has been modelled in PSCAD/EMTDC 

software package. The prepared model is subjected to operate in different power transformer 

conditions such as internal faults, magnetizing inrush, over-excitation, normal operating 

condition and external faults. Further, the simulation models for minor fault such as turn-to-

turn and interwinding have been developed using PSCAD/EMTDC software package. 

Moreover, the waveform generated using simulation models in PSCAD/EMTDC has been 

compared with the waveforms produced by the mathematical models during internal fault, 

magnetizing inrush and over-excitation conditions.  

Chapter 3: This chapter introduces the development of a protection scheme based on S-

transform and SVM for classification of internal faults with non-internal faults. In this 

chapter, simulation cases containing internal faults, magnetizing inrush and other 

disturbances have been discussed. The simulation work has been carried out in 

PSCAD/EMTDC software package and the scheme has been implemented in MATLAB 

environment. Further, generation of various internal faults as well as non-internal fault cases, 

selection of the feature signals, formation of the feature vector, and training of the classifier 

model have been discussed. The results obtained during various internal fault and non-

internal fault events in terms of variations in the feature signal and at large in terms of 

accuracy of the classifier model have been clearly presented. In the end, the comparative 

analysis and summary of the proposed technique have been provided.  

Chapter 4: A digital protection scheme based on superimposed differential currents has been 

presented in this chapter. Furthermore, to evaluate the performance of the proposed 

technique during various internal fault and non-internal fault events, a large number of such 

conditions have been generated using PSCAD/EMTDC software package. Discrimination 

between internal fault and non-internal fault conditions has been achieved by Internal Fault 

Discrimination Factor (IFDF). Further, data obtained from the field for internal faults and 

magnetizing inrush have been utilized for testing of the proposed algorithms. In the end, 
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comparative analysis of the proposed algorithm has been carried out with recently developed 

technique. Finally, a summary of the proposed techniques has been revealed at the end of 

the chapter. 

Chapter 5: In this chapter, novel digital protection scheme based on sequence components 

of differential currents for internal fault detection have been presented. Further, to evaluate 

the performance of the proposed technique during various internal fault and non-internal 

fault events, large numbers of cases have been generated on the power transmission network 

in PSCAD/EMTDC environment. Initially, the results obtained during test cases in terms of 

Internal Fault Detection (IFD), derived from positive and negative sequence components, 

have been graphically discussed. Moreover, different operative situations of the power 

transformer have been assessed to verify the proposed method. Later, a comparative analysis 

of the proposed method with the existing transformer differential protection scheme has been 

carried out. At last, limitations and summary of the proposed method have been discussed. 

Chapter 6: This chapter presents quartile based differential protection technique for power 

transformer. In the beginning of the chapter, the term “quartile” and the potentiality of the 

quartile to distinguish internal fault and magnetizing inrush has been reviewed. Further, 

implementing the application of quartile, the detailed discussion has been provided to derive 

the Fault Detection Ratio (FDR) of the proposed scheme. Afterwards, the data generation of 

internal fault and non-internal fault for the proposed scheme has been shown. Subsequently, 

performance of the proposed scheme is evaluated for various operating conditions of power 

transformer. Furthermore, validation of the proposed method using real time field data has 

been explained. In the end, comparative analysis with the existing schemes and summary of 

the proposed techniques are also discussed in the chapter. 

Chapter 7: The final chapter presents the overall conclusion of the work and highlights the 

contributions made by the author. Suggestions for carrying out further work in the area of 

differential protection of the power transformer have also been proposed. 



 

Power Transformer Modelling 

2.1 Introduction 

Computer simulation of power system has increased the performance evaluation of complex 

model and replication of the real time operations of the power system network would be 

achieved without constructing the actual electrical network. In computer simulations, a 

mathematical model of various component/apparatus of power system network is required. 

Such models increase the performance evaluation of the complex network and give an 

accurate result as good as the results obtained from the laboratory prototype. The primary 

benefit of the model of computer simulation is the observation of internal activity during 

both intermittent and stable conditions. In addition, the tests of the power system equipment 

using the model of computer simulation are more precise in comparison with the analytical 

model. Consequently, computer simulation models have already been used by utilities to 

study the difficult application of power systems and related problems [136].  

In this context, the PSCAD/EMTDC software package is one of the most powerful and 

widely used computer software for transient simulations in power system. The 

PSCAD/EMTDC software package is an electromagnetic transient analysis program that 

works with a graphical user interface. It contains various libraries of pre-developed models 

of a power network component and apparatus such as active and passive network elements. 

These components are utilized to develop a simulation model of an electrical power system 

network for transient analysis. In addition, it also provides an advantage of developing a 

tailor-made (custom) model in a user defined library component using FORTRAN 

programming language. In this regard, it is one of the most influential and extensively 

adopted computer software for the purpose of transient analysis of power systems [137]–

[139].  
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In PSCAD / EMTDC software package, the acquisition of current and voltage signals during 

faults & disturbances, different operating states, altering power grid topology and selecting 

equivalent network parameters is quite informal. These voltage and current measurements 

for each generated case can be obtained by filtering and sampling with the desired size of 

the data window [140]. In addition, the PSCAD / EMTDC software package can easily 

interface with the MATLAB for effective transient analysis. This can improve the 

capabilities of digital data processing through signal processing techniques. Furthermore, 

MATLAB is also accountable for handling PSCAD / EMTDC digital data files for all events 

and storing those files for later use. As the PSCAD / EMTDC platform offers various 

advantages of transient analysis, it has been decided to carry out the proposed research work 

with this platform. 

Thus, an appropriate power transformer protection system has been modelled in 

PSCAD/EMTDC software package since it is almost unfeasible to obtain actual/real time 

waveforms from the power system network for all power transformer operating scenarios. 

As a result, the necessary signals such as primary & secondary winding currents, CT 

secondary currents, differential currents, bias currents and bus voltages have been obtained 

by modelling the power transformer protection scheme in the PSCAD / EMTDC software 

package. Further, the recorded waveforms of various operating conditions have been utilized 

to evaluate the performance of proposed methods for differential protection of transformers 

in the MATLAB environment.  

In the presented research work, a part of the Indian power transmission network including 

power transformer (315 MVA, 400 kV/220 kV, 50 Hz), transmission lines (400 kV & 220 

kV), various load and current transformers are modelled in the PSCAD / EMTDC software 

package. The prepared model has been subjected to operate on variety of power transformer 

functional conditions such as normal, non-internal fault and internal fault. In case of non-

internal fault conditions, situations such as magnetizing inrush (switching inrush with 

residual magnetism, sympathetic inrush and recovery inrush), over-excitation, CT saturation 

and external faults with varying fault parameters are considered for transient analysis. At the 

same time, internal faults (Line-to-Ground (LG), Line-to-Line (LL), Line-to-Line-to-

Ground (LLG), Turn-to-Turn (TT) and Interwinding) have been taken into account for 

investigation. Thus, this chapter reflects the development of mathematical / simulation 

models and waveforms for various operating conditions of the power transformer. In the end, 
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waveforms obtained from analytical model are compared with the waveforms generated by 

the PSCAD / EMTDC developed models. 

2.2 Power Transmission Network 

Fig. 2.1 shows the single line diagram of a portion of the power transmission network 

developed and managed by Gujarat Energy Transmission Corporation Limited (GETCO), 

Gujarat, India. As shown in Fig. 2.1, electrical power is generated at 11 kV by Gujarat State 

Electricity Corporation Limited (GSECL) and other private power generating sectors. 

Subsequently, the power is step up to 400 kV level using Generator Transformer (GT). This 

 
FIGURE 2.1 Single line diagram of power transmission network 
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power is then transmitted to the various 400 kV substations located in the state of Gujarat. 

In certain substations, the 400 kV voltage level has been reduced to 220 kV with the help of 

400 kV/220 kV power transformer and it has been transmitted again to other 220 kV 

substations located in Gujarat for further transmission and distribution of power.  

In the presented research work, the developed algorithms have been implemented on 315 

MVA, 400 kV / 220 kV, 50 Hz, YΔ1, 3-phase power transformer located at 400 kV Kasor 

substation in Gujarat, India. The modelling of the entire network has been carried out in 

PSCAD/EMTDC software package. The details of the power transformer, source 

impedances (SI) and current transformer are provided in Appendix A. In this work, the 

proposed algorithms are tested by acquiring samples of currents from each side of the 

winding of the transformer. Moreover, in the presented work, the concept of sliding window, 

which is working based on “Last In First Out” principle, is utilized. Here, the most recent 

sample combines with the sliding window samples and the oldest sample is discarded [104]. 

Further, different operating conditions of the power transformer have been considered for 

the transient analysis of the developed power transformer protection algorithms. These 

conditions are: (1) Normal (Healthy) (2) Internal fault and (3) Non-internal fault (such as 

magnetizing inrush, over-excitation and CT saturation). 

2.3 Normal operating condition of power transformer 

During normal operating state of the power transformer, the voltage is transferred from the 

primary circuit to the secondary circuit as per the operating principle of the power 

transformer. In this state, the internal voltage drop with respect to the primary and secondary 

impedance occurs. Further, no transient signal is reported in this situation. In the case of 

single-phase two winding transformer from three-phase transformer bank, as shown in Fig. 

2.2 (a), primary and secondary windings are categorized by 2×2 matrices, which are formed 

by the combination of Resistance (R) and Inductance (L). The values of R and L are  shown 

in (2.1). 

R = [
R1 0
0 R2

] and L = [
L1 M12

M21 L2
] (2.1) 

where, R, L and M are resistance, self-inductance and mutual inductance of the winding, 

respectively; subscript ‘1’ and ‘2’ indicates primary and secondary winding, respectively. 
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The voltage equation of two winding transformer under normal operating condition is  given 

by (2.2). 

[
𝑉1

(𝑡𝑟) ∗ 𝑉2
] = R ∗ [

𝐼1
𝐼2

(𝑡𝑟)⁄
] + 𝐿 ∗

𝑑

𝑑𝑡
 [

𝐼1
𝐼2

(𝑡𝑟)⁄
] (2.2) 

where, ‘tr’ is the turn-ratio of the transformer. 

In order to simulate the normal operating condition, the ready-made power transformer 

model is available with an inbuilt library of PSCAD/EMTDC software (as mentioned in 

(2.2)). In this model, detailed specifications of 315 MVA, 400 kV / 220 kV, 50 Hz, YΔ1, 3-

phase power transformer are utilized, which replicate the behaviour of an actual field power 

transformer. This model has been utilized for the development of a part of an Indian Power 

Transmission Network (as discussed in section 2.2). For normal/healthy operating state, 

simulations have been carried out at different loading conditions from no load to full load 

along with variations in SI of the model developed (as shown in Fig. 2.1). The waveform of 

current at the 100% load condition with 100% SI is shown in Fig. 2.2 (b).  

2.4 Internal fault conditions of power transformer 

The internal fault can be of various types such as LG, LL, LLG, turn-to-turn (TT) and 

interwinding. Therefore, a dedicated transformer model is required to develop, which can 

simulate above mentioned fault situations with variable fault parameters. Here, a simulation 

model has been developed in such a way that it can simulate all types of internal fault 

condition with respect to varying fault parameters on PSCAD /EMTDC platform. The above 

mentioned internal faults have been simulated at different locations of primary and 

secondary windings with varying Fault Inception Angles (FIA - point on the differential 

 
FIGURE 2.2 (a) Two winding transformer model (b) current waveform during normal condition  
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current wave at the instant the fault occurs) and SI. The details of the developed simulation 

model for various types of internal faults are discussed in the following sections. 

2.4.1 LG, LL and LLG faults 

Fig. 2.3 illustrates a schematic diagram of a part of the power system network which has 

been modelled in PSCAD/EMTDC platform to carry out internal phase (s) and ground faults. 

In case of LG internal fault, the faulted winding of the transformer is divided into two sub-

coils as shown in Fig. 2.3. These two sub-coils in the defective winding and one coil in the 

normal healthy winding form three mutually coupled coils. Therefore, the size of matrices, 

as given in (2.1), is modified. The altered size of matrices is of the order of 3×3 as given in 

(2.3) [141]. 

R = [

Rp 0 0

0 Rq 0

0 0 R2

] and L = [

Lp Mpq Mp2

Mqp Lq Mq2

M2p M2q L2

]  (2.3) 

The PSCAD/EMTDC library has an inbuilt facility to simulate an internal fault involving 

phase and ground [142]. Details of simulation model is given in Appendix B. With the help 

of this model, single-phase healthy transformer bank has been replaced during the simulation 

and other components of power system network have been kept intact as shown in Fig. 2.3. 

Further, this internal fault model needs information, such as transformer rating and fault 

location on the winding for generation of various simulation test cases. The simulation has 

been carried out for various types of LG faults at different locations on both sides of power 

 
FIGURE 2.3 LG internal fault model 
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transformer windings including terminal faults. In addition, the test cases have been 

generated considering the variation in FIA and SI. The waveform of the differential current 

of phase-a obtained during LG fault at 25% of winding location from the terminal with 100 

% of SI, and 30˚ FIA is shown in Fig. 2.4. Similar analysis has been performed on LL and 

LLG type of faults by replacing the single-phase transformer model with available 

transformer fault model for the above mentioned conditions and differential current signals 

have been obtained for both internal fault situations.  

2.4.2 Turn-to-Turn fault 

Investigations and case studies have shown that more than 70% of power transformer failures 

inevitably occur due to the isolation breakdown of winding turns [143]. If a layer winding is 

not wound tightly, some conductors may just pass over the adjacent conductors, which may 

damage the conductor insulation leading eventually into a turn-to-turn fault. Such turn-to-

turn failures are due to thermal, electrical, and mechanical stress deterioration of the 

insulation. When such turn-to-turn faults are not quickly recognized, they may later 

transform into more serious ground faults and may cause arcing inside the power 

transformer. Although the conventional relaying techniques are suitable for detecting these 

faults, the detection is delayed and can result in internal faults. However, this tends to cause 

a significant reduction in the overall sensitivity of the protection system. Thus, the 

conventional differential protection technique would not be able to identify the turn-to-turn 

fault instantaneously or correctly that occurs in the winding of the power transformer in the 

event of a low magnitude fault current. A turn-to-turn fault simulation model has been 

established to investigate the above occurrences.  

 
FIGURE 2.4 Waveform of LG type internal fault 
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The developed turn-to-turn fault model employs few of the main library components of 

PSCAD and some of them are self-created components. In the produced turn-to-turn fault 

model, the defective winding of the transformer, in the event of a turn-to-turn fault, is divided 

into three sub-coils as shown in Fig. 2.5 (a) [141]. These three sub-coils in the defective 

winding and one coil in the normal healthy winding form four mutually coupled coils. 

Therefore, the size of matrices, as given in (2.1), is modified. The altered size of matrices is 

of the order of 4×4 and given by (2.4). Besides, different essential criteria, such as the 

percentage of faulty turns, the leakage factors between the coils and the proportionality rule, 

have been utilized during the development of this model. 

R =

[
 
 
 
Rp 0 0 0

0 Rq 0 0

0 0 Rr 0
0 0 0 R2]

 
 
 

 and L =

[
 
 
 
 

Lp Mpq Mpr Mp2

Mqp Lq Mqr Mq2

Mrp Mrq Lr Mr2

M2p M2q M2r L2 ]
 
 
 
 

 (2.4) 

Moreover, in order to make the model graphical user friendly in PSCAD/EMTDC, the 

dialogue menu has been included to furnish the information regarding transformer rating and 

fault properties as shown in Fig. 2.5 (b). Fig. 2.5 (b) shows the default information such as 

the rating of transformer, magnitude of magnetizing current, leakage reactance, base 

frequency and fault positions which are required in the preparation of dialogue box for the 

turn-to-turn fault model. These values can be changed later in the dialogue menu during the 

turn-to-turn fault simulation. Afterwards, the user-defined turn-to-turn fault model can be 

 
FIGURE 2.5 (a) Turn-to-turn fault model (b) dialogue menu of turn-to-turn fault model (c) 

waveform of differential current during turn-to-turn fault 
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replaced in PSCAD/EMTDC simulation in place of one phase transformer. Based on the so-

called developed model and replacing the transformer in Fig. 2.3, the turn-to-turn fault has 

been simulated. The simulation has been carried out in phase-a with 0.1% shorted turns and 

FIA = 0° in the winding of the power transformer. The simulation result in terms of faulted 

phase differential current is shown in Fig. 2.5 (c). 

2.4.3 Interwinding type internal fault 

For a cost-effective insulation design, low-voltage (LV) winding is typically located closer 

to the transformer core, while high-voltage (HV) winding is laid over LV winding and 

wound away from the core with interwinding insulation. The progressive decline in 

insulation and the establishment of electrical and thermal stresses owing to short circuits in 

power systems reduces the mechanical and dielectric withstand capability of the transformer 

winding. This effect would be a reason for weakening or destructing the interwinding 

insulation and, occasionally, the transformer winding, too. [143]. As time progresses, this 

effect causes insulation failure and leads the interwinding type of internal fault. 

In order to simulate interwinding faults, the user defined model has been established because 

of the absence of the model in the standard library of the PSCAD / EMTDC software 

package. In the event of interwinding fault, two single-phase transformer winding, as shown 

in Fig. 2.5 (a), are now divided into four mutually coupled sub-coils as revealed in Fig. 2.6 

(a) [141]. During inter-winding fault, the matrices of (2.1) have been modified and are now 

given by (2.5). Furthermore, the leakage factors between the coils, the proportionality rule 

and the fault location have also been evaluated during the preparation of the interwinding 

fault simulation model in the PSCAD / EMTDC software package. 

R =

[
 
 
 
Rp 0 0 0

0 Rq 0 0

0 0 Rr 0
0 0 0 Rs]

 
 
 

  and L =

[
 
 
 
 

Lp Mpq Mpr Mps

Mqp Lq Mqr Mqs

Mrp Mrq Lr Mrs

Msp Msq Msr Ls ]
 
 
 
 

 (2.5) 

After preparing a user-defined interwinding fault model, information such as the rating of 

the transformer and its parameters and the percentage fault location must be entered in the 

dialogue menu as shown in Fig. 2.6 (b). The dialogue menu has been created to provide 

information on the transformer parameters and the location of the fault in the developed 

model. The user defined model would then be replaced by the PSCAD/EMTDC simulation 
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shown in Fig. 2.3. An interwinding fault has been simulated at 50% winding from the 

terminal of the power transformer. The simulation result in terms of faulted phase differential 

current is shown in Fig. 2.6 (c). 

With the help of user defined turn-to-turn fault and interwinding fault models in 

PSCAD/EMTDC, simulations with a varying FIA along with different SI values have been 

carried out to collect the currents and voltages data. Moreover, the percentage of fault 

winding has been varied to simulate the turn-to-turn faults whereas interwinding faults have 

been applied at different locations of the transformer windings. 

2.5 Non- internal fault conditions of power transformer 

Under abnormal situation, the power transformer operation creates several momentarily 

transients which die out after a certain time period and transformer may regain a normal state 

of operation. However, these transients may mal-operate the differential protection of the 

power transformer. Some of the normally occurred abnormal operating states in power 

transformer are explained in following subsections.  

