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power loss for 73,000 customers [7]. Based on 1979 IEEE Committee survey [8], the failure rate 

(failures per unit-year) of liquid filled power transformers rating above 10 MVA is 1.5%. 

Moreover, the average repair hours per failure are 1178.5 and the average replacement hours per 

failure are 192. 

A CIGRE working group published an international survey in 2015 about failure of 

transformers with a voltage of 69 kV and higher based on data collected from 1996 to 2010 [9]. It 

is reported that 964 major failures were reported in that period containing 167,459 transformer-

years. During that period, the failure rate was found between 0.5% and 0.94% per annum 

depending on the voltage class. Moreover, the winding faults were the main cause of the failure 

for all voltage classes [10].  

 

Figure 1.1. CenterPoint substation power transformer explosion [4] 
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In 2010, the cost of power transformers rated between 75 MVA and 500 MVA was estimated 

from $2 million to $7.5 million in the United States [11]. A transformer blaze does not only affect 

the transformer but also its surrounding property. The amount of property damage claims was 

estimated at $12,849 per MVA transformer rating in 2000 according to Hartford Steam Boiler 

(HSB) Inspection and Insurance Company [12]. For instance, failure of a 100 MVA transformer 

in that year caused a property damage of almost $1,285,000. The total loss during 5 years from 

1997 to 2001 caused by transformer failures is shown in Table 1.1. It can be seen that the total loss 

was almost $150 million resulting from 20 transformer failures during the year 2000.  

Accordingly, transformer protection is of vital significance to provide reliable operation of 

power systems and save a lot of property damage. The choice of protection system depends on the 

criticality of the load, relative size of the transformer compared to the total system load and 

potential safety concerns. Percentage differential relay is reportedly the most commonly used 

approach to protect transformers rated from 10 MVA and above [13]. However, it is known that 

the conventional differential protection could mal-operate owing to the characteristics associated 

with the nonlinearities in the transformer core [13]. 

Table 1.1. Number and amounts of losses by year [12] 

Year Total # of 
Losses Total Loss Total Property 

Damage 
Total Business 
Interruption Cost/MVA 

1997 19 $ 40,779,507 $ 25,036,673 $ 15,742,834 $ 7,969 

1998 25 $ 24,932,235 $ 24,897,114 $ 35,121 $ 4,379 

1999 15 $ 37,391,591 $ 36,994,202 $ 397,389 $ 14,967 

2000 20 $ 150,181,779 $ 56,858,084 $ 93,323,695 $ 12,849 

2001 12 $ 33,343,700 $ 19,453,016 $ 13,890,684 $ 7,748 
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resistance of primary winding [77]. 

 

Figure 2.3. Derivation of inrush current from excitation [78] 

  
Figure 2.4. Typical inrush current for a 50 MVA transformer 
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It can be seen from Figure 2.4 that the peak value is large at the beginning that may reach 

10-20 times of rated current and decays after a few seconds to reach 1-2% of its rated value. Also, 

it contains harmonics, predominately the second harmonic. 

2.3.2 Sympathetic Inrush Current 

This phenomenon takes place when two transformers are connected in parallel and one of 

them (T1) is in-service while the other (T2) is being energized as seen in Figure 2.5 (a). When T2 

is energized, it draws a high inrush current from the source. This current has a direct current (DC) 

component which decays slowly. The slowly decaying DC component results in a voltage drop 

across line resistance in the direction shown, Figure 2.5 (a). The voltage of bus B is affected by 

the negative DC component. Hence, the flux linkages of both transformers are affected by this 

negative change in bus B voltage. The current in T2 reduces and takes T2 out of saturation, but the 

inrush current in T1 increases in the opposite direction [13], as depicted in Figures 2.5 (b)-2.5 (d).  