 
FIGURE 2.6 (a) Interwinding fault model (b) dialogue menu of inter-winding fault model (c) 

waveform of differential current during inter-winding fault 
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2.5.1 Magnetizing inrush condition 

When the transformer is switched on at an instant when the prospective flux of the 

transformer is different from the instantaneous flux; the peak saw tooth current, known as 

the magnetizing inrush, flows initially through the transformer. If the energized transformer 

is disconnected from the supply, there is a possibility that the flux does not become 

completely zero. This flow is known as residual flux and inrush current flowing through the 

winding after the re-energization of the transformer is known as initial inrush including 

residual magnetism. In order to simulate this type of inrush in PSCAD/EMTDC, a simulation 

model has been developed. The single line diagram to simulate the said inrush condition is 

shown in Fig. 2.7. The ready made available components have been utilized to simulate the 

inrush condition by providing detailed specifications of components. As a result, the 

transformer understudy, as shown in Fig. 2.7, has been energized by switching on the circuit 

breaker connected to the transformer. 

The other type of inrush, a sympathetic magnetizing inrush, occurs on the in-service power 

transformer when the parallel-connected transformer is energized. The DC component of the 

inrush current may result in saturation of the energized transformer and may cause the 

superimposed inrush current to flow through the in-service transformer [104]. As indicated 

in Fig. 2.7, the parallel transformer has been switched on with already energized transformer 

under study. This energizing condition causes the sympathetic inrush current to flow into the 

already energized transformer. In addition, a recovery inrush may occur when the voltage 

returns to normal after a temporary fault or a momentary voltage dip has been cleared. Severe 

 
FIGURE 2.7 Magnetizing inrush model 
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recovery inrush is generated when a three-phase external fault has been cleared in the vicinity 

of the transformer, causing the voltage to suddenly return to its normal value [104]. The 

simulation of the recovery type of the magnetizing inrush is, therefore, carried out by 

developing and clearing the three-phase external fault on the 220 kV adjacent transmission 

line as shown in Fig. 2.7. 

As stated above, the various types of inrush situations have been simulated in developed 

inrush model to obtain the differential current waveforms. Variation in SI at different 

Switching Angles (SA - the point on the differential current wave at the instant the 

transformer energized) with positive and negative residual flux polarity and different loading 

conditions of the power transformer has been accomplished in order to acquire the various 

types of magnetizing inrush signals containing residual magnetism. The standard waveform 

of differential current for residual magnetizing inrush at 0˚ SA, 100% SI and no load 

condition is shown in Fig. 2.8 (a). To illustrate sympathetic inrush, various simulations have 

been carried out with different loading conditions and various phase angles of SI with 

different values of the SA. Fig. 2.8 (b) shows the typical generated waveform for sympathetic 

 
FIGURE 2.8 Waveforms of differential current during (a) initial inrush with residual magnetism 

(b) sympathetic inrush (c) recovery inrush 
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inrush at 0˚ SA, no load and 100% SI. Similarly, the recovery inrush waveform has been 

produced after clearing LLG external fault involving phases-a & b and ground on 220 kV 

transmission line at 10 km away from the substation. Further, the external fault has been 

applied for one cycle at 0˚ FIA and 100% SI. The generated waveform for the recovery 

inrush has been depicted in Fig. 2.8 (c). It is observed from Fig. 2.8 that the severity of 

sympathetic inrush and recovery inrush is not as adverse as that of the switching on 

magnetizing inrush. 

2.5.2 Over-excitation condition 

Overvoltage and under frequency conditions may arise in the power system due to large 

disturbances, the refusal of an enormous amount of load as well as light load conditions. In 

these situations, the transformer generates large excitation current due to an increase in 

voltage and a reduction in frequency. Thus, the differential protection scheme may become 

unstable during over-excitation and relay malfunction [1]. Accordingly, autonomous over-

excitation protection can be used for the transformer to prevent the differential relay from 

false tripping. The simulation model has been developed using the PSCAD / EMTDC 

software package to perform this over-excitation condition whose single line diagram is 

shown in Fig. 2.7. In this diagram, PSCAD main library 'Timer' block is included to vary the 

voltage and frequency value during simulation in dynamic run time mode. Consequently, 

the state of over-excitation has been simulated by varying the voltage and frequency. 

Moreover, as indicated in magnetizing inrush conditions, SA, SI, and loading conditions 

have also been varied. The waveform of differential current achieved at 120% of rated 

voltage, 48 Hz frequency, 120% SI, 100% loading and 0˚ SA is shown in Fig. 2.9. 

 
FIGURE 2.9 Waveform of differential current during over-excitation condition 
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2.5.3 CT saturation conditions 

CT saturation should also be taken into account with a view to explore the critical effect and 

affirming that the proposed algorithms have been working properly during internal and 

external fault conditions with saturation of a CT core. This creates a major variation in the 

real and measured value of the secondary CT current and eventually leads to mal-operation 

of the differential protection. The most important concern of CT saturation, however, is the 

possible catastrophic event of the external fault of power transformer in which differential 

currents can be retrieved at higher values than the relay pickup. In such cases, the relay trip 

works improperly, and external faults can be recognized as internal faults.  

In order to obtain different signals in the event of external fault while CT is saturated, 

different conditions such as CT burden, fault location of the transmission line adjacent to the 

transformer, SI and FIA have been varied and CT saturation data samples have been 

generated. Fig. 2.10 (a) depicts the phase-a secondary current of CT during an LLG type 

external fault involving phases ‘a & ‘b’ and ground. Moreover, CT secondary current 

distortions might be taking place during severe internal fault and flux deformation level. 

Thereby, it causes pick up of harmonic restraint and results in the failure or delay in 

differential relay operation. Hence, similar analysis, excluding external faults, has been 

carried out for internal fault situations on different fault locations and both side windings of 

 
FIGURE 2.10 Waveforms of differential current with CT saturation during (a) external fault (b) 

internal fault 
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the power transformer to acquire the internal fault signals during CT saturation. Fig. 2.10 (b) 

displays the phase-a waveform for an internal fault at 25% of the primary winding terminal, 

0° FIA with 100% SI in CT saturation situation. 

2.5.4 External fault situations 

When a fault occurs outside the protective zone of the power transformer, such situation is 

called as an external fault or through fault condition. It is required to analyse the transient 

behaviour of the power transformer during such fault states. Therefore, the power 

transformer model has to be developed with the facility to carry out various external faults 

such as LG, LL, LLG and LLL with different values of SI, FIA and fault locations on the 

transmission line. Here, in the present work, a simulation model has been developed in 

PSCAD /EMTDC which can simulate the said external fault conditions with respect to 

above-mentioned varying fault parameters. The current waveform during an external LLL 

fault on adjacent 220 kV transmission line at 0˚ FIA with respect to phase ‘a’ and 100% SI 

is shown in Fig. 2.11. Ideally, the differential protection scheme of the power transformer 

has to remain stable and does not issue any trip signal during an external fault condition. 

2.6 Mathematical models of internal fault, magnetizing inrush and over-excitation 

conditions 

E. O. Schweizer has proposed a mathematical model for the internal fault condition of power 

transformer [43],[11],[144], which is given in (2.6) and (2.7). 

𝑖(𝑡) = 0.949 ∗ sin(𝜔𝑡 + 𝛿 − 0.289) (2.6) 

 
FIGURE 2.11 Waveform of differential current during an external fault 
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𝑖(𝑡) = 4.994 ∗ [𝑠𝑖𝑛(𝜔𝑡 + 𝛿 − 𝛾)−0.9548 ∗ exp(−18.85 𝑡) ∗  𝑠𝑖𝑛(𝛿 −  𝛾

− 0.189)] 
(2.7) 

where, δ represents FIA in case of internal fault, γ=tan-1(XT/RT) in which XT and RT is the 

transformer winding reactance and resistance, respectively. 

Furthermore, E. O. Schweizer has also suggested a mathematical model for the magnetizing 

inrush condition of power transformer [43],[11],[144] and it is given by (2.8). 

𝑖(𝑡) =
1

𝑍
exp(− 𝑡

𝜏⁄ ) [sin(𝜔𝑡 +  𝛿 − 𝛾1)

− exp {−(𝜔𝑡 + 𝜃𝑠)
𝑅𝑇

𝑋
} ∗  sin(𝜃𝑠 + 𝛿 − 𝛾1)] 

(2.8) 

where, 𝑍 is the impedance of the transformer after saturation, 𝜏 is the time constant for decay 

of residual flux, θS is the saturation angle of the transformer, γ1=tan-1(X/RT) in which X is the 

total reactance consisting of Thevenin’s source reactance plus reactance of the transformer 

after saturation. 

A typical mathematically generated waveform for the fault current using (2.6) and (2.7) are 

depicted in Fig. 2.12 (a). Moreover, the produced fault current using an internal fault PSCAD 

simulation model is also shown in Fig. 2.12 (a) as an overhead plot. As observed from the 

Fig. 2.12 (a), both the fault current waveforms; simulation waveform and mathematical 

model waveform coincides each other. Further, a typical waveform of differential current 

generated during a magnetizing inrush condition with 0˚ SA, 100% SI as given in Appendix 

A and at no-load condition is shown in Fig. 2.12 (b). Moreover, magnetizing inrush 

waveform has also produced on the basis of mathematical formula given in (2.8) and it is 

also potted at the top of Fig. 2.12 (b). As observed from the Fig. 2.12 (b), differential current 

waveform generated by the simulation and mathematical model concurs with each other. 

Similarly, as described in [1], the over-excitation condition can be represented by (2.9). 

           𝑖(𝑡) =  
𝑉𝑚
𝑍

∗ [cos(𝜔𝑡) − cos (𝜃𝑠)];  0 ≤ 𝜔𝑡 ≤ 𝜃𝑠, 2𝜋 − 𝜃𝑠 ≤ 𝜔𝑡 ≤ 2𝜋 

                   =  0;     𝜃𝑠 ≤ 𝜔𝑡 ≤ 𝜋 − 𝜃𝑠, 𝜋 + 𝜃𝑠 ≤ 𝜔𝑡 ≤ 2𝜋 − 𝜃𝑠 

                   =  
𝑉𝑚
𝑍

∗ [cos(𝜔𝑡) + cos (𝜃𝑠)];   𝜋 − 𝜃𝑠 ≤ 𝜔𝑡 ≤ 𝜋 + 𝜃𝑠 

(2.9) 

where, Vm is the maximum value of phase voltage.  
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The same type of study has also been performed for the over-excitation condition. The 

waveforms generated using the simulation model and mathematical formula given in (2.9) 

have been displayed in Fig. 2.12 (c) as an aloft waveforms. Again, as shown in the Fig. 2.12 

(c), both the waveforms comply with each other. Hence, it can be said that the developed 

simulation models are providing an accurate output waveform which can be further accepted 

and utilized for the system study. 

2.7 Summary 

Modelling of different operating conditions of the power transformer has been carried out in 

this chapter. For this purpose, the Indian power transmission grid section has been modelled 

 
FIGURE 2.12 Differential current waveforms generated from mathematical model and simulation 

model during (a) internal fault (b) magnetizing inrush (c) over-excitation  
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in the PSCAD/EMTDC software package. Current values have been obtained from a real 

power transformer of a substation which is modelled in a computer simulation. Furthermore, 

these current values obtained by simulation have been compared and validated with the 

mathematical model of internal fault, magnetizing inrush and over-excitation conditions. In 

addition, customized turn-to-turn fault and interwinding fault models in PSCAD / EMTDC 

software have been developed on the basis of short-circuit and open-circuit studies of the 

transformer. This is required to study existing algorithms and to develop algorithms for 

differential power transformer protection.



 

Power Transformer Differential Protection using 

S-transform and Support Vector Machine 

3.1 Introduction 

This chapter presents the power transformer differential protection scheme based on S-

transform and Support Vector Machine (SVM). The proposed scheme distinguishes between 

internal faults and non-internal faults such as different kinds of magnetizing inrushes, over-

excitation and external faults of the power transformer. To validate the proposed scheme, 

more than 12000 simulation cases had been generated by 3-phase power transformer 

modelling using the PSCAD/EMTDC software package and the method is implemented in 

MATLAB. In this method, S-transform has been applied on generated data to construct the 

feature vector and then this feature vector has been addressed to the SVM as an input data 

source. Afterwards, the highly efficient Radial Basis Function (RBF) kernel of SVM has 

been employed to convert the non-linear transformation of a feature vector that classifies 

internal fault and non-internal fault conditions. Subsequently, a high amount of classification 

accuracy has been received, which confirms that the proposed scheme is effectively 

distinguishing between various internal fault and non-internal fault events.  Eventually, a 

quantitative evaluation of the proposed scheme has been performed along with the existing 

digital scheme based on Probabilistic Neural Network (PNN)*, and findings in terms of 

classification accuracy have been considered to be superior to the existing scheme. 

3.2 S-transform 

The S-transform is a time-frequency analysis structure that combines the properties of the 

short-term transformation of Fourier and the wavelet transforms. It specifies the frequency-

dependent resolution while preserving the direct association of the Fourier spectrum [145]. 
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The relationship between the S- transform and the Fourier transform of the h(t) time series 

can be written as, 

𝑠(𝜏, 𝑓) = ∫ 𝐻(𝛼 + 𝑓)

∞

−∞

∙ 𝐺(𝑓, 𝛼) ∙ 𝑒𝑗2𝜋𝛼𝑡𝑑𝛼 (3.1) 

where, Gaussian window function 𝐺(𝑓, 𝛼) =  𝑒
−

𝑗2𝜋2𝛼2

𝑓2 , 𝑓 ≠ 0. 

The discrete form of (3.1) is being applied to compute the discrete S-transform by taking 

advantage of the effectiveness of the Fourier transform and the convolution theorem. 

Let h [kT], k=0, 1, …, N – 1 denotes a discrete-time series corresponding to h(t) with a time 

sampling interval of T. The discrete Fourier transform is shown as, 

𝐻 [
𝑛

𝑁𝑇
] =

1

𝑁
∑ ℎ[𝑘𝑇]

𝑁−1

𝑘=0

𝑒−
𝑗2𝜋𝑛𝑘

𝑁  (3.2) 

where, N is the number of samples/cycle. 

Using (3.1) & (3.2) and making 𝑓 → 𝑛 𝑁𝑇 ⁄ & 𝜏 → 𝑗𝑇, the discrete time series H[kT]’s S-

transform is given by equation (3.3). 

𝑆 [𝑗𝑇,
𝑛

𝑁𝑇
] = ∑ 𝐻 [

𝑚 + 𝑛

𝑁𝑇
]

𝑁−1

𝑚=0

𝑒
−

𝑗2𝜋𝑚2

𝑛2 𝑒
𝑗2𝜋𝑚𝑗

𝑁 ; 𝑛 ≠ 0 (3.3) 

where, j, m, and n are samples vary from 0 to N-1. 

It is known as the S-matrix, in which, the rows are associated with the frequency and the 

columns are associated with the time complex values. Each complex value of S-transform 

localizes the real and imaginary components of the spectrum independently and can be 

converted to amplitude spectrum and phase angle values corresponding to S-transform. 

Moreover, features such as the frequency, mean, standard deviation and energy of the 

transformed signal can be extracted from the information of the original signal. 
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3.2.1 Feature extraction from S-transform 

Two features are extracted using S-transform for the classification process between internal 

faults and non-internal faults. Feature 1 consists of the maximum magnitude of each 

frequency components present in the transformed signal and is given by, 

𝑓𝑒𝑎𝑡𝑢𝑟𝑒 1 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚(|𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓𝑟𝑜𝑚 𝑆 − 𝑚𝑎𝑡𝑟𝑖𝑥 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑠𝑖𝑔𝑛𝑎𝑙|) (3.4) 

Feature 2 is selected as a standard deviation (SD) of the phase contour angle of S-transform 

from the transformed signal and given by, 

𝑓𝑒𝑎𝑡𝑢𝑟𝑒 2 = 𝑆𝐷{𝑝ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑡𝑜𝑢𝑟 𝑎𝑛𝑔𝑙𝑒(𝑆 − 𝑚𝑎𝑡𝑟𝑖𝑥 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑠𝑖𝑔𝑛𝑎𝑙)} (3.5) 

The extracted feature 1 provides a vector size of (𝑁 2⁄ + 1) and that of feature 2 gives the 

size of 𝑁 for the total number of 𝑁 samples from the original time series signal. These two 

features are combined together to make a final feature vector for advance process and given 

by equation (3.6). 

𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑣𝑒𝑐𝑡𝑜𝑟 (𝜑) = [𝑓𝑒𝑎𝑡𝑢𝑟𝑒 1, 𝑓𝑒𝑎𝑡𝑢𝑟𝑒 2] (3.6) 

Afterwards, these features are sent to a nonlinear classifier (SVM) to train and classify the 

original signal. 

3.3 Support Vector Machine 

To cater most of the practical discrimination problems, a non-linear version of SVM has 

been used in order to transfer the training data into a higher dimension space using the non-

linear transformation given by [146], [147]: 

𝜑(𝑥) =  {𝜑𝑖(𝑥)… . . 𝜑𝑚(𝑥)}𝑇 , where 𝑚 > 𝑥 (3.7) 

With this non-linear transformation, the original non-separable data may now become 

separable in the expanded space. Hence, in this higher dimensional space, the maximum 

margin of SVM classifier can be found by minimizing, 

𝑣(𝑤) =  
1

2
𝑤𝑇𝑤 (3.8) 

subjected to, 
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𝑦𝑖{𝑤
𝑇𝜑(𝑥𝑖) + 𝑏}  ≥ 1 (3.9) 

There is still no guarantee that the training data set would be linearly separable even in the 

expanded space. Depending upon the choice of the function 𝜑(𝑥), the transformed training 

data set may not completely linearly separable. In such cases, it would be impossible to 

satisfy all the constraints given by (3.8). Hence, instead of the cost function 𝑣(𝑤), another 

cost function 𝑣(𝑤, 휀) is used as given by (3.10). 

𝑣(𝑤, 휀) =  
1

2
𝑤𝑇𝑤 + 𝐶 ∑휀𝑖

𝑁

𝑖=1

 (3.10) 

subjected to, 

𝑦𝑖{𝑤
𝑇𝜑(𝑥𝑖) + 𝑏}  ≥ 1 − 휀𝑖;   휀𝑖 > 0 (3.11) 

where, 휀𝑖(𝑖 = 1, 2, 3, … , 𝑁) are non-negative slack variables and 𝐶 is known as 

regularization parameter (𝐶 > 0). 

In order to ensure accurate and effective SVM discrimination, it is essential to implicitly 

map the input vector to a high-dimensional space using a non-linear transformation. In 

practice, this non-linear transformation takes place indirectly through the use of the kernel 

functions, which is defined by, 

𝐾(𝑥𝑖 , 𝑥𝑗) =  𝜑(𝑥𝑖)
𝑇𝜑(𝑥𝑗) (3.12) 

The most commonly used kernel functions are as under: 

Linear: 𝐾(𝑥𝑖 , 𝑥𝑗) =  (𝑥𝑖)
𝑇(𝑥𝑗) ;  

Polynomial: 𝐾(𝑥𝑖 , 𝑥𝑗) = 𝑦{(𝑥𝑖)
𝑇(𝑥𝑗) + 𝑟}

𝑑
, 𝑦 > 0 ; 

Radial Basis Function (RBF): 𝐾(𝑥𝑖 , 𝑥𝑗) = exp (−𝛾|𝑥𝑖 − 𝑥𝑗|
2
) , 𝑔 > 0; 

Sigmoid: 𝐾(𝑥𝑖 , 𝑥𝑗) = 𝑡𝑎𝑛ℎ{𝑦(𝑥𝑖)
𝑇(𝑥𝑗) + 𝑟} ; 

Where, y, r and d are kernel parameters. 
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Referring to several literature, it was observed that the RBF kernel is the first choice for 

training, as it maps samples in higher dimensional space most effectively among all kernel 

types used [148], [149]. 

3.4 Proposed scheme 

Fig. 3.1 shows the schematic block diagram of the presented scheme. Initially, SVM is 

designed offline through a training dataset. Samples of one cycle differential currents from 

three power transformer phases have been obtained to accomplish this task. The sampling 

frequency of 2 kHz (i.e. 40 samples per cycle) for a fundamental frequency of 50 Hz is used 

in the proposed scheme. Two features viz. the maximum magnitude of frequency 

components (feature 1) and standard deviation of the phase contour angle (feature 2) have 

been derived with the help of S-transform. Former feature (feature 1) has the dimension of 

21 samples per cycle per phase whereas the size of feature 2 has 40 samples per cycle per 

phase. Accordingly, the feature vector of each phase of the differential signal has been 

composed of the order of 61 samples per cycle. Therefore, a feature vector of 1 x 183 

samples has been attained from the three phases of differential currents. This feature vector 

is used as an input to SVM classifier as testing data for the proposed algorithm. The SVM 

 
FIGURE 3.1 Schematic block diagram of the proposed scheme 
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(which is trained offline) distinguishes between internal fault and non-internal fault in form 

of the output of the SVM (‘+1’ for internal fault and ‘-1’ for non-internal fault) and tripping 

command will be issued in case of ‘+1’ output of SVM. 

3.5 Data generation for various operating conditions 

In order to obtain fault classification accuracy for the proposed scheme, internal and non-

internal fault conditions have been simulated to generate the training and testing dataset 

using PSCAD/EMTDC software package. Table 3.1 shows fault and system parameter 

variations considered for generating the simulation cases. 

 As shown in Table 3.1, simulation of internal faults (LG, LL and LLG) have been carried 

out on both sides of windings at different locations (5%, 10%, 25%, 50%, 75%, 90% from 

the terminal and terminal faults). Similarly, interwinding fault simulations have also been 

executed at the various position such as 5%, 10%, 25%, 50%, 75% and 90% of winding from 

the terminal of transformer. Moreover, the turn-to-turn fault simulations have been 

conducted for 0.1%, 0.2%, 0.5%, 1%, 2% and 5% shorted turns on both sides of transformer 

winding. In all the above simulation of transformer internal faults, FIA have been varied 

from 0° to 165° with 15° increment and SI of 100% ± 20% with reference to source data 

given in Appendix A. 

Afterwards, different types of inrush conditions such as residual, sympathetic and recovery 

inrushes have been simulated by varying SI and SA. The values of SA have been altered 

from 0° to 165° in the step of 15° during simulation of all types of inrush conditions. 

Moreover, residual flux has been varied at 0%, ±8%, ±32% & ±80% of total flux, whereas 

load has been changed from 0% to 100% with five equal steps to perform residual 

magnetizing inrush conditions. Additionally, load has been altered from 0% to 100% with 

five equal steps and with three equal steps (at a clearance of all ten types of shunt faults) to 

simulate the sympathetic inrush and recovery inrush conditions, respectively. Furthermore, 

simulation of over-excitation has been conducted at different voltage levels (105% to 125% 

with an increment of 5%), frequency (48, 49 and 50 Hz) and SA (same as indicated in inrush 

conditions). Similarly, simulations of normal condition have been performed by changing 

the values of SA (0° to 165° in the step of 15°), load (0% to 100% with five equal steps) and 

SI (100% ± 20% with reference to source data). In addition, external faults have also been 

simulated at different locations (0, 20, 50, 75 and 100 Km) on adjoining transmission line 
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for all types of shunt faults, FIA with 0° to 165° in steps of 15° and SI of 100% ± 20% with 

reference to source data. 

Finally, with the help of Table 3.1, the feature vector of 12864 × 183 dimensions has been 

gained, where each column characterizes feature and each row denotes operating condition. 

Further, this feature vector has been bifurcated into training and testing dataset (Table 3.1) 

to ensure effective discrimination between internal faults and non-internal 

TABLE 3.1 Simulation cases generated for various operating conditions of a power 

transformer 

Type of conditions Variation in condition Cases 

generated 

Winding faults 
LG, LL and LLG faults on each phase (9) × Both sides of 

windings (2) × Fault location (7) × FIA (12) × SI (3) 
4536 

Interwinding faults No. of phase (3) × Fault location (6) × FIA (12) × SI (3) 648 

Turn-to-Turn faults 
No. of phase (3) × Both sides of windings (2) × No. of 

percentage turn shorted (6) × FIA (12) × SI (3) 
1296 

Total cases for Internal Faults (A) 6480 

Normal and residual 

inrush 
Load (5) × Residual flux (9) × SA (12) × SI (3) 1620 

Sympathetic inrush Load (5) × SA (12) × SI (5) 300 

Recovery inrush 
Load (3) × LL, LLG, LLL and LLLG types of external fault of 

each phase (8)  × SA (12) × SI (3) 
864 

Over-excitation Load (3) × Voltage (5) × Frequency (3) × SA (12) × SI (3) 1620 

Normal condition Load (5) × SI (3) × SA (12) 180 

External fault All types of faults (10) × fault distance (5) × SI (3) × FIA (12) 1800 

Total cases for Non-internal faults (B) 6384 

Overall data generated (A+B) 12864 

Separation of Training and Testing Dataset 

Dataset Internal fault 
Number 

of Data 
Non-internal fault 

Number 

of Data 
Total 

Training 

Data 

FIA: 0°, 

30°,60°, 90°, 

120°, 150° 

Other 

conditions 

as 

described 

above 

3240 

FIA/SA: 0°, 

30°,60°, 90°, 

120°, 150° 

Other 

conditions 

as 

described 

above 

3192 6432 

Testing 

Data 

FIA: 15°, 

45°, 75°, 

105°, 135°, 

165° 

3240 

FIA/SA: 

15°, 45°, 

75°, 105°, 

135°, 165° 

3192 6432 

Total number of training and testing data 12864 
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faults/disturbances. Table 3.1 shows that a total of 12,864 cases have been taken into 

consideration in the proposed method, of which 6432 cases (50% of total cases) have been 

used for SVM training, while rest of 6432 cases (50% of total cases) have been adapted as a 

testing dataset in the proposed scheme.  

3.6 Feature and parameter selection of the proposed method  

In the proposed method, feature extractions from differential currents have been carried out 

by S-transform. Further, these extracted fetaures have been utilized in SVM for further 

classification. The process of these feature selection from S-trasnsform and optimum 

parameter selection of SVM have been discussed in following sub-sections. 

3.6.1 Feature Selection and formation of feature vector 

In the proposed method, discrete S-transform have been utilized to extract the features from 

the differential current. As per equation (3.3), it is seen that the output from S-transform is a 

matrix, known as S-matrix. In S-matrix, row pertains to frequency and column to time and 

each element of the S-matrix is complex value [150]. Further, important information such as 

magnitude, phase and frequency can be extracted from the S-matrix. Moreover, many 

features such as amplitude, gradient of amplitude, mean, standard deviation, energy, 

deviation in energy etc. are widely used for classification events. Since, the aim of feature 

extraction is to obtain satisfactory classification accuracy, some of the features listed above 

can be utilized. 

In order to obtain the differential currents during internal faults and magnetizing inrush 

conditions, simulations have been carried out in PSCAD/EMTDC software. The sampling 

frequency of 2 kHz has been utilized i.e. 40 samples per cycle for 50 Hz frequency signal. 

Fig. 3.2 (a) shows the one cycle post-fault internal fault signal immediately after the fault 

inception, whereas magnetizing inrush current of one cycle has been shown in Fig. 3.2 (b) 

after switching on the transformer. To obtain classification of internal faults from non-

internal faults, feature 1 has been extracted as the maximum magnitude of each frequency 

components present in row of S-matrix whereas standard deviation of angle from column of 

S-matrix has been extracted as feature 2. The extracted feature 1 provides a vector size of 

𝑁 2⁄ + 1 (= 21) and that of feature 2 gives the size of 𝑁 (= 40) for the total number of 

𝑁 (= 40) samples from the original time series signal.  
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Fig. 3.2 (c) and (d) represent the maximum magnitude of each frequency components present 

in S-matrix of internal fault current and magnetizing inrush condition, respectively. 

Moreover, standard deviation of angle from S-matrix has been shown in Fig. 3.2 (e) and (f) 

for internal fault and magnetizing inrush, respectively. From Fig. 3.2 (c) to (f), it is quite 

clear that both features have different characteristic during internal fault and magnetizing 

inrush conditions. Hence, these features have capability when combined together and 

provided to a classifier, can classify the internal fault with magnetizing inrush condition 

accurately. 

These two features are combined together to make a final feature vector for further 

classification process using SVM. Accordingly, the feature vector of each phase of the 

differential signal has been composed of the order of 61 samples per cycle. Therefore, a 

feature vector of 1 x 183 samples has been attained from the three phases of differential 

currents. Finally, with the help of Table 3.1, the feature vector of 12864 × 183 dimensions 

has been gained, where each column characterizes feature and each row denotes operating 

condition. Further, this feature vector has been bifurcated into training and testing dataset 

(Table 3.1) to ensure effective discrimination between internal faults and non-internal 

 
FIGURE 3.2 Waveforms of (a) & (b) differential current, (c) & (d) Feature – 1 and (e) & (f) Feature 

– 2 during internal fault and magnetizing inrush, respectively 
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faults/disturbances. Table 3.1 also shows that a total of 12,864 cases have been taken into 

consideration in the proposed method, of which 6432 cases (50% of total cases) have been 

used for SVM training, while rest of 6432 cases (50% of total cases) have been adapted as a 

testing dataset in the proposed scheme. The process of the formation of feature vector for 

training dataset has been depicted in Table 3.2. 

As shown in Table 3.2, a vector has been consisted from internal fault/non-internal fault case 

having 183 samples in one raw. Therefore, the feature vector having dimension of 6432 

(training case) × 183 (features) and a target vector having dimension of 6432 (training case) 

× 1 (target) is formed for total number of 6432 training dataset. The target of training dataset 

to train classifier is either “1” or “0” which indicates the internal fault and non-internal fault 

case, respectively. In the same way, feature vector and target vector have been considered 

for testing dataset. 

3.6.2 Parameter Selection and Training of SVM  

In the proposed scheme, SVM technique has been employed in MATLAB environment by 

means of Lib-SVM toolbox [151]. In order to attain accurate differentiation of internal fault 

TABLE 3.2 Formation of feature vector for training dataset for 2 kHz sample frequency 

dataset  

Cases Feature 1 Feature 2 Feature vector per phase Feature vector Target  

IF case 1 1st r × 21 c 1st r × 40 c 1st r × 61 c 1st r × 183 c 1 

IF case 2 2nd r × 21 c 2nd r × 40 c 2nd r × 61 c 2nd r × 183 c 1 

IF case 3 3rd r × 21 c 3rd r × 40 c 3rd r × 61 c 3rd r × 183 c 1 

” ” ” ” ” ” 

” ” ” ” ” ” 

IF case 3240 3240th r × 21 c 3240th r × 40 c 3240th r × 61 c 3240th r × 183 c 1 

NIF case 1 3241st r × 21 c 3241st r × 40 c 3241st r × 61 c 3241st r × 183 c 0 

NIF case 2 3242nd r × 21 c 3242nd r × 40 c 3242nd r × 61 c 3242nd r × 183 c 0 

NIF case 3 3243rd r × 21 c 3243rd r × 40 c 3243rd r × 61 c 3243rd r × 183 c 0 

” ” ” ” ” ” 

” ” ” ” ” ” 

NIF case 3192 6432nd r × 21 c 6432nd r × 40 c 6432nd r × 61 c 6432nd r × 183 c 0 

Total IF and NIF Case 6432 r × 183 c 1 or 0 

r: row; c: column, IF: Internal fault, NIF: Non-internal fault 
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and non-internal fault/disturbances, suitable SVM training is extremely necessary. For this 

purpose, the simulation cases with FIA/SA ranging from 0˚ to150˚ in steps of 30˚ and other 

conditions as shown in Table 3.1 have been picked up for the training. Hence, out of the total 

12864 cases, 6432 cases (i.e. 50% of total cases) have been selected for training dataset 

comprising the different system and fault parameters. For testing and validation of the 

proposed technique, remaining 6432 cases (with FIA/SA ranging from 15˚ to165˚ in steps 

of 30˚ and other conditions) have been preferred. Thus, for the total test cases, the fault 

discrimination accuracy (η) has been calculated using (3.13). 

𝜂 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑡𝑒𝑠𝑡 𝑐𝑎𝑠𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑐𝑎𝑠𝑒𝑠 (6432)
 × 100% (3.13) 

Once training cases have been identified among all simulated cases, the next step is to train 

SVM with the most optimum parametric settings. To accomplish this step, the type of SVM 

kernel to be used with its associated parameters must be determined. Using researcher’s 

experience in various literature, it has been found that the RBF kernel function is the most 

valuable and best choice for fault detection and classification algorithms [148], [149]. 

In order to achieve the optimum values of the parameters (cost parameter (C) and free 

parameter (γ)) of the RBF kernel, fivefold cross-validation has been implemented by altering 

the values of these two parameters to avoid over-fitting models on training data. These 

fivefold cross-validation accuracies for different combinations of C and γ has been shown in 

Table 3.3. It has been perceived from Table 3.3 that the highest cross-validation accuracy of 

99.78% has been retrieved for C = 103 and γ = 10-3 and hence, it has been chosen for training 

the SVM. 

TABLE 3.3 Fivefold cross validation accuracy for training dataset 

Fivefold cross validation accuracy in (%) for different values of  

gamma (γ) and regularization parameter (C) 

C 

γ  
100 101 102 103 104 105 

10-5 77.38 82.99 87.89 93.80 96.55 97.81 

10-4 86.32 92.79 96.46 98.07 98.66 98.91 

10-3 94.67 98.47 99.56 99.78 99.77 99.77 

10-2 98.99 99.30 99.30 99.30 99.30 99.30 

10-1 93.70 94.32 94.32 94.32 94.32 94.32 
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3.7 Result and Discussion 

3.7.1 Performance evaluation 

The performance of the suggested technique has been assessed for internal and non-internal 

faults/disturbances with varying system parameters for total 6432 test cases as shown in 

Table 3.1. In the proposed scheme, each test case of Table 3.1, detected correctly and that of 

detected incorrectly are symbolized as TP (True Positive) and TN (True Negative), 

respectively.  

The overall performance of the proposed scheme for a total of 6432 test cases of the internal 

fault and non-internal fault/ other disturbances has been presented in Table 3.4. It has been 

observed from Table 3.4 that the proposed scheme is capable of correctly distinguishing 

internal faults with 98.80% accuracy, while non-internal faults with 97.09%, thus the overall 

accuracy has been obtained as 97.95%. The chances of turn-to-turn, interwinding, and LG 

TABLE 3.4 Fault discrimination accuracy for power transformer 

Faults/ 

Disturbances 

Faults/ 

Abnormalities 

Number of 

test cases 

TP TN η  

(%) 

All types of 

internal fault 

(3240) 

(a) LG faults 756 747 9 98.81 

(b) LL faults 756 743 13 98.28 

(c) LLG faults 756 755 1 99.87 

(d) Interwinding faults 324 324 0 100.00 

(e) Turn-to-turn faults 648 632 16 97.53 

(f) Total Internal faults 

=(a)+(b)+(c)+ (d)+(e) 
3240 3201 39 98.80 

Other disturbances 

(3192) 

(g) Initial inrush including 

residual inrush 
810 808 2 99.75 

(h) Sympathetic inrush 150 150 0 100.00 

(i) Recovery inrush 432 404 28 93.52 

(j) Accuracy of all types of 

inrush =(g)+(h)+(i) 
1392 1362 30 97.84 

(k) Over-Excitation 810 785 25 96.91 

(l) External Faults 900 865 35 96.11 

(m) Normal condition 90 87 3 96.67 

(n) Total Non-Internal faults 

=(j)+ (k)+(l)+(m) 
3192 3099 93 97.09 

Total data 

(6432) 

Overall accuracy  

=(f)+(n) 
6432 6300 132 97.95 

TP= True Positive, TN= True Negative 
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type internal faults are likely to be high relative to other faults in which high accuracies have 

been achieved in detecting these types of internal faults. Thus, the proposed scheme is also 

competent to isolate different types of internal faults, such as interwinding and turn-to-turn 

faults, which are in reality difficult to detect using conventional differential protection of 

power transformer. On the contrary, during the magnetizing inrush and sympathetic inrush 

conditions in which the relay must block the tripping operation, the proposed method almost 

remains stable. It is also observed that the accuracy of the proposed method to detect over-

excitation and external faults is also satisfactory.  

3.7.2 Effect of variation in sampling frequency 

The effect of variation in sampling frequency has been shown in Fig. 3.3 for the proposed 

method based on combination of S-transform and SVM. As shown in Fig. 3.3, sampling 

frequency has been varied from 0.25 kHz to 4 kHz and corresponding percentage 

classification accuracy has been plotted. It is to be noted that there is marginal increase in 

classification accuracy after 2 kHz sampling frequency. Hence, 2 kHz frequency has been 

selected for the S-transform and SVM based proposed scheme. 

In order to verify effect of sampling frequency on the proposed method based on 

combination of S-transform and SVM, the proposed method has been carried out on field 

data of internal fault and magnetizing inrush conditions as shown in the next sub-section. 

These data has been obtained at 1 kHz sampling frequency. It has been observed from the 

evaluation of the proposed method on field data that this method is accurately identifying 

the said conditions. 

 
FIGURE 3.3 Effect of variation in sampling frequency 
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3.7.3 Evaluation of proposed scheme on field data 

It is very important to evaluate the scheme on the actual data to check the reliability and 

security of the proposed method. Field data from the COMTRADE file of relay for the 

different operating conditions, such as internal fault and magnetizing inrush of power 

transformer, have been obtained. The internal fault data during energization of power 

transformer have been recorded on 5 MVA, 33/11 kV, 50 Hz transformer at 1 kHz sampling 

frequency.  

Fig. 3.4 (a) shows the said internal fault waveforms during the energization of power 

transformer. To draw out the features and classify the internal fault condition, one cycle data 

window is necessary. Hence, one cycle data (20 samples) of all three-phase internal fault 

current immediately after occurrence of internal fault have been utilized as shown in Fig. 3.4 

(b) and S-transform has been applied to find out S-matrix of all three phase internal fault 

currents. Fig. 3.4 (c) and (d) represent maximum magnitude of each frequency components 

present in S-matrix (feature 1) and standard deviation of angle from S-matrix (feature 2) of 

 
FIGURE 3.4 (a) Differential current, (b) Data window of differential current (c) Feature 1 (d) 

Feature 2, and (e) SVM output for internal fault 
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samples of one cycle data window during internal fault condition. Here, the sample size for 

feature 1 and feature 2 are 11 and 20 for each phase current, respectively. The combination 

of feature 1 and feature 2 have been used to make a feature vector of 1 × 93 (=31 × 3) 

samples. Afterwards, this feature vector has been forwarded to the trained SVM classifier 

with optimum values. In this case, as the field dataset has been acquired at 1 kHz sampling 

frequency, the training dataset have been regenerated. The same training cases have been 

utilized for the formation of new training dataset as shown in Table 3.1, but with sampling 

frequency of 1 kHz. The process of the formation of feature vector for regenerated training 

dataset has been shown in Table 3.5.  

Table 3.5shows the formation of feature vector used for offline training of classifier model 

to evaluate the performance of the proposed method for the internal fault field data. As 

shown in Table 3.5, a vector has been consisted from internal fault/non-internal fault case 

having 93 samples in one raw. Therefore, the feature vector having dimension of 6432 

(training case) × 93 (features) and a target vector having dimension of 6432 (training case) 

× 1 (target) is formed for total number of 6432 training dataset. The target of training dataset 

to train classifier is either “1” or “0” which indicates the internal fault and non-internal fault 

case, respectively. Afterwards, this feature vector has been utilized to the train the classifier 

TABLE 3.5 Formation of feature vector for training dataset for 1 kHz sample frequency 

dataset 

Cases Feature 1 Feature 2 Feature vector per phase Feature vector Target  

IF case 1 1st r × 11 c 1st r × 20 c 1st r × 31 c 1st r × 93 c 1 

IF case 2 2nd r × 11 c 2nd r × 20 c 2nd r × 31 c 2nd r × 93 c 1 

IF case 3 3rd r × 11 c 3rd r × 20 c 3rd r × 31 c 3rd r × 93 c 1 

” ” ” ” ” ” 

” ” ” ” ” ” 

IF case 3240 3240th r × 11 c 3240th r × 20 c 3240th r × 31 c 3240th r × 93 c 1 

NIF case 1 3241st r × 11 c 3241st r × 20 c 3241st r × 31 c 3241st r × 93 c 0 

NIF case 2 3242nd r × 11 c 3242nd r × 20 c 3242nd r × 31 c 3242nd r × 93 c 0 

NIF case 3 3243rd r × 11 c 3243rd r × 20 c 3243rd r × 31 c 3243rd r × 93 c 0 

” ” ” ” ” ” 

” ” ” ” ” ” 

NIF case 3192 6432nd r × 11 c 6432nd r × 20 c 6432nd r × 31 c 6432nd r × 93 c 0 

Total IF and NIF Case 6432 r × 93 c 1 or 0 

r: row; c: column, IF: Internal fault, NIF: Non-internal fault 
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(SVM) model to test the internal fault condition. The output of SVM classifier has been 

shown in Fig. 3.4 (e). As shown in Fig. 3.4 (e), the output of SVM becomes high, which 

indicates that the said internal fault condition has been correctly identified by the proposed 

method. Further, it has been shown in Fig. 3.4 (a) that an internal fault has been incepted at 

16th number of data. Thenafter, one cycle data (20 samples) have been collected to process 

the feature extraction and classification by the proposed method. Afterwards, the S-

transform feature extraction and classification using offline trained SVM has been carried 

out using collected one cycle samples in MATLAB software. The time taken by the proposed 

method has been found out as 4.9 ms on 64-bit, 8.00 GB, Intel(R) Core (TM) i5-8250U CPU 

@ 1.60GHz system, which is approximately equal to 5 samples based on 1 kHz sampling 

frequency for 50 Hz power frequency signal. Thus, as shown in Fig. 3.4 (e), the output of 

SVM becomes high at 41st number of data and the relay trip signal will be issued at this 

moment. 

 
FIGURE 3.5 (a) Differential current, (b) Data window of differential current (c) Feature 1 (d) 

Feature 2, and (e) SVM output for magnetizing inrush 
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The other case of magnetizing inrush condition with field data has been discussed in Fig. 

3.5. The data has been collected from the COMTRADE file of relay for a 1500 MVA, 

400/765 kV, 50 Hz power transformer during energization in no-load condition with 

sampling frequency of 1kHz. The waveforms of three phase differential currents and window 

of one cycle data immediately after switching on transformer has been shown in Fig. 3.5 (a). 

Fig. 3.5 (b) shows the one window collected samples (20 samples) which have been utilized 

for the further process of feature extraction and classification. Afterwards, S-transform has 

been applied on these samples and S-matrix of all three phase magnetizing inrush currents 

has been found out. Fig. 3.5 (c) and (d) indicate the maximum magnitude of each frequency 

components present in S-matrix (feature 1) and standard deviation of angle from S-matrix 

(feature 2) of on window data samples during magnetizing inrush condition. Subsequently, 

feature vector of 1 × 93 size has been directed to the trained SVM classifier with optimum 

values. Here, the same SVM model has been utilized for evaluation which has been trained 

for the field data internal fault case. The output of SVM classifier has been represented in 

Fig. 3.5 (e). As shown in Fig. 3.5 (e), the output of SVM remains low, which illustrates that 

magnetizing inrush conditions has been correctly recognized by the proposed method. 

3.7.4 Comparison of the proposed scheme with PNN based existing scheme 

The overall effectiveness of the proposed scheme with respect to existing PNN-based 

technique [77] was evaluated in Table 3.6 for a total of 6432 test cases. Table 3.6 reveals 

that the proposed scheme has a greater ability to differentiate internal faults from other 

disturbances, offering 97.95% overall accuracy compared to only 91.71% accuracy using 

PNN even at the best smoothing factor that is found as 4.0 using a heuristic approach. 

Moreover, both internal and non-internal fault detection accuracies are much higher in the 

proposed method compared to the technique based on PNN. Therefore, the proposed scheme 

TABLE 3.6 Comparison of the proposed scheme with the existing scheme 

Different  

conditions 

Number of  

test cases 

Proposed scheme Existing scheme based on 

PNN (smoothing factor = 4) 

TP TN η (%) TP TN η (%) 

Internal faults 3240 3201 39 98.80 3076 164 94.94 

Non-internal faults 3192 3099 93 97.09 2823 369 88.44 

Total data 

(Overall accuracy) 
6432 6300 132 97.95 5899 533 91.71 

TP= True Positive, TN= True Negative 
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is capable of providing higher fault detecting efficiency in case of internal faults and better 

stability in non-internal faults. 

3.7.5 Effect of change in SA/FIA on % accuracy 

Table 3.7 presents the comparison of the proposed scheme and the PNN based technique in 

percentage fault discrimination accuracy at various SA/FIA. Table 3.7 shows that even using 

the best smoothing factor (4.0), the average percentage accuracy obtained by PNN based 

scheme is 94.94% for internal faults and 88.44% for non-internal faults, respectively. 

Conversely, suggested scheme has an average accuracy of 98.80% for internal faults and 

97.09% for non-internal faults, respectively. Furthermore, it is to be noted from Table 3.7 

that the PNN based scheme offers lower accuracy (85.92%) during 45˚ SA/FIA while the 

proposed scheme yields a much higher accuracy of 98.89% at the same time. Hence, the 

aforementioned findings mean that the proposed scheme is much preferable to the current 

PNN scheme. 

3.8 Advantages of the proposed scheme 

Few major benefits of the proposed scheme are listed below based on findings reviewed in 

the preceding section: 

 The proposed scheme contributes high accuracy even at just 50% training dataset 

(6432 out of 12864 total cases) and rests at 50% linked to the test dataset. Conversely, 

TABLE 3.7 Comparison of the proposed and existing methods for different SA/FIA 

SA/ 

FIA 

(in °) 

Total 

test 

cases 

Internal Faults Non-Internal Faults 

Proposed scheme Existing scheme 

based on PNN 

Proposed scheme Existing scheme 

based on PNN 

TP TN η (%)  TP TN η (%) TP TN η (%) TP TN η (%)  

15 540 532 8 98.52 490 50 90.74 508 32 94.07 486 54 90 

45 540 535 5 99.07 519 21 96.11 534 6 98.89 464 76 85.92 

75 540 538 2 99.63 508 32 94.07 532 8 98.52 472 68 87.41 

105 540 539 1 99.81 519 21 96.11 531 9 98.33 482 58 89.26 

135 540 532 8 98.52 520 20 96.30 522 18 96.67 488 52 90.37 

165 540 525 15 97.22 520 20 96.30 520 20 96.30 479 61 88.70 

Overall % accuracy 98.80 - - 94.94 - - 97.09 - - 88.44 

TP= True Positive, TN= True Negative 
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the existing scheme needs a massive training dataset compared to the test dataset. 

Therefore, in comparison with the existing scheme, the proposed scheme is 

preferable because it requires much lower training dataset. 

 It has been perceived from Table 3.6 that the suggested scheme is highly sensitive to 

internal faults since it has a high degree of accuracy (more than 98%) compared to 

an existing scheme (94.94%), which must be correctly detected and removed as soon 

as possible to curtail the destructive impact on the power transformer and further to 

the power system network. 

 It has been noted from Table 3.6 that the proposed algorithm offers the equivalent 

amount of accuracy for various inrush conditions, where the relay must remain stable 

as a consequence of the undesirable isolation of a power transformer. 

 A Statistical Learning Method based on SVM, based on precisely extracted S-

transform features, provides a non-linear classification that can be further efficient 

compared to other methods. The above findings have been comment as the outcome 

of result analysis in Table 3.7. 

3.9 Summary 

A new scheme of internal fault discrimination for the protection of power transformers with 

the use of S-transform and SVM has been presented in this chapter. The proposed scheme 

utilized one cycle post fault CT secondary differential current for all three phases to 

distinguish internal faults from other disturbances. The feature extraction has been 

performed using S-transform and two features such as standard deviation of phase contour 

angle and the maximum magnitude of each frequency component have been provided as 

input to SVM. The feasibility of the proposed scheme has been tested with the help of 

simulation cases generated by modelling the prevailing power transformer in 

PSCAD/EMTDC software package. It has been observed that the proposed scheme provides 

an overall fault discrimination accuracy of more than 97.95%. A large dataset of 6432 

simulation cases has been considered for validation of the proposed scheme. Lastly, a 

quantitative comparison of the existing scheme reveals that the proposed scheme is more 

superior and yields admirable results compared to the existing scheme.





 

A New Protection Scheme for Power Transformer 

based on Superimposed Differential Current 

4.1 Introduction 

A combined S-transform and SVM based method has been proposed for distinguishing 

internal fault and non-internal fault conditions of power transformer in the previous chapter. 

Though, the overall accuracy of the proposed method is quite high (=97.95%), the method 

is not providing 100% classification accuracy. Hence, this result indicates that the proposed 

S-transform and SVM based method is unable to identify few operating conditions of power 

transformer correctly. To overcome the said limitation, the superimposed differential current 

based method has been presented in this chapter.  

The proposed method, in this chapter, is based on the extraction of positive and negative 

sequence components from superimposed differential currents. Initially, different types of 

internal faults, magnetizing inrush and over-excitation conditions have been generated to 

obtain differential currents by modelling the power transformer of the power transmission 

system using the PSCAD/EMTDC software package. Subsequently, the fundamental 

frequency positive and negative sequence components have been extracted from the 

superimposed differential currents using the Modified Discrete Fourier Transform (MDFT). 

Such sequence components have been used to determine the Internal Fault Detection Factor 

(IFDF) that can differentiate internal faults from non-internal faults. The proposed method 

has also been tested for CT saturation, specific power transformer connection & rating, CT 

error and change of tap position. Later, the reliability of the proposed scheme has been 

evaluated using internal fault and magnetizing inrush data collected from the actual field. At 

the end of the chapter, a comparative study of the proposed scheme with present approaches 

and conventional techniques has been conducted. The assessment of the proposed method 
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for diversified cases indicates a high degree of reliability for internal faults and greater 

stability during other disturbances. 

4.2 Modified Discrete Fourier Transform (MDFT) 

In the case of protective relaying, the DC decaying component has an impact on the accuracy 

and operating speed of filter algorithms. Various algorithms have been suggested, such as 

Walsh, Least Square Fitting, Cosine, Fourier, Kalman and Mimic Filters, to derive 

fundamental and harmonic components from voltage and current signals [152]. In least-

squares-fitting filters, DC offset has been modelled as a decreasing exponential, but the 

performance of this filter is very poor and slow. Moreover, poor performance indices, long 

stable time and DC decaying effect have been found in Walsh filter algorithm during fault 

current signal analysis. Further, Kalman and mimic filters involve the time constant of faulty 

equipment in which the time constant should be close to the expected time constant of the 

filters. However, the time constant as well as magnitude of decaying dc of faulty equipment 

are obscured and they are also related to the fault resistance, fault location and FIA. In 

addition, the Kalman filter eliminates complete DC decay when measured time constant 

matches with the Kalman filter modelled in the state transition matrix. The filter is, however, 

very sensitive to variation in the time constant of DC decay [153]. 

At present, DFT is an outstanding filter algorithm capable of extracting harmonics using the 

Fourier coefficient calculation. However, the voltage and current signals contain severe 

harmonics and decay for the duration of the fault. These decaying dc and higher order 

harmonics rigidly obstruct the calculation of an accurate fundamental frequency signal and 

delay the process time during the fault interval. The discreet Fourier transform is, therefore, 

unable to accurately estimate the decaying DC component during abnormal and faulty 

conditions, although it is widely used for phasor computing. Conversely, the MDFT 

algorithm is competent to quickly remove integer harmonics in conjunction with the 

decaying DC component [154]. Therefore, the MDFT algorithm has been used for phasor 

computing in the proposed method. 

4.3 Proposed scheme 

The flowchart of the proposed internal fault detection scheme is shown in Fig. 4.1. Initially, 

samples of three-phase instantaneous currents of the primary side (Iap, Ibp & Icp) and the 

secondary side (Ias,  Ibs & Ics)of the power transformer are collected for one cycle duration. 
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Here, the sampling frequency of 4 kHz (80 samples/cycle) for the fundamental frequency of 

50 Hz is used. Thereafter, the abnormal condition is checked by the abnormality detection 

algorithm [155]. In case of an abnormal condition, the differential currents of three 

phases ID(a/b/c)have been determined with phase compensation. Then, the superimposed 

components of differential currents have been calculated as per (4.1). 

∆ID(a/b/c)(t) =  ID(a/b/c)(t) − ID(a/b/c)(t − T) (4.1) 

 
FIGURE 4.1 Schematic block diagram of the proposed scheme 
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where, ∆ID(a/b/c) is the instantaneous value of superimposed components of differential 

currents of phase a, b and c respectively; at time instant ‘t’ and, ‘T’ is the window size. In 

the proposed algorithm, the value of ‘T’ has been selected as one cycle of the fundamental 

frequency. Afterwards, MDFT [154] algorithm has been utilized to derive the fundamental 

component of the calculated differential current (∆ID(a1/b1/c1)). Later on, values of 

∆ID(a1/b1/c1) have been used to calculate the sequence components as per (4.2). 

[

∆ID1

∆ID2

∆ID0

] =  
1

3
× [

1 α α2

1 α2 α
1 1 1

] × [

∆IDa1

∆IDb1

∆IDc1

] (4.2) 

where, ∆ID1, ∆ID2 and ∆ID0 is the positive, negative and zero sequence component of 

superimposed differential current, respectively;‘α’ is the complex operator which is equal to 

1∠120°. 

Thereafter, the ratio of negative sequence component to the positive sequence component of 

superimposed differential current (RNPSCDC) has been calculated as per (4.3). 

RNPSCDC =
|∆ID2|

|∆ID1|
 (4.3) 

Finally, Internal Fault Discrimination Factor (IFDF) which is defined as the ratio of addition 

and subtraction of the maximum and minimum value of RNPSCDC during one cycle (80 

samples) is derived as per (4.4). 

IFDF =
max(RNPSCDC) +  min (RNPSCDC)

max(RNPSCDC) −  min (RNPSCDC)
 × K (4.4) 

where, ‘K’ is the normalization factor which is used to normalize the value of IFDF.  

In this case, the value of ‘K’ is taken as 0.0001. In the end, in order to accurately discriminate 

between internal fault and other disturbances, the calculated value of IFDF is compared with 

the preset threshold value. If the value of IFDF is greater than the threshold value (in this 

case, the threshold is 1.0) for a definite time (here, it is 5 ms) then internal fault in the 

transformer is detected and the proposed method initiates a trip command. On the contrary, 

if IFDF is less than the threshold value then the proposed scheme remains stable. The 

selection of threshold value is explained in the next section. Moreover, the choice of definite 

time should be as low as possible. In order to achieve this, the duration (5 ms in this case) 
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up to which IFDF is observed is extremely important. If it is very small (say 1 to 3 ms) then 

it may lead to the erratic decision of existence of internal fault because of errors or spike in 

the data. Moreover, the selection of 5 ms duration in the proposed scheme is in close 

alignment with the conventional disturbance detection schemes such as point to point [30] 

and cumulative sum method [156] in which they have utilized an observation period of 4 

ms. 

4.4 Cases generated for threshold selection 

With making use of the single line diagram of power transmission network as shown in Fig. 

2.1, different types of internal faults such as LG, LL, LLG and inter-winding faults have 

been simulated at varying fault location (5%, 25%, 75% and 85% of the winding from the 

terminal) and FIA (0˚, 30˚, 60˚, 90˚ and 120˚ from the current zero of phase ‘a’). For turn-

to-turn faults, numbers of shorted turns have been chosen as 0.1%, 0.2%, 1% and 3% with 

the above mentioned variation in FIA. 

Moreover, three types of magnetizing inrush phenomena namely inrush with residual, 

sympathetic and recovery inrush have been simulated considering wide variation in load on 

the power transformer (0% to 100% with 5 equal steps), residual flux (0% ±8%, ±32% and 

±80% of total flux) and SA (ranging 0˚ to 120˚ with an increment of 30˚). For the generation 

of sympathetic inrush, three different SI (100%, 80% and 120% of SI as mentioned in 

Appendix B) have been considered along with aforementioned variation in loading condition 

TABLE 4.1 Generated cases 

Type of conditions Variation in condition Cases 

generated 

Winding Faults 
LG, LL and LLG faults on each phase (9) × Both sides 

of windings (2) × Fault location (4) × FIA (5) 
360 

Inter-winding Faults No. of phase (3) × Fault location (4) × FIA (5) 60 

Turn-to-Turn Faults 
No. of phase (3) × Both sides of windings (2) × No. of 

percentage turn shorted (4) × FIA (5) 
120 

Total cases for Internal Faults (A) 540 

Normal and Residual 

Inrush 
Load (5) × Residual flux (7) × SA (5) 175 

Sympathetic Inrush Load (5) × SI (3) × SA (5) 75 

Recovery Inrush 
Load (3) × LL, LLG, LLL and LLLG types of external 

fault of each phase (8)  × SA (5) 
120 

Over-Excitation Voltage (5) × Frequency (2) × ST (5) 50 

Total cases for Inrush/over-excitation (B) 420 

Overall data generated (A+B) 960 
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and SA. Similarly, various cases of recovery inrush have been generated by performing 

clearance of external faults (LL, LLG, LLL and LLLG) with above-mentioned variation in 

loading conditions and SA. Furthermore, different data of over-excitation condition have 

been generated by varying voltage (105% to 125% of nominal voltage in steps of 5%), 

frequency (49.5 Hz and 50 Hz) and SA (from 0˚ to 120˚ in steps of 30˚). Different numbers 

of cases generated for the evaluation of the proposed technique are shown in Table 4.1. 

4.5 Selection of threshold 

The selection of threshold should be carried out in such a way that the transient phenomenon 

like internal faults must be effectively distinguished with other external disturbances. The 

value of the threshold depends on the variation of IFDF during internal fault/external 

disturbances. The value of IFDF during internal faults should be more than the threshold 

value. Conversely, its value must remain below the threshold during various external 

disturbances like inrush and over-excitation conditions. Therefore, it is extremely necessary 

to determine the minimum value of IFDF during internal fault and the maximum value of 

IFDF in case of all types of external disturbances. Different types of internal faults and 

various inrush/over-excitation conditions have been simulated on the power transformer. 

The values of IFDF during various types of internal faults, magnetizing inrush and over-

excitation conditions have been depicted in Table 4.2. It is observed from the Table 4.2 that 

the minimum value of IFDF during internal fault is 2.3 (for turn-to-turn fault) whereas the 

maximum value of IFDF for various types of inrush and overexcitation is 0.0012 and 0.0003, 

respectively. Hence, the threshold value of “1.0” has been chosen as IFDF value considering 

TABLE 4.2 Threshold selection 

Types of Internal Faults Minimum value 

of IFDF 

Types of Magnetizing 

inrush and 

Over-excitation 

Maximum value 

of IFDF 

LG Faults 4.5 Normal & Residual Inrush 0.001 

LL Faults 4.9 Sympathetic Inrush 0.0025 

LLG Faults 5.5 Recovery Inrush 0.0012 

Inter-winding Faults 3.8 Overexcitation 0.0003 

Turn to Turn Faults 2.3 - - 
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safety margin. This value could easily discriminate between internal faults and magnetizing 

inrush/overexcitation condition. 

4.6 Performance evaluation of the proposed method 

The performance of the proposed scheme has been evaluated for various internal faults, 

magnetising inrush and over-excitation conditions. The simulation results for the 

aforementioned conditions have been expressed in the following sub-sections. 

4.6.1 Internal faults 

Different types of internal faults like LG, LL, LLG, inter-winding and turn-to-turn have been 

simulated by differing fault and system parameters. The simulation results for a few cases 

are depicted in the following sub-sections. 

4.6.1.1 LG fault: 

A solid LG fault (on phase-a) has been simulated at 50% of winding from the terminal of 

HV side of the power transformer with FIA = 30˚. Fig. 4.2 (a) shows the simulation results 

of differential current (phase-a only) and IFDF calculated by the proposed scheme. As 

observed from Fig. 4.2 (a) that the value of IFDF remains above the threshold for more than 

a quarter cycle (5 ms) after the inception of fault. Hence, the suggested scheme is capable to 

detect such type of an internal fault within half a cycle after the occurrence of a fault. 

Subsequently, Fig. 4.2 (b) illustrates the simulation results presented by the conventional 

 
FIGURE 4.2 Response of LG fault (a) differential current and IFDF, (b) SFR of the conventional 

harmonic restraint method 
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Second harmonic to Fundamental Restraint (SFR) method. In this method, the operation of 

the differential relay is inhibited when the second harmonic component exceeds 15% of the 

fundamental component [1]. It is to be observed from Fig. 4.2 (b) that the operation of the 

relay has been delayed as the ratio of SFR remains higher than the threshold value for almost 

one cycle (around 19 ms) after the inception of fault. 

4.6.1.2 Turn-to-Turn fault: 

Traditional differential protection technique would not be able to identify turn-to-turn fault 

that occurs in the transformer winding due to the small magnitude of fault current. Hence, in 

order to analyse the above phenomenon in the proposed scheme, turn-to-turn fault model has 

been developed in PSCAD/EMTDC software package, which is described in section 2.4.2. 

In the proposed method, a turn-to-turn fault has been carried out in phase-a with 0.1% 

shorted turns and FIA = 0° in the winding of the power transformer. The simulation results 

in terms of faulted phase differential current and IFDF along with differential relay 

characteristic are shown in Fig. 4.3 (a) and 4.3 (b), respectively. It has been observed from 

Fig. 4.3 (a) that the proposed scheme is able to identify the said fault as the value of IFDF 

 
 

FIGURE 4.3 Response of turn-to-turn fault (a) differential current and IFDF, (b) conventional 

biased differential characteristic 
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stays above the threshold value for more than 5 ms. Conversely, as observed from Fig. 4.3 

(b), the conventional biased differential relay was unable to detect the said fault as the 

trajectory of the fault current does not enter the operating region from the restraining region. 

4.6.1.3 Interwinding fault: 

A primary to the secondary inter-winding fault has been simulated at 0.5% from the neutral 

point of the power transformer. The simulation results in terms of faulted phase differential 

current and IFDF along with differential relay characteristic are shown in Fig. 4.4 (a) and 

4.4 (b). As the occurrence of this fault is very near to the neutral winding of the transformer, 

the magnitude of the differential current is very small. However, by observing Fig. 4.4 (a), 

it is to be said that the proposed scheme is capable to detect the fault as the value of IFDF 

remains well above the threshold for more than 5 ms. On the other hand, as observed from 

Fig. 4.4 (b), the conventional biased differential relay is not able to detect this type of fault 

as the trajectory of the fault current remains in the restraining region. 

 
FIGURE 4.4 Response of interwinding fault (a) phase-a differential current and IFDF, (b) 

conventional biased differential characteristic 
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4.6.2 Magnetizing inrushes in transformer 

The residual magnetising inrush current flows when the transformer is energized during no-

load/light load condition. This situation is further pronounced when the residual magnetism 

presents during the previous energization of the transformer and it is switched ON at voltage 

zero. In order to assure stability of the proposed scheme, the residual inrush has been 

simulated at 0˚ incident angle of the voltage source during the no-load condition. The 

simulation results in terms of the magnitude of residual inrush current and IFDF are shown 

in Fig. 4.5 (a) and (b), respectively. It is to be noted from Fig. 4.5 (b) that the value of IFDF 

remains well below the threshold. 

Sympathetic inrush is produced in previously energized transformer when a parallel 

transformer is switched ON. Moreover, it has been observed from the literature that 

clearance of an external fault (usually LL and LLL) near the power transformer and 

switching of a transmission line immediately after clearance of fault causes an inrush known 

as recovery inrush [1]. In the proposed scheme, the sympathetic inrush has been simulated 

 
FIGURE 4.5 Response of the proposed scheme (a), (c) and (e) different magnetizing inrushes; (b), (d) 

and (f) IFDF 
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by energizing a parallel transformer. The simulation results in terms of the magnitude of 

sympathetic inrush current and the value of IFDF are shown in Fig. 4.5 (c) and Fig. 4.5 (d), 

respectively. Similarly, the recovery inrush has been simulated after clearing an external 

LLL fault near the power transformer. The simulation result in terms of the magnitude of 

recovery inrush current and its IFDF are shown in Fig. 4.5 (e) and Fig. 4.5 (f), respectively. 

It has been noted from Fig. 4.5 (b), (d) and (f) that the presented technique is capable to offer 

enhanced stability during all types of inrush condition since the value of IFDF resides below 

the threshold.  

Several other cases of aforementioned inrushes have been simulated and tested using the 

proposed scheme in addition to the presented case. In all cases, the value of IFDF remains 

well below the threshold. Therefore, the presented technique correctly distinguishes 

magnetizing inrush with internal fault. 

4.6.3 Over-excitation condition 

Differential protection scheme may mal-operate during over-excitation condition which 

occurs due to the increase in voltage and decrease in frequency. Hence, separate over-

excitation protection is employed in the transformer to evade tripping of the differential 

relay. The performance of the presented technique has been assessed by simulating an over-

excitation condition with the increase in terminal voltage from rated value to 110% and 

decrease in frequency from 50 Hz to 49 Hz. The waveforms of differential current and IFDF 

are shown in Fig. 4.6 (a) and (b), respectively. It has been observed from Fig. 4.6 (b) that the 

value of IFDF rests much below the threshold during over-excitation condition and hence, 

avoids unwanted tripping of the relay. 

 
FIGURE 4.6 Evaluation of over-excitation condition (a) differential current, (b) IFDF 
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4.6.4 Effect of CT error and tap changer 

The performance of the proposed algorithm has been evaluated by considering errors in the 

CT and tap changer effect. Considering the worst case, error in the CT of the order of ±5% 

has been introduced when the transformer operates in full load condition. Furthermore, 

during full load operation of the transformer, the tap setting of the transformer has been 

changed in the range of -5% to +7.5%. The said operation has been performed on the 

developed simulation model in PSCAD/EMTDC platform. In this operation, two different 

conditions have been performed. 

(i)  +7.5% tap along with -5% error in the CT and, (ii) -5% tap along with + 5% error in the 

CT. 

The simulation results in terms of phase current obtained during the said two cases are shown 

in Fig. 4.7 (a). At the same time, the response of the presented algorithm in terms of IFDF 

is also shown in Fig. 4.7 (b). It is to be noted from Fig. 4.7 (a) that there is a significant 

change in the value of phase current during the change in tap position along with the presence 

of error in the CT. Subsequently, as observed from Fig. 4.7 (b), the value of IFDF remains 

well below the threshold value for both the aforementioned cases. This clearly indicates the 

stability of the proposed scheme during changes in tap position along with errors in the CT. 

 
FIGURE 4.7 Effect of CT error and tapping (a) phase current, (b) IFDF 
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4.6.5 Different rating and connection of power transformer 

For validation of the presented technique on other power transformer rating and different 

connection, modelling of an entirely different power transformer (230/132 kV, 160 MVA, 

50 Hz, ΔY11) has been performed in PSCAD/EMTDC software. An internal LG fault 

(simulated at 90% position of the primary winding of phase-a with FIA= 0°) and magnetizing 

inrush condition (performed during no-load condition with 30° SA) have been simulated on 

the said transformer model. The simulation results of the said conditions are illustrated in 

Fig. 4.8. It is to be recognized from Fig. 4.8 (b) and 4.8 (d) that the value of IFDF persists 

above the threshold for more than a quarter cycle during an internal fault whereas it stays 

well below the threshold in case of inrush. 

 
FIGURE 4.8 Response of the proposed scheme for other power transformer: LG fault (a) differential 

current, (b) IFDF; Magnetizing current (c) differential current (d) IFDF 
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4.6.6 Effect of CT saturation 

It is well known that the inaccurate current measurement due to saturation of CT during 

internal and external fault conditions leads to mal-operation of the relay [36]. In this respect, 

an internal fault (with FIA = 0˚ at 75% winding location and having higher burden resistance 

of the CT) has been simulated. The simulation result, given by the proposed scheme, in terms 

of faulted phase current and IFDF is shown in Fig. 4.9 (a) and Fig. 4.9 (b), respectively. It is 

to be noted from Fig. 4.9 (b) that the value of IFDF stays over the threshold for more than 5 

ms. Subsequently, in order to observe the effect of CT saturation, an external LG fault (with 

FIA = 0˚ and much higher CT burden resistance) has been simulated. The simulation results 

in terms of phase-a differential current and the value of IFDF are shown in Fig. 4.9 (c) and 

(d), respectively. It has been observed from Fig. 4.9 (d) that the value of IFDF continuously 

remains below the threshold and hence, avoids the mis-operation of the transformer as a 

result of CT saturation during an external fault. 

4.6.7 Performance of the proposed scheme on data recorded from actual field 

In order to ensure a proper balance between security and dependability of the relay, it is 

important that the relay should be analysed with the help of data recorded from the actual 

field that represents adequately the internal fault and inrush conditions experienced by the 

 
FIGURE 4.9 Performance of the proposed scheme during CT saturation: Internal fault current (a) 

differential current, (b) IFDF; External fault (c) differential current (d) IFDF 
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power transformer. The GETCO, Gujarat, India has recorded actual data of currents during 

an internal fault on 33/11 kV, 5 MVA, 50 Hz YD11 transformer and an inrush condition on 

765/400 kV, 1500 MVA, 50 Hz, DY11 power transformer. For internal fault and inrush 

condition, the waveform is recorded by the fault recorder of the relay at a sampling frequency 

of 1.6 kHz and 1 kHz, respectively, for 50 Hz fundamental frequency. These waveforms are 

further extracted from the COMTRADE file of the relay. Performance of the presented 

technique has been assessed utilizing the recorded fault data provided by GETCO, India. 

The non-linearity and transient events are comprised already in real time fault data and 

hence, the proposed scheme is evaluated in the practical environment[157]. 

Fig. 4.10 shows the results provided by the presented technique during an internal LG fault 

in terms of faulted phase differential current and the corresponding value of IFDF. It can be 

analyzed using Fig. 4.10 (a) that the waveform contains decaying DC component as internal 

fault was existing while energizing the transformer. Moreover, as observed from Fig. 4.10 

(b), the value of IFDF remains higher than the threshold for more than quarter cycle i.e. more 

than 8 samples since the data has been recorded at 32 samples per cycle. Conversely, Fig. 

4.10 (c) shows the waveform of the magnetizing inrush of power transformer for the 

 
FIGURE 4.10 Performance of the proposed scheme on field data: Internal fault current during 

energization of transformer (a) differential fault current, (b) IFDF; Magnetizing inrush (c) inrush 

current, (d) IFDF 
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recorded field data. The plot of IFDF is also presented in Fig. 4.10 (d). It is to be noted from 

Fig. 4.10 (d) that the value of IFDF remains quite lower than the threshold and hence, the 

presented technique persists stability during magnetizing inrush condition. The above 

discussion also highlights another advantage of the presented technique as it provides 

equally promising results at the different sampling frequency. 

4.7 Comparative evaluation  

Comparative assessment of the presented technique has been carried out with two techniques 

namely (i) Higher Order Statistics (HOS) based method [129] and (ii) Empirical Fourier 

Transform (EFT) based method [126]. As per the description given in [129], the value of 

index pertains below the threshold in case of each type of internal faults. Conversely, index 

holds the value above the threshold during magnetizing inrush condition. Fig. 4.11 (a) shows 

the performance of HOS based method in terms of the index for turn-to-turn fault. It is 

observed from Fig. 4.11 (a) that the index remains well above the threshold after the 

occurrence of a turn-to-turn fault. Hence, this method identifies such type of incipient fault 

as a magnetizing inrush condition. 

 
FIGURE 4.11 (a) Response of HOS based method during turn-to-turn fault; EFT based method (b) 

Response during over-excitation condition, (c) biased differential characteristic 
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In addition, the performance of EFT based method has also been evaluated during over-

excitation condition. The simulation results in terms of Deflection Factor (DF) and biased 

differential relay characteristic are shown in Fig. 4.11 (b) and 4.11 (c), respectively. As 

mentioned in [126], EFT based method does not operate during all external events when the 

trajectory of fault current remains inside the operating region and at the same time DF stays 

well above the threshold (0.2 in this case). It has been perceived from Fig. 4.11 (b) and (c) 

that though the trajectory of fault current settles down in the operating region of biased 

differential characteristic, the value of DF is oscillating. Sometimes, it crosses the threshold 

value whereas, during certain point of time, it falls below the threshold value. Hence, the 

EFT based method treats this condition as an internal fault and initiates trip command. 

Alternatively, as monitored from Fig. 4.6 (d), the presented technique persists stable during 

over-excitation condition and hence, avoids mal-operation of the relay. 

4.8 Summary 

A new protection scheme for power transformer is presented in this chapter. It is based on 

the IFDF derivation obtained from the extraction of positive and negative sequence 

components of superimposed differential currents. The simulation results indicate that the 

presented technique is capable of distinguishing different types of internal faults with 

different external events (over-excitation and different types of magnetizing inrush). At the 

same time, the proposed technique is equally applicable to an entirely different rating and 

type of power transformer connection. Furthermore, its performance remains stable against 

CT saturation and provides equal reliability to CT error and tap change. Subsequently, the 

performance of the proposed technique has also been evaluated using internal fault and 

magnetizing inrush data recorded in the actual field. Finally, the assessment of the proposed 

technique has also been carried out with the recently established techniques. The comparison 

indicates the superiority of the proposed technique in terms of greater sensitivity to internal 

faults and higher stability during external events.





 

The Sequence Component Based Identification of 

Internal Fault in Power Transformer 

5.1 Introduction 

This chapter presents a novel method based on sequence components of differential currents 

for distinguishing between internal fault and the magnetizing inrush of a power transformer. 

In this method, the Internal Fault Detection (IFD) ratio has been calculated from the 

differential currents of the power transformer to identify internal faults. Initially, more than 

1600 simulation cases have been carried out to produce differential current waveforms for 

the different operating conditions of the power transformer. The simulation has been 

performed using 3-phase power transformer modelling with the help of PSCAD / EMTDC 

software package. Subsequently, MDFT algorithm has been used to extract fundamental 

frequency positive and negative sequence components from differential currents. As a result, 

using these sequence component values, the threshold value of IFD has been identified 

which can effectively discriminate internal (LG, LL, and turn-to-turn) faults from 

magnetizing inrushes such as residual and sympathetic inrushes. In addition, this method 

also remains stable against over-excitation and CT saturation during external fault events. 

At the end of the chapter, a comparative assessment with the recently developed method is 

also presented. 

5.2 Sequence components of currents 

The symmetrical components provide a calculation based on a phase analysis of the electrical 

system during unbalanced loading. It has been observed that three unbalanced phasors can 

be resolved into three other phasors, consisting of two sets of balanced phasors and an 

additional set of single-phase phasors. If the electrical network voltage and current signals 

have been brought out in this way, a single-phase representation is sufficient to describe each 
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electrical component and a simplification has been achieved. The synthesis equation for a 

three-phase system, the current analysis equation, is given in (5.1). 

[

𝐼𝑎0

𝐼𝑎1

𝐼𝑎2

] =  
1

3
 × [

1 1 1
1 α α2

1 α2 α
] × [

𝐼𝑎
𝐼𝑏
𝐼𝑐

] (5.1) 

where, I(a/b/c) are phase currents and Ia(0/1/2) are sequence components of phase currents. 

Moreover, ‘0’, ‘1’ and ‘2’ is referred as zero sequence, positive sequence and negative 

sequence components, respectively;‘α’ is the complex operator which is equal to 1∠120°. 

With the use of these sequence components, a sequence component based method has been 

proposed in this chapter, which can mainly classify internal faults from magnetizing inrush. 

5.3 Proposed method based on sequence components of differential currents 

Fig. 5.1 shows the proposed internal fault detection technique. Primarily, one cycle 

instantaneous currents of the primary winding (Iap, Ibp & Icp) and secondary winding (Ias, Ibs 

& Ics) of the power transformer are collected on CT secondary sides. These collected data 

have 4 kHz sampling frequency for power frequency of 50 Hz. After collecting the current 

samples, the abnormal condition has been checked [155] and the three-phase differential 

currents (ID(a/b/c)) have been determined on condition of abnormality. Afterwards, the MDFT 

[154] has been utilized to extract the fundamental frequency three-phase differential current 

(ID(af/bf/cf)) for one cycle. Here, MDFT is proficient to eliminate higher number harmonics 

simultaneously with decaying DC component. Consequently, MDFT is utilized in this 

sequence component based method for phasor computation. With the help of MDFT, 

ID(af/bf/cf) have been processed to obtain the sequence components as per (5.2). 

[
𝐼𝐷0

𝐼𝐷1

𝐼𝐷2

] =  
1

3
 × [

1 1 1
1 α α2

1 α2 α
] × [

𝐼𝐷𝑎𝑓

𝐼𝐷𝑏𝑓

𝐼𝐷𝑐𝑓

] (5.2) 

where, ID0, ID1 and ID2 are the zero, positive and negative sequence component, 

respectively; and ‘α’ is the complex operator whose value is -0.5 +j0.866. Thereafter, IFD 

is calculated as per (5.3). 

𝐼𝐹𝐷 =  
𝑠𝑡𝑑(𝐼𝐷1 + 𝐼𝐷2)

𝑠𝑡𝑑(𝐼𝐷1 − 𝐼𝐷2)
 ×  

1

100
 ; 𝑤ℎ𝑒𝑛 𝐼𝐷1 ≠ 𝐼𝐷2 (5.3) 
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where, ‘std’ stands for standard deviation. Moreover, the value of IFD is considered zero 

when the values of positive and negative sequence components are found same. 

Finally, to correctly differentiate internal fault from other operating condition of power 

transformer, the computed IFD is equated with the predetermined threshold (in this case, it 

is 7.0). If the calculated IFD is larger than the predetermined threshold value, then it is to be 

said that an internal fault in the power transformer is existed and trip command has been 

commenced. Conversely, if IFD value is smaller than the predetermined threshold then the 

proposed method prevents tripping. 

 
FIGURE 5.1 Schematic block diagram of the proposed scheme 
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5.4 Generated cases and Threshold Selection 

In this work, the proposed method has been employed on a 3-phase, 400/220 kV, 315 MVA, 

YΔ1 power transformer. The modelling and simulation of the whole system have been 

performed in PSCAD/EMTDC as described in the single line diagram of the transmission 

network shown in Fig, 2.1. During the validation, the large number of simulation test cases 

for internal faults, for instance, LG fault, LL fault and turn-to-turn fault have been developed 

[158]. Here, LG and LL faults have been produced by changing fault on winding at 5%, 

25%, 75% and 85% from terminal and FIA of the current wave at 0˚ to 120˚ in equal five 

steps from phase ‘a’ current zero. In case of turn-to-turn type faults, shorting turns have been 

opted at 0.3%, 0.5%, 1% & 3% and above referred FIA. Besides, inrush phenomena 

including residual inrush have been simulated dealing with wide variation in remanence flux, 

SA of inrush varying from 0˚ to 120˚ in steps of 30˚ and the different load of 0% to 100% in 

5 equal steps for the power transformer. In all the above cases SI has been varied to 80%, 

100% and 120% considering base value as 10∠85° Ω. All the generated cases for the 

assessment of the presented method are revealed in Table 5.1. 

The threshold should be selected such that the internal faults must be efficiently detected 

against the magnetizing inrush states. Therefore, it is very essential to get the minimum IFD 

magnitude in the event of an internal fault and the maximum IFD magnitude through 

magnetizing inrush. Based on the simulation results during various test cases, the obtained 

maximum and minimum value of IFD are presented in Table 5.1. It is detected from Table 

5.1 that the minimum IFD during turn-to-turn fault is 8.08, while, IFD of 6.76 has been found 

out as maximum value for inrush. Hence, with considering the safety margin, the threshold 

TABLE 5.1 Generated data and Threshold selection 

Working 

condition 

Parameter variation No. of 

cases 

IFD 

Minimum Maximum 

Winding faults 

LG, and LL faults on each phase on both 

windings (12) × Fault location (4) × SI (3) × 

FIA (5)  

720 10.09 417.6 

Turn-to-turn 

faults 

Fault in each phase of both windings (6) × No. 

of percentage turn shorted (4) × SI (3) × FIA (5) 
360 8.08 110.1 

Total Internal Faults 1080 - - 

Magnetizing 

Inrush 
Load (5) × Residual flux (7) × SI (3) × SA (5) 525 0.23 6.76 

Generated cases 1605 - - 
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value for effective differentiation of internal fault with magnetizing inrush conditions is 

chosen as “7”. 

5.5 Performance assessment 

The capability of the suggested method has been assessed for diverse cases of the power 

transformer. The simulation results for the above-mentioned situations have been conveyed 

in subsequent sub-sections. 

5.5.1 Internal faults 

The internal faults have been produced by varying types of fault and system parameters as 

referred in Table 5.1. In this subsection, three cases of internal fault (LG, LL and turn-to-

turn faults) have been discussed. Fig. 5.2 (a), (b) and (c) shows waveforms of differential 

current and IFD for phase ‘a’ during LG, LL and turn-to-turn fault, respectively. Here, Fig. 

5.2 (a) shows LG fault on phase ‘a’ which is generated at 75% location from the terminal of 

primary winding with SI = 100% and FIA = 30˚. It has been found from Fig. 5.2 (a) that 

value of IFD (on right side scale) remains above the threshold after the beginning of fault. 

 
FIGURE 5.2 Waveforms of differential current and IFD during internal fault (a) LG fault, (b) LL 

fault and (c) turn-to-turn fault 
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Furthermore, with respect to Fig. 5.2 (b) during LL fault (on phases ‘a’ and ‘b’ has been 

produced with above mentioned conditions and FIA = 0˚), the value of IFD remains higher 

than the threshold after fault inception. At the same time, a turn-to-turn fault on phase ‘b’ of 

primary winding with 0.5% shorted turns at 0° FIA and 80% SI has been revealed. Referring 

Fig. 5.2 (c), the value of IFD stays sufficiently higher than the threshold. Hence, it could be 

said that the proposed method is competent to recognize internal fault situation accurately. 

5.5.2 Magnetizing inrush 

In the view of confirmation of the stability of the proposed method against magnetizing 

inrush, one of the test cases for magnetizing inrush such as 0˚ switching incident of the 

voltage waveform in no-load condition has been accessed. The differential current 

magnitude and IFD are shown in Fig. 5.3 (a) for the above said inrush condition. From Fig. 

5.3 (a), it is to be noticed that the value of IFD prevails lower value compared to threshold 

during aforementioned inrush condition. Furthermore, sympathetic inrush condition has 

been produced by energizing similar rating transformer in parallel. The differential current 

magnitude in the case of sympathetic inrush and value of IFD is shown in Fig. 5.3 (b). The 

value of IFD bears quite low value than the threshold. Thus, it has been figured out from 

Fig. 5.3 (a) and (b) that the proposed method has been accomplished to provide appreciate 

 
FIGURE 5.3 Differential current and IFD (a) Magnetizing inrush and (b) Sympathetic inrush 
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stability for different types of magnetizing inrush circumstances as the values of IFD are 

found below the threshold. 

5.5.3 Over-excitation and CT saturation due to external fault 

In presented work, the performance of the presented method has also been verified against 

over-excitation and external fault condition of the power transformer. In case of the over-

excitation condition, a simulation test has with the rise in voltage value by 10% and reducing 

system frequency by 2% Hz with 0° SA and 100% SI has been evaluated. The simulated 

differential current waveform for over-excitation and the corresponding values of IFD are 

revealed in Fig. 5.4 (a). It has been perceived from Fig. 5.4 (a) that IFD prevails value lower 

than the threshold and henceforth, kept away the undesirable tripping. Furthermore, it is well 

known that an external fault when CT saturates leads to mal-operation of the relay. In this 

context to observe the effect, in this subsection, analysis for an external LG (involving phase 

‘a’) fault with greater burden resistance to saturate CT with SI = 100% and FIA = 0˚ has 

been simulated. The simulated differential current (phase ‘a’) and IFD value are shown in 

Fig. 5.4 (b). It has been seen from Fig. 5.4 (b) that value of IFD stays considerably lesser 

than the threshold and hence, prevents triggering of tripping command for the power 

transformer. 

 
FIGURE 5.4 Differential current and IFD (a) over-excitation and (b) CT saturation due to external 

fault 
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5.5.4 Different rating and winding connection of transformer 

In order to test the sequence component based method for different rating of transformer, a 

simulation has been carried out on 160 MVA, 132 kV/ 220 kV, YD11, 50 Hz transformer, 

located at Kasor substation, Gujarat. The performance of proposed method in terms of 

differential current and IFD value during an internal LG fault and magnetizing inrush 

situation are illustrated in Fig. 5.5 (a) and (b), respectively. As shown in Fig. 5.5 (a), the 

value of IFD exceeds the threshold (=7) during an internal fault, while it remains 

significantly below the threshold during a magnetizing inrush condition, as can be seen in 

Fig. 5.5 (b). As a result, it can be said that the proposed approach works equally well on 

power transformers of varying ratings and winding connections and yields satisfactory 

results. 

5.5.5 Capacitor switching on transformer 

In order to obtain current waveforms during capacitor switching, simulation has been carried 

out in PSCAD/EMTDC software. During simulation, a transformer has been made switched 

on at 0˚ switching angle with 100% SI and capacitive load. Afterwards, sequence component 

based proposed method has been verified using differential currents obtained during the said 

condition and IFD value have been found out. The waveform of differential current and IFD 

value has been depicted in Fig. 5.6. As shown in Fig. 5.6, highly distorted differential current 

waveform has been found during capacitor switching. However, the value of IFD remains 

 
FIGURE 5.5 Waveforms of differential current and IFD during (a) internal fault and (b) 

magnetizing inrush 
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quite low in comparison of its threshold. Hence, it can be said that the proposed method 

remains stable during capacitor energization. 

5.6 Comparative assessment 

Comparative evaluation of the proposed method has been accomplished with a developed 

scheme of Higher Order Statistics (HOS) [129]. As depicted in [129], the index remains 

higher than the threshold (0.25 as defined) in case of magnetizing inrush. Contrariwise, the 

value of index stays lesser than the threshold in the incident of internal faults. Fig. 5.7 

demonstrates the behaviour of HOS index for the turn-to-turn fault which is shown in Fig. 

5.2 (c). It is appeared from Fig. 5.7 that HOS index continues to possess higher value than 

threshold after commencing turn-to-turn fault. Therefore, the said scheme points out this 

kind of internal fault as a magnetizing inrush situation. 

5.7 Precaution 

It is to be noted that the proposed protection schemes based on superimposed differential 

current and sequence component method may not detect LLL and LLLG faults due to very 

 
FIGURE 5.7 HOS Index in case of turn-to-turn fault 

 
FIGURE 5.6 Waveforms of differential current during capacitor switching and IFD 



Chapter - 5: The sequence component based identification of internal iault in power 

transformer 

100 

less value of negative sequence component in these cases. However, it has been conveyed 

in several literature that the inter-phase short circuit faults inside the transformer are unusual 

when a three-phase transformer has been operated by means of three units of single-phase 

transformer bank [9], [30], [158]. Moreover, the probability of incidence of such faults at 

the terminals are rare due to stationary components at the external connection of transformer 

windings. Furthermore, in the proposed schemes, three single-phase power transformer bank 

configuration has been utilized in the simulation model as this type of arrangement is being 

noticed in the real time field operation (i.e. 400 kV sub-station, Gujarat, India). Additionally, 

while designing the protective scheme for a power system, a lesser amount of weightage has 

been provided to the low probable faults [158]. 

5.8 Summary 

A new method for internal fault detection in power transformer is presented in this chapter. 

The internal fault is determined on the basis of a ratio, known as IFD, which is the standard 

deviation of the addition and the subtraction of positive and negative sequence components 

of differential currents. In this method, these sequence components have been found out with 

the help of the MDFT algorithm. Moreover, the threshold value of IFD from the sequence 

components has been found by simulating various internal and non-internal fault situations 

in the PSCAD / EMTDC software package. The simulation results show that the proposed 

scheme is sufficiently sensitive to detect different types of internal faults while enhancing 

stability during non-internal abnormal conditions. At last, a comparative analysis with a 

recently developed technique suggests the strength of the proposed method. 

 



 

Quartile Based Differential Protection of Power 

Transformer 

6.1 Introduction 

In the previous chapter, it has been stated that symmetrical internal faults in the power 

transformer may not be detected due to a lower amount of negative sequence component 

value in case of superimposed differential current and sequence component-based methods. 

In order to overcome the above-mentioned drawbacks, a novel quartile-based technique is 

presented in this chapter. In the presented method, the Fault Detection Ratio (FDR) has been 

computed from a quartile of superimposed differential currents. The validity of the proposed 

method has been tested for simulation cases of various internal faults (including symmetrical 

internal faults) and non-internal fault conditions. In this work, the proposed scheme has also 

been tested for different ratings and connections of transformers, real-time field data and 

noise. At the end of the chapter, a comparative assessment of the proposed method with 

conventional differential protection and several recently developed techniques have been 

carried out. The results reveal that the proposed quartile-based method is capable of 

distinguishing between internal faults and other power transformer disturbances. 

6.2 Basic philosophy of quartile and its application to differential protection of 

transformer 

The quartiles are three different values (lower quartile (Q1), median quartile (Q2), and upper 

quartile (Q3)) that distribute an orderly dataset into four equal portions. Each portion holds 

25% of the complete samples or observations in the dataset. For the total ‘m’ number of data 

samples containing dataset, Y = {Y1, Y2, …, Yk, …,Ym} in which Yk represent kth sample of 

dataset; k = 1 to m. This dataset is grouped in ascending order. The Q2 distributes the data 

samples in two equal parts; half of the samples are above the median and rest half are below 
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the median. The Q1 and Q3 are obtained as the median of the first half and second half of the 

grouped dataset, respectively. The values of Q1, Q2 and Q3 are calculated using (6.1) [159]. 

Q1/2/3 = 𝑌𝑘 + 𝑓 × (𝑌𝑘+1 − 𝑌𝑘) (6.1) 

where, k and f are the floors and fractional part of  4m ,  2m  and  3 4m  for Q1, Q2 and 

Q3, respectively. 

Since the aforementioned three factors have been utilized in several applications such as 

outliner detection, threshold determination and measurements [160]–[165], the same has 

been used in the proposed technique for discrimination between internal faults and non-

internal faults in power transformer.  

In the view of discrimination between internal fault and the magnetizing inrush of power 

transformer, the application of quartile has been described in Fig. 6.1. As shown in Fig. 6.1 

(a), the waveform of internal fault current contains 80 samples of one cycle for the 

fundamental frequency of 50 Hz. When an internal fault occurs in power transformer, an 

internal fault current usually contains a DC decaying component in addition to the 

fundamental frequency component. Conversely, Fig. 6.1 (b) shows the distribution 

characteristics of the sorted absolute value of the internal fault current. Similarly, the same 

analysis has been carried out for magnetizing inrush current of the power transformer. Fig. 

6.1 (c) and (d) show the inrush current waveform and the distribution characteristic, 

 
FIGURE 6.1 Quartile values during internal fault and magnetizing inrush: (a) and (c) differential 

current, (b) and (d) quartile values 
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respectively. Using (6.1), the obtained values of Q1, Q2 and Q3 have been shown in Fig. 6.1 

(b) and (d), for internal fault and magnetizing inrush condition, respectively. 

It has been observed from Fig. 6.1 (b) and (d) that the values of quartiles are significantly 

different from each other in both cases. Moreover, it has also been observed that the 

difference of distribution characteristics between internal fault and magnetizing inrush 

conditions and can be useful to obtain an index which can discriminate these abnormal 

conditions. Hence, the quartile based approach has been utilized as a new criterion to identify 

the internal fault of the power transformer.  

6.3 Quartile based proposed method 

As described in Fig. 6.2, instantaneous values of CT secondary currents are obtained from 

the primary (Iap, Ibp, and Icp) and secondary (Ias, Ibs, and Ics) sides of the power transformer. 

After acquiring samples of CT secondary currents with a sampling frequency of 4 kHz (for 

the fundamental frequency of 50 Hz), instantaneous values of three-phase differential 

currents (ID(a/b/c))  are calculated as per (6.2) on confirmation of abnormality detection 

[155].  

ID(a/b/c) = [𝑀𝐶𝐹𝑝 × [𝐶𝑀]I(ap/bp/cp) − 𝑀𝐶𝐹𝑠 × I(as/bs/cs)] (6.2) 

where, MCFp
and MCFs are the magnitude compensation factor of the CT secondary current 

of the primary and secondary winding of the transformer, respectively. The CM is the phase 

and zero sequence compensation matrix. For the proposed scheme, the value of CM (for 

YD1 connection) is given by (6.3). 

CM = 
1

√3
× [

1 0 −1
−1 1 0
0 −1 1

] (6.3) 

Afterwards, superimposed differential currents are calculated as per (6.4). 

∆ID(a/b/c)(t) =  abs (ID(a/b/c)(t) − ID(a/b/c)(t − T)) (6.4) 

where, ∆ID(a/b/c))(t) is the superimposed differential current for phases a, b, and c, 

respectively, at instant ‘t’ and T is the window size (80 samples/cycle). ID(a/b/c)  is the 

instantaneous value of differential current for phases a, b, and c, respectively, at the instant 

‘t’. Afterwards utilizing sliding window concept and arranging one data window samples in 
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ascending order, absolute values of ∆ID(a/b/c) are used to determine lower quartile 

(Q1(a/b/c)), median (Q2(a/b/c)), and upper quartile (Q3(a/b/c)) for each phase using (6.5) 

[159]–[162].  

QP(a/b/c)(t) =  ∆ID(a/b/c)k + 𝑓 × (∆ID((a/b)/c)k+1 − ∆ID(a/b/c)k) (6.5) 

where, k and f is the floor and fractional part of  T 4 ,  T 2  and  3T 4  for P=1, 2 and 3, 

respectively. Moreover, the value of inter-quartile range (IQR), which is a measure of 

variability in dataset, is calculated using (6.6). 

 
FIGURE 6.2 Flowchart of proposed method 
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IQR(a/b/c)(t) =  Q3(a/b/c)(t) −  Q1(a/b/c)(t) (6.6) 

Then, these values are used to obtain a pre-detection index i.e. Ratio of Square Power 

Difference (RSPD) as per (6.7). 

RSPD(a/b/c)(t) = (
Q1(a/b/c)(t)

Q3(a/b/c)(t)
) × (Q2(a/b/c)(t) − Q1(a/b/c)(t))

2
 (6.7) 

Finally, fault detection ratio (FDR) is calculated as per (6.8), which is an indicator of internal 

fault in the transformer. This is achieved by phase wise comparison of the value of FDR with 

the pre-determined threshold. Here, the value of the threshold is selected as 4%. The 

procedure of threshold selection is thoroughly described in threshold selection section. When 

the value of FDR for any phase exceeds the threshold, an internal fault situation is identified 

which in turn initiates a trip signal. Conversely, in the case when the said condition is not 

fulfilled, the trip signal is blocked due to detection of the non-internal fault. With reference 

to (6.6), the value of FDR is considered as zero, when IQR = 0. 

FDR(a/b/c)(t) = (
RSPD(a/b/c)(t)

IQR(a/b/c)(t)
) ×  100 % (6.8) 

6.4 Validation of proposed scheme 

The response of the proposed quartile based method in terms of graphical representation 

during internal fault and magnetizing inrush condition of the power transformer are shown 

in Fig. 6.3 through 6.6. The waveforms of differential current, superimposed differential 

current and quartiles in case of internal fault and magnetizing inrush condition are depicted 

in Fig. 6.3 (a)-(c) and Fig. 6.4 (a)-(c), respectively. The corresponding values of IQR, RSPD 

and FDR during an internal fault and magnetizing inrush condition are shown in Fig. 6.3 (d)-

(f) and Fig. 6.4 (d)-(f), respectively. As observed from Fig. 6.3 (c) and Fig. 6.4 (c), a 

significant difference has been found in the value of Q1 whereas marginal difference has 

been observed in the values of Q2 and Q3. Due to this fact, perceptible change has been 

noticed in the value of IQR (as it is obtained by subtracting the value of Q1 from Q3). Here, 

the IQR represents variation in the dataset. The major change of IQR depends on the 

magnitude of fault current as well as inrush. The waveform of IQR for internal fault and 

inrush condition having significant difference is shown in Fig. 6.3 (d) and Fig. 6.4 (d), 

respectively. It has been observed from Fig. 6.3 (d) and Fig. 6.4 (d) that the value IQR is not 

able to discriminate between internal fault and magnetizing inrush situation. Hence, a new 
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factor, known as RSPD that reflects a significant change in Q1, Q2 and Q3, has been 

developed. The waveform of RSPD during internal fault and magnetizing inrush condition 

is shown Fig. 6.3 (e) and Fig. 6.4 (e), respectively. Based on extensive simulations, it has 

 
FIGURE 6.3 Internal winding fault: (a) differential current, (b) superimposed current, (c) quartiles, 

(d) IQR, (e) RSPD and (f) FDR 

 
FIGURE 6.4 Magnetizing inrush condition: (a) differential current, (b) superimposed current, (c) 

quartiles, (d) IQR, (e) RSPD and (f) FDR 
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been observed that the values of RSPD are almost equal during the high magnitude of 

magnetizing inrush current and low magnitude of internal fault current. These two cases are 

depicted in Fig. 6.5 and Fig. 6.6. Subsequently, as observed from Fig. 6.5 (d) and Fig. 6.6 

 
FIGURE 6.5 Internal winding fault: (a) differential current, (b) superimposed current, (c) quartiles, 

(d) IQR, (e) RSPD and (f) FDR 

 
FIGURE 6.6 Magnetizing inrush condition: (a) differential current, (b) superimposed current, (c) 

quartiles, (d) IQR, (e) RSPD and (f) FDR 
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(d), the values of IQR are considerably dissimilar. Hence, a new factor known as FDR is 

developed for effective discrimination between internal fault and magnetizing inrush 

condition. The FDR is capable of providing proper discrimination as it has incorporated both 

IQR and RSPD. The waveforms of FDR during internal fault and magnetizing inrush 

condition are shown Fig. 6.3 (f) and Fig. 6.4 (f), respectively. It is observed from Figs. 6.3 

(f) & 6.5 (f), that the value of FDR exceeds threshold immediately after the inception of 

fault. Conversely, as observed from Figs. 6.4 (f) & 6.6 (f), the value of FDR stays well below 

the threshold during magnetizing inrush condition. 

6.5 Selection and validation of threshold 

6.5.1 Threshold selection based on mathematical calculation 

The value of the threshold, which plays a key role in the discrimination of internal fault from 

other non-internal faults, is derived by mathematical calculations. As per the analysis 

described in [1], [43], [144], pre-fault internal fault, post-fault internal fault, magnetizing 

inrush and over-excitation currents are given by (2.6), (2.7), (2.8) and (2.9), respectively. 

In order to find an appropriate value of the threshold, variables given in (2.6) - (2.9) have 

been varied in a wide range (as shown in Table 6.1) to produce current waveforms during an 

internal fault (pre/post-fault), magnetizing inrush and over-excitation condition. As depicted 

in Table 6.1, a total of 1025 cases of current waveforms and their FDRs have been generated. 

After performing analysis for internal faults, magnetizing inrush and over-excitation 

conditions, the maximum and the minimum values of FDR are illustrated in Table 6.1. It is 

to be noted from Table 6.1 that the maximum and minimum values of FDR for internal fault 

TABLE 6.1 Generated data and Threshold selection 

Sr. 

No. 

Operating 

condition 

Parameters and their variation 

range  

Cases  Value of  

FDR (%) 

Minimum Maximum 

1 
Internal  

fault 

FIA: 0° to 120° in steps of 15°, X: 0.1 

to 0.3 in steps of 0.05, Xth/Rth: 10 to 30 

in steps of 5. 

9 × 5 × 5 

= 225 
7.2 61.19 

2 
Magnetizing 

inrush 

SA: 0° to 120° in steps of 30°, 𝜃𝑆: 0° to 

90° in steps of 30°, X: 0.1 to 0.3 in steps 

of 0.05,  Xth/Rth: 10 to 30 in steps of 5. 

5 × 4 × 5 × 5 

= 500 
0 1.37 

3 
Over-

excitation 

V: 1.1 and 1.2 pu, 𝜃𝑆: 30°, 40° and 50°, 

f: 49 and 50 Hz, X: 0.1 to 0.3 in steps 

of 0.05, Xth/Rth: 10 to 30 in steps of 5. 

2 × 3 × 2 × 5 

× 5 

=300 

0 0.08 

Total cases generated 1025   
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are 61.19% and 7.21%, respectively. Alternatively, the minimum and the maximum values 

of FDR for magnetizing inrush and over-excitation condition are found to be 0% & 1.37% 

and 0% & 0.08%, respectively. Thus, a threshold should be selected such that it should be 

lower than the minimum value of FDR during internal fault and more than the maximum 

value of FDR in case of magnetizing inrush condition. Hence, keeping the safety margin, a 

threshold has been selected as 4%. 

6.5.2 Threshold validation through simulation cases 

A large number of test cases, as depicted in Table 6.2, have been generated to validate the 

threshold of the proposed method. The simulation of different types of internal and non-

internal faults has been carried out using PSCAD/EMTDC software package for a single line 

diagram shown in Fig. 2.1. Test cases for internal faults such as LG, LL, LLG, LLL, LLLG 

and inter-winding have been generated by varying fault location (FL) (5%, 25%, 50%, 75%, 

and 85% of the winding from the terminal) and FIA (0˚, 30˚, 60˚, 90˚, and 120˚ from the 

current zero of phase ‘a’) on both sides of the transformer. In the said cases, the SI, from the 

generating station to the power transformer, have also been varied (8∠85° Ω, 10∠85° Ω, and 

12∠85°Ω). Moreover, test cases for turn-to-turn fault have been produced by simulating 

0.3%, 0.5%, 1%, 3%, and 5% shorted turns on both sides of the windings of the transformer 

considering above said variations. 

TABLE 6.2 Data generation 

Sr. 

No. 

Operating 

condition 

Parameters and their variation  Test cases  

1 Winding faults 
LG/LL/LLG/LLL/LLLG on each phase (11) × both sides 

of winding (2) × SI (3) × FL (5) × FIA (5) 
1650 

2 
Inter-winding 

faults 
Phases (3) × SI (3) × FL (5) × FIA (5) 225 

3 
Turn-to-turn 

faults 

Phases (3) × both sides of winding (2) × SI (3) × 

percentage turn shorted (5) × FIA (5) 
450 

(I) Number of internal fault test cases generated 2325 

4 
Magnetizing 

inrush 
Residual inrush (7) × SI (3) × SA (5) × load (5) 525 

5 
Sympathetic 

Inrush 
SI (6) × SA (5) × load (5) 150 

6 Recovery Inrush Various external faults (8) × SI (3) × FIA (5)  120 

7 Over-Excitation Voltage (5) × Frequency (5) × SI (3) × SA (5) 375 

(II) Number of test cases generated for non-internal faults 1170 

Total numbers of test cases generated (I) + (II) 3495 
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Similarly, test cases for abnormal conditions like different magnetizing inrush and over-

excitation conditions, as depicted in Table 6.2, are also generated. Here, magnetizing inrush 

condition has been simulated by varying residual flux (0%, ±20%, ±50%, and ±80%), load 

(0%, 25%, 50%, 75%, and 100%), SA (0˚, 30˚, 60˚, 90˚, and 120˚ from the current zero of 

phase ‘a’) and above mentioned SI.  

Similarly, test cases for sympathetic inrush have been produced by considering the 

aforementioned variation in SI, SA, and load. Additionally, test cases for recovery inrush 

have been generated by varying external faults (LL, LLG, LLL and LLLG) and 

aforementioned SI and FIA. Likewise, the test cases for over-excitation conditions have been 

created by changing voltage level (110% to 120% of rated voltage in five equal steps) and 

frequency (48 to 50 Hz in five equal steps). It is to be noted from Table 6.2 that a total of 

3495 simulation cases were generated out of which 2325 cases are for internal faults and 

1170 cases are for non-internal faults. 

In order to validate analytically derived thresholds value of FDR, various simulation cases, 

as mentioned in Table 6.2, have been evaluated. After acquiring samples of CT secondary 

currents from both sides of the transformer for each of the simulation cases, the value of 

FDR is derived as per (6.8). The obtained minimum and maximum values of FDR during 

various internal faults and non-internal faults are depicted in Table 6.3. It is observed from 

Table 6.3 that the minimum value of FDR is 4.64% during turn-to-turn fault whereas its 

maximum value is 2.48% in case of non-internal fault cases (all types of inrush and over-

excitation). Though the threshold value from analytical derivation does not match with the 

simulation study, the only purpose of the said verification is to determine the maximum 

generalized value of threshold (so that nuisance trip can be avoided). Here, the threshold 

value is decided by incorporating safety margin in the base value of threshold (maximum of 

TABLE 6.3 Threshold value validation 

Operating 

Condition 

Value of FDR (%) Operating 

Condition 

Value of FDR (%) 

Minimum Maximum Minimum Maximum 

Internal faults Non-Internal faults 

Winding faults 5.26 80.19 
Magnetizing 

inrush 
0 2.48 

Inter-winding 

faults 
28.40 65.68 

Sympathetic 

inrush 
0 2.09 

Turn-to-turn 

faults 
4.64 69.87 

Recovery inrush 0 0.08 

Over-excitation 0 0.12 
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either analytical or simulation study). In the proposed scheme, the maximum value of FDR 

comes out to be 2.48% from the simulation study. Hence, considering approximately 150% 

of safety margin, 4% value of threshold has been decided. This value is generalized in nature 

and can be applicable even in case of different rating, winding topology, core geometry, 

winding resistance, leakage inductance and saturation inductance of the power transformer. 

6.6 Performance evaluation of proposed method 

Responses for the selected cases in terms of FDR are discussed in this section. 

6.6.1 Internal winding faults 

In order to validate the performance of presented techniques, the simulation for the 

interwinding faults have been carried out as described in Table 6.2. Among all simulation 

cases, LG, LL and LLG type internal winding faults have been described in this sub-section. 

Waveforms of the differential currents and FDR for all phases, during a LG fault at 95% of 

winding from the terminal with 0° FIA on HV side, are shown in Fig. 6.7 (a) and (b), 

respectively. It is noted from Fig. 6.7 (b) that the value of FDR for phases ‘a’ and ‘b’ 

 
FIGURE 6.7 Differential currents (a), (c) and (e) and FDRs (b), (d) and (f) during LG fault, LL fault 

and LLG fault. 
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increases from 0% to around 8% within a cycle after the inception of fault at 0.2 s. Likewise, 

Fig. 6.7 (c) and (d) show similar waveforms during a LL fault between phases ‘a’ and ‘b’ at 

80% of winding from the terminal with 0° FIA on HV side of the power transformer. It is 

observed from Fig. 6.7 (d) that the value of FDR increases from 0% to 20%, 40% and 20% 

for phases ‘a’, ‘b’, and ‘c’, respectively. Likewise, referring to Fig. 6.7 (f), during a LLG 

fault for phases ‘b’ and ‘c’ at 95% winding from terminals on HV side at 120° FIA, the FDR 

reaches to maximum of 2.5%, 9%, and 10% for phases ‘a’, ‘b’, and ‘c’, respectively. It is 

observed from the aforementioned three fault cases that the proposed algorithm detects an 

internal fault condition when the value of FDR crosses the threshold for any of the three 

phases. 

6.6.2 Interwinding and turn-to-turn faults 

The waveforms of differential currents and FDRs for inter-winding fault at 50% of winding 

with SI = 12∠85°Ω and fault impedance = 0.1 Ω on phase ‘b’ are depicted in Fig. 6.8 (a) and 

(b), respectively. As observed from Fig. 6.8 (b), the value of FDR exceeds the threshold and 

hence, the proposed scheme initiates a trip signal. Subsequently, Fig. 6.8 (c) shows the 

waveforms of differential currents for a turn-to-turn fault with 0.3% shorted turns at 0˚ FIA 

on phase ‘a’ of HV winding of the transformer. Furthermore, the values of FDR are depicted 

in Fig. 6.8 (d). In this case, as observed from Fig. 6.8 (d), the proposed scheme is able to 

detect low level turn-to-turn fault up to 0.3% shorted turns as the value of FDR exceeds 

 
FIGURE 6.8 Differential currents (a) & (c) and FDRs (b) & (d) during interwinding and turn-to-turn 

faults 
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threshold. Further, the proposed scheme is able to detect low level turn-to-turn fault up to 

0.3% shorted turns involving fault impedance of the order of 0.01 Ω. However, it is to be 

noted that the proposed scheme may fail to detect turn-to-turn fault occurring below 1% 

shorted turns with a high value of fault impedance. Though, the probability of occurrence of 

low level turn-to-turn faults with a high value of impedance is very rare [6], [143]. 

6.6.3 Magnetizing inrush and over-excitation 

Waveforms of differential currents and FDRs during transformer energization at no load 

with 0° SA are shown in Fig. 6.9 (a) and (b), respectively. It is observed from Fig. 6.9 (b) 

 
FIGURE 6.9 Differential currents (a), (c), (e) and (g) and FDRs (b), (d), (f) and (h) during 

magnetizing inrush, recovery inrush, sympathetic inrush and over-excitation. 
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that the values of FDR stay well below the threshold. Furthermore, a recovery inrush occurs 

when an external fault is eliminated and the voltage has regained the normal value. This 

situation is created by performing an external LLG fault at 0° FIA and the waveforms of 

differential currents and FDRs are shown in Fig. 6.9 (c) and (d), respectively. As observed 

from Fig. 6.9 (d), the maximum value of FDR remains well below the threshold. Moreover, 

Fig. 6.9 (e) and (f) show the waveforms of differential currents and FDRs, respectively, 

during sympathetic inrush at no load with 0° SA. It can be seen from Fig. 6.9 (f) that the 

maximum value of FDR remains near 0.15%, which is much lower than the threshold. 

Therefore, the proposed algorithm remains stable for all types of magnetizing inrush 

conditions and does not initiate nuisance trips. In cases of the over-excitation condition, the 

biased differential relay may mal-operate and detect the situation as an internal fault. To 

show the effectiveness of the proposed technique against over-excitation condition, a test 

case for rises in terminal voltage to 120% of rated voltage and reduction in fundamental 

frequency to 48 Hz has been simulated. The obtained waveforms of differential currents and 

FDRs are shown in Fig. 6.9 (g) and (h), respectively. It is observed from Fig. 6.9 (h) that the 

values FDR for all phases remain significantly lower than the threshold. 

6.6.4 Effect of CT saturation during internal and external faults 

It is widely acknowledged that the imprecise current magnitude due to CT saturation during 

external fault leads to mal-operation of the conventional differential relay. For certain 

internal and external faults of a transformer, it is possible that one of the CTs or more CTs 

may saturate when the fault currents are larger than the rated current of the CT(s). In both 

the fault cases, the saturated CT secondary current would not be matched with the other side 

CT secondary currents. This will generate differential current to appear in the operating coil 

of a differential relay. In order to verify the robustness of the proposed method, an external 

LL fault (phases ‘b’ and ‘c’) on the adjacent transmission line at 10 km with 0° FIA with 

high CT burden resistance has been simulated. Figs. 6.10 (a) and (b) show the waveforms of 

CT secondary currents and FDRs, respectively, in the said situation. As observed from Fig. 

6.10 (b), the maximum value of FDR stays well below the threshold, which in turn blocks 

the operation of the relay. Conversely, an internal LG fault on phase ‘a’ at 85% of winding 

location from its terminal on HV side with 0° FIA and high CT burden resistance has been 

simulated. The waveforms of CT secondary currents and FDRs are depicted in Fig. 6.10 (c) 

and (d), respectively. It is observed from Fig. 6.10 (d) that the value of FDR exceeds the 

threshold and hence, confirms an internal fault situation. 
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6.6.5 Response during different rating and winding connection of transformer 

In this regard, a simulation on 160 MVA, 132 kV/ 220 kV, YD11, 50 Hz transformer, located 

at Kasor substation, Gujarat, is carried out. The outcome of the proposed scheme in terms of 

differential current, superimposed differential current and the value of FDR during an 

internal LG fault and magnetizing inrush condition is shown in Fig. 6.11 (a) & (b) and Fig. 

 
FIGURE 6.10 (a) & (c) CT secondary currents (b) & (d) FDRs during an external and an internal 

fault with CT saturation, respectively 

 
FIGURE 6.11 (a) & (c) Differential & superimposed currents (b) & (d) FDR during an internal fault 

and magnetizing inrush condition, respectively. 
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6.11 (c) & (d), respectively. As observed from Fig. 6.11 (b), the value of FDR exceeds 

threshold during an internal fault whereas it remains well below the threshold in case of 

magnetizing inrush condition (refer Fig. 6.11 (d)). Hence, the suggested method equally 

works on different rating and winding connection of power transformer and provides 

satisfactory results. 

6.6.6 Performance evaluation on data collected from field 

Investigation of the relay on the data recorded from the real sub-station, that signifies 

effectively in-zone fault and inrush situation experienced by the power transformer, plays a 

vital role in ensuring a correct equilibrium among security and dependability. The GETCO, 

Gujarat, India has recorded real data of currents during energization of a faulted 5 MVA, 

33/11 kV, 50 Hz YD11 transformer. It has also recorded data of currents in case of a 

magnetizing inrush situation during energization of a 1500 MVA, 765/400 kV, 50 Hz, DY11 

transformer. For both the aforementioned cases, the signature is captured by the fault 

recorder of the relay at a sampling frequency of 1 kHz with a fundamental frequency of 50 

Hz. These waveforms, further extracted from the COMTRADE file of the relay, are utilized 

for verifying the performance of the proposed scheme. 

 
FIGURE 6.12 Response of field data: Energization of a faulted transformer (a) Differential currents 

and (b) FDRs; Magnetizing inrush (c) differential currents and (d) FDRs 
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The non-linearity and momentary events are included now in real time fault data and hence, 

the suggested technique is assessed in real-world situation [157]. The response of the 

proposed technique has been evaluated for two sample cases. Waveforms of differential 

current and FDR for all phases while energizing a faulted transformer during an internal fault 

on phase ‘b’ are shown in Fig. 6.12 (a) and (b), respectively. It is observed from Fig. 6.12 

(b) that the computed values of FDR surpass the threshold and hence, the trip command is 

issued by the relay. Moreover, the waveforms of differential current and FDR during 

magnetizing inrush condition at no-load are shown in Fig. 6.12 (c) and (d), respectively. It 

is noted from Fig. 6.12 (d) that the maximum value of FDR for all phases remains well below 

the threshold. The above discussion clearly indicates that the proposed technique is capable 

to differentiate between an internal fault and the magnetizing inrush condition. 

6.6.7 Effect of noise 

All digital/numerical relays consist of signal conditioning block, which contains isolation 

transformer, surge protection circuit and Anti-Aliasing Filter (AAF) [1]. However, the 

performance of the proposed scheme has been evaluated during L-G fault at 95% of phase 

‘a’ on HV winding of the transformer along with the presence of noise. The instantaneous 

values of CT secondary currents of all three phases (Ipa, Ipb and Ipc) on HV winding of the 

transformer with SNR= 20 dB are shown in Fig. 6.13 (a). It is mentioned in the literature 

that the typical value of SNR is larger than 27 dB for power system signal analysis [166]. 

Hence, to evaluate the performance of the suggested scheme in a worse situation, the value 

of SNR is chosen as 20 dB. As observed from the response of the proposed scheme, Fig. 

6.13 (b), the value of FDR stays almost zero before the inception of fault. However, after the 

occurrence of a fault, the value of FDR exceeds the pre-defined threshold. Hence, the 

proposed algorithm detects the situation as a fault even when the noise is present in the 

acquired signal. 

6.7 Comparative assessment of the proposed scheme 

Comparison of the suggested technique has been carried out with (i) conventional biased 

differential protection scheme [33], (ii) non-saturation zone feature [127] and (iii) correlation 

coefficient based scheme [124]. 

The response of the conventional biased differential protection scheme and the proposed 

technique during turn-to-turn fault (Fig. 6.8 (c)) is shown in Fig. 6.14 (a) and Fig. 6.8 (d), 
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respectively. It has been observed from Fig. 6.14 (a) that the trajectory of biased differential 

characteristic is not able to enter the operating region and hence, unable to detect turn-to-

turn fault. Conversely, as observed from Fig. 6.8 (d), the proposed method has accurately 

detected this type of fault. 

 Similarly, outcomes of non-saturation zone-based approach and the proposed technique in 

case of inter-winding fault (Fig. 6.8 (a)) is depicted in Fig. 6.14 (b) and Fig. 6.8 (b), 

respectively. As described in [127], the value of “calculated criteria” must exceed the pre-

defined threshold (2.9 in this case) during internal fault. However, as observed from Fig. 

6.14 (b), the plot of “calculated criteria” for each phase remains well below the threshold 

resulting non-detection of the internal fault. On the other hand, it is observed from Fig. 6.8 

(b) that the proposed scheme detects such type of fault efficiently.  

At the same time, the response of the presented technique and the method based on 

correlation coefficient during the over-excitation condition (Fig. 6.9 (g))  is shown in Fig. 

6.9 (h) and Fig. 6.14 (c), respectively. As mentioned in [124], the internal fault situation has 

been detected, if the value of correlation coefficient for secondary winding (R12) along with 

either correlation coefficient for primary winding (R11)/correlation coefficient between 

 
FIGURE 6.13 Response during noise (a) currents and (b) FDRs  
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primary and secondary winding (R22) or both exceed the pre-determined threshold (0.9 in 

this case). It can be observed Fig. 6.14 (c) that the values of correlation coefficients (R11and 

R12) stay below the threshold and hence, this situation is detected as an internal fault. 

Conversely, as observed from Fig. 6.9 (h), the suggested scheme detects the said situation 

correctly and hence, avoids mal-operation.  

Comparative assessment of the proposed technique with several existing techniques based 

on conventional biased differential protection scheme [33], non-saturation zone (NSZ) 

[127], correlation coefficient (CC) [124], second central moment (SCM) [167], Wavelet 

transform (WT) [92], magnetizing hysteresis (MH) [105], Chirplet transform (ChT) [125] 

and generalized delayed signal cancelation (GDSC) [115] is described in Table 6.4. It is 

 
FIGURE 6.14 Response of (a) conventional biased differential relay during turn-to-turn fault, (b) 

non-saturation zone based method during inter-winding fault and (c) correlation coefficient based 

method during over-excitation. 
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observed from Table 6.4 that all the aforementioned methods may fail to sense inter-winding 

faults whereas the proposed technique detects them efficiently. Furthermore, most of the said 

techniques may initiate a nuisance trip in case of the over-excitation condition and they 

require a greater number of samples per cycle. On the contrary, the suggested method 

effectively detects the said situation even with the lower number of samples per cycle. In 

addition, unlike several existing methods, as depicted in Table 6.4, the proposed method is 

also capable of detecting symmetrical winding faults such as LLL and LLLG.  

Moreover, the average relay operation time of the proposed technique is almost comparable 

with other methods. Though the method based on GDSC and Wavelet claimed very low 

response time, they require high sampling frequency. Further, the technique based on GDSC 

may wrongly classify the event because of the introduction of error in the estimation of phase 

sequence component particularly during major grid disturbances [168] whereas the Wavelet 

based method is susceptible to noise. 

The sampling frequency of the proposed method is lower than the other methods, which 

yields low power consumption, reduced cost, smooth data capturing for Analog-to-Digital 

Converter (ADC) and easier interface with Field Programmable Gate Array (FPGA). 

TABLE 6.4 Comparative assessment of proposed method 

Operating  

Condition 

Conventional 

[33] 

NSZ 

[127] 

CC 

[124] 

SCM 

[167] 

WT 

[92] 

MH 

[105] 

ChT 

[125] 

GDSC 

[115] 

Proposed 

Method 

Winding 

faults 

Asymmetrical √ √ √ √ √ √ √ √ √ 

Symmetrical √ √ × × √ × √ × √ 

Inter-winding faults × × × × × × × × √ 

Turn-to-turn faults × √ √ √ √ √ √ × √ 

Magnetizing inrush √ √ √ √ √ √ √ √ √ 

Over-excitation √ × × × × √ × × √ 

CT saturation during 

heavy through fault 
√ √ √ √ √ √ √ √ √ 

Energization of faulted 

transformer 
× √ × √ √ √ √ × √ 

Average operating 

time in case of internal 

faults (ms) 

20 20 2.5 < 20 < 1 20 15 5-20 15-20 

Sampling Frequency 

(kHz) 
4 7.8 10 30.72 15.36 20 1.6 15.36 4 
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Subsequently, though ChT based method has a low sampling rate, it requires high 

computation time due to the complexity involved in the algorithm. 

6.8 Summary 

A new FDR based method, derived from quartiles of superimposed differential currents, is 

presented for the protection of the power transformer. It has been shown that the derived 

FDR is capable of distinguishing all types of internal faults from magnetizing inrush and 

over-excitation conditions. The suggested technique detects winding and interwinding 

faults, including turn-to-turn faults, within a single power frequency cycle. It is not 

vulnerable to the influence of CT saturation in both external and internal fault conditions. At 

the same time, it remains non-susceptible against all types of magnetizing inrush and over-

excitation situations, including noise in the signals acquired. Simultaneously, it applies 

equally to the different rating and winding connection of the power transformer. In addition, 

verification of its performance on actual field data (containing faulty transformer 

energization and magnetizing inrush condition) reveals its correctness in detecting internal 

faults and immunity from nuisance trip during non-internal faults. Finally, the comparative 

assessment of the proposed technique in terms of coverage of different types of internal 

faults, stability during external disturbances, average relay operation time and the sampling 

frequency requirement demonstrates its advantages compared to other existing methods.





 

Conclusions and Future Scope 

7.1 Conclusions 

The power transformer is one of the most significant equipment in the electrical power 

network. Transformers nowadays are designed to meet the load demand, ratings and specific 

applications. Thus, the protection of the transformer has also been considered on the basis 

of its importance, rating and protection economy. The primary objective of the transformer 

protection is to provide high sensitivity during internal faults, as well as stability against 

other power transformer disturbances. In order to achieve these objectives, percentage 

differential protection has been adopted as the primary protection for the power transformer. 

However, magnetizing inrush, over-excitation and CT saturation during external faults are 

the main concerns during which the percentage differential protection of the power 

transformer may mal-operate. Although the technique based on the harmonic components 

may distinguish between the above disturbances and internal faults, there are few situations 

where the technique based on the harmonic components may fail to provide stability for 

differential protection. It is, therefore, desirable to develop reliable power transformer 

differential protection algorithms that can identify internal faults with better accuracy than 

existing techniques. The work in this thesis was, therefore, begins with the aim of developing 

new differential protection schemes capable of addressing the challenges and issues 

associated with conventional differential protection techniques and providing a more reliable 

protection solution for power transformers. This thesis focuses on the development of 

efficient techniques for distinguishing internal faults with other disturbances, such as 

magnetizing inrush, over-excitation and CT saturation during external faults. In this context, 

four different algorithms for differential protection of the power transformer have been 

developed based on the classification of internal and non-internal faults. Following are the 

main conclusions of the work carried out in this thesis. 
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The work has been started with the modelling of the power system network. The section of 

Indian power transmission grid has been modelled in PSCAD/EMTDC software package. 

Modelling of different situations, such as internal faults, magnetizing inrush, over-excitation 

and CT saturation, has been carried out on a real power transformer of a substation. 

Moreover, current waveforms obtained during such conditions have been verified by 

mathematical models. Turn-to-turn fault and interwinding fault models in PSCAD/EMTDC 

software have been developed on the basis of short-circuit and open circuit studies of the 

transformer. Afterwards, these developed custom models of the actual transformer have been 

used to obtain current signals. Based on the generated PSCAD/EMTDC software models 

and the results from mathematical models, obtained current signals can be further used for 

the study of existing methods and the development of new differential protection techniques. 

Using the analysing and decomposing capability of S-transform and powerful classification 

tool - SVM, a combined S-transform and SVM based scheme for differential protection of 

power transformer has been proposed. In the proposed scheme, S-transform has been used 

as a feature extraction tool, which facilitates the training of SVM in order to obtain high 

internal fault classification accuracy. Two features, such as the maximum magnitude of each 

frequency component and standard deviation of S-transform phase contour angle of 

differential current for each phase have been extracted. A decision of internal fault and non-

internal fault of power transformer has been carried out using RBF kernel function of SVM. 

In order to determine the optimal parameters of the RBF kernel (regularization parameter C 

and gamma ϒ), fivefold cross-validation technique has been applied to the feature extracted 

training dataset. These optimal parameters (C = 103 and ϒ = 10-3) of RBF kernel have been 

utilized on test dataset to obtain SVM classification accuracy of 97.95%. To illustrate the 

effectiveness of the proposed scheme, extensive simulations have been brought out through 

wide variations in operating conditions of the power transformer. Accordingly, it has been 

found that the proposed technique is very accurate and proved to be robust classifier for 

differential protection of the power transformer. At the same time, a comparison has also 

been made with the existing technique and it has been observed that the combined S-

transform and SVM-based scheme provides better performance. 

Two separate schemes based on Superimposed and Sequence component have been 

proposed in order to obtain better detection capability in case of internal fault and 

improvement in comparison with existing techniques. For both schemes, Modified Fourier 
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Discrete Transform (MDFT) algorithm has been employed to determine positive and 

negative sequence components from the differential currents during internal fault and non-

internal fault events. In former method, Superimposed component of differential current 

from each phase has been used to extract sequence components. These extracted sequence 

components have been applied for calculating the Internal Fault Detection Factor (IFDF). 

The proposed scheme has been thoroughly tested using the dataset generated using the 

PSCAD / EMTDC software package by modelling the power system network. The proposed 

scheme is fast and highly sensitive to detect internal faults compare to the traditional 

differential protection scheme which may fail or add delay in detecting a certain type of 

internal fault. In addition, the proposed scheme is highly stable against all types of 

magnetizing inrushes, over-excitation and CT saturation during external fault conditions of 

the power transformer. Furthermore, this superimposed based scheme operates reliably in 

case of different types of transformer connection & rating, CT errors and different tap 

positions. Moreover, the proposed scheme has also been successfully assessed to distinguish 

between magnetizing inrush and internal fault during transformer energization for the 

recorded field data in a substation. Finally, a comparison with the recently developed and 

existing methods clearly indicate superiority of the proposed scheme in terms of better 

reliability and stability. In later method based on sequence components of differential 

current, a ratio of the standard deviation of the addition and subtraction of positive and 

negative sequence components has been computed to identify the internal fault of the power 

transformer. Different types of internal faults like turn-to-turn have been successfully 

determined with this method. Additionally, the proposed method remains stable during the 

situation of CT that occurs due to an external fault. A comparison with the recently 

developed technique indicates the superiority of the proposed method. 

In the case of the proposed schemes based on Superimposed and Sequence components of 

differential currents, the algorithms have used the negative sequence component to perform 

internal fault detection. Although, the chances of symmetrical types of internal faults in 

power transformer are very little, the application of the negative sequence component in the 

suggested schemes has disadvantages due to the lack of this component during symmetrical 

faults. In order to overcome the above referred limitation, a new digital protection technique 

based on a quartile of differential currents has been introduced. In the proposed method, the 

Fault Detection Ratio (FDR) has been calculated from the quartiles of differential current 

under abnormal conditions. The threshold value of the FDR has been determined using 
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mathematical models of internal fault, magnetizing inrush and over-excitation conditions 

and verified by means of the dataset generated by the PSCAD/EMTDC computer simulation 

for the different abnormal conditions of the power transformer. It has been observed from 

the performance evaluation of the proposed scheme that the method is highly sensitive to the 

detection of various types of internal faults, including symmetrical types of internal faults. 

On the contrary, it remains stable under different non-internal fault conditions such as 

distinct types of magnetizing inrushes, over-excitation and CT saturation during external 

faults. In addition, the proposed scheme has also been successfully evaluated in order to 

discriminate magnetizing inrush and internal fault during the energization of the transformer 

against real-time data recorded from the substation. Finally, a comparative assessment of the 

proposed scheme with conventional differential protection and recently established schemes 

reveal that the proposed scheme is superior for differential power transformer protection. 

7.2 Comparative Evaluation of the Suggested Schemes 

In this section, various transformer protection schemes presented in this thesis are compared 

in terms of different operating conditions and findings are depicted in Table 7.1. It is 

observed from Table 7.1 that all the proposed schemes are capable to identify the 

asymmetrical winding faults, magentizing inrush conditions and over-excitation situations. 

Moreover, superimposed and sequence component based schemes may fail to sense 

symmetrical winding faults whereas the quartile based proposed technique detects them 

efficiently. Though, combined S-transform and SVM based scheme has not been tested for 

TABLE 7.1 Comparative evaluation of proposed schemes 

Operating Condition S-transform 

and SVM 

based 

scheme 

Superimpo-

sed based 

scheme 

Sequence 

component 

based 

scheme 

Quartile 

based 

scheme 

Winding faults 
Asymmetrical √ √ √ √ 

Symmetrical -- -- -- √ 

Inter-winding faults √ √ -- √ 

Turn-to-turn faults √ √ √ √ 

Magnetizing inrush √ √ √ √ 

Over-excitation √ √ √ √ 

CT saturation during heavy through 

fault 
-- √ √ √ 

Average operating time in case of 

internal faults (ms) 
25 18.5-20 5-20 15-20 

Sampling Frequency (kHz) 1 4 4 4 
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CT saturation during through fault, the other proposed schemes are able to successfully 

identify the said condition. On the contrary, the S-transform based scheme requires the lower 

number of samples per cycle in comparison with other proposed schemes. Further, the 

average relay operation time of the proposed techniques is almost comparable to each other. 

7.3 Scope of Future work 

It is barely possible to have a protective relay which is convenient for all types of situations. 

It is, therefore, significant to consider few of the conditions under which further study is 

required. There are few areas that can be further explored to improve the differential 

protection of power transformer. Such conditions are depicted below: 

 The protection schemes, which have been developed for the differential protection 

of the power transformer, can be further explored for the phase-shifting transformer. 

 For some configurations of the electrical power grid, such as the effect of the series-

compensated transmission line, the power transformer connected through the cable 

and the cross-country internal faults in the parallel connection of the transformers, 

the response of the differential relay can be further investigated. In addition, shunt 

capacitance effects due to extra high voltage and long-distance transmission lines 

may cause the second harmonic component to occur during an internal fault of the 

power transformer. As a result, this situation reduces the reliability of harmonic 

restrained conventional differential protection scheme and can be explored further. 

 It has been found that turn-to-turn faults of 1% or less with a high-value fault 

impedance cannot be detected, and therefore, it can be well followed up for the 

investigation in differential protection. 

 The sympathetic inrush and recovery inrush can influence the stability of the 

differential protection of the power transformer. For further research, it is possible to 

establish the mathematical models of these inrushes and to study the effects of those 

inrushes on differential protection. 

In order to determine the effectiveness of the proposed differential protection schemes, the 

implementation of hardware and laboratory tests on scaled down prototypes may be taken 

into account for the differential protection of the power transformer. 





 

Appendix A 
Power transformer, current transformer and source impedance specifications 

Power Transformer 

Rating 
3-phase, 315 MVA,  

400 kV/220 kV, 50 Hz 

Connection YΔ1 

Reactance (per phase) 12.5% 

Magnetizing Current 0.1% 

Current Transformer 

Ratio 1/433 

Leakage Inductance 0.8 mH 

Burden Resistance 0.5 Ω 

Source Impedance 

Z1 0.8715 + j9.9615 Ω 

Z0 1.743 + j19.923 Ω 

 





 

Appendix B 
Internal fault model of transformer in PSCAD/EMTDC software 
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