 
(a) Single line diagram of sympathetic phenomenon 

 
(b) Inrush current of T2 
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(c) Inrush current of T1 

  
(d) Source current 

 
Figure 2.5. Sympathetic inrush phenomenon for two 50 MVA transformers in parallel 

2.3.3 Saturation of CT  

The saturation of CT is usually caused during external faults because it has a high fault 

current. The differential current is obtained by acquiring primary and secondary currents using 

CTs. If both CTs are saturated, an incorrect differential current appears in the operating coil. This 

amount of current may or may not mal-operate the differential relay. When one CT is saturated 

while it includes DC component, most severe case, the differential current will be high enough to 

send a false trip signal to CB to isolate the transformer. For instance, Figure 2.6 represents primary 

and secondary currents during external faults with CT saturation including DC component. The 

differential current is equal to the shaded area and its value is high enough to operate the 

differential relay, and send a trip signal. 
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Figure 2.6. Currents waveform during CT saturation 
 

2.4 Transformer Differential Protection Approaches 

Many approaches have been used for power transformer differential protection to 

differentiate internal fault from inrush current. Among these approaches are; harmonic restraint, 

voltage and flux restraints, inductance based methods, pattern recognition (NN, FL and WT) and 

hybrid, Figure 2.7. 

2.4.1 Harmonic Restraint 

Harmonic restraint is one of the simplest and most widely used approaches. In this approach, 

most of the researchers consider that the magnetizing inrush current contains a high value of 

second harmonic. The simplest method used in harmonic restraint is the ratio between the 

magnitude of second harmonic and fundamental component in differential current. If this ratio 

exceeds a pre-defined threshold value, the differential protection is blocked to send any trip signal. 

That means the condition is energization of the transformer. The extraction of the harmonic 

components can be developed by using passive filters, Fourier transform, sine-cosine correlations, 

rectangular transforms, Haar functions, Walsh functions, Kalman filters, least-square algorithms 
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shunt inverse inductance has been proposed in [27]. The shunt inverse inductance has been 

calculated using voltage and current at each terminal. During normal and inrush conditions, the 

shunt inverse inductance has a constant value larger than zero. However, during internal faults, its 

value increases with the increased number of faulted turns in the windings. 

These techniques have a large computational burden, are hard to be set for different 

transformers in practice and have a high dependence on the transformer parameters [68]. 

2.4.4 Pattern Recognitions 

Digital signal processing approaches have been proposed to overcome the limitations of the 

existing algorithms. These approaches include artificial intelligence (NN and FL), WT and hybrid 

combinations. 

2.4.4.1 Artificial Intelligence 

Neural network and fuzzy logic are the methods of artificial intelligence most widely used 

with transformer differential protection. 

A. Neural Network 

Artificial neural networks (ANN) have been used to discriminate between inrush and internal 

faults based on current wave shape since 1994 [28]. Artificial neural network has an advantage 

over conventional approaches that it is a non-algorithmic parallel distributed architecture for signal 

processing and also for its ability to take intelligent decision [79].   

It is composed of many simple processing elements, called artificial neurons (nodes), 

connected together and organized in groups called layers. Each artificial neuron consists of three 

stages; multiplication stage, summation stage and activation stage (transfer function), Figure 2.8. 

In the first stage, inputs are multiplied with individual weight. Then the sum of all weighted inputs 
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and bias takes place and finally, this summation is passed through the activation stage.  The transfer 

function may be a threshold which is used to pass the output if its value is higher than it.  

The combination between artificial neurons forms ANN. It consists of input layer which 

represents the input data to the network and output layer which holds the response to a given input. 

Between input and output there are layers called hidden layers, Figure 2.9. The main characteristic 

of ANN is the learning (training) process. The main purpose of this process is to minimize the 

deviation between the actual and the desired output for a given input. Choosing a training method 

depends on the problem that needs to be solved. 

Many structures of ANN have been introduced to discriminate between inrush and internal 

fault conditions. It is reported that Feed-Forward Back Propagation Neural Network (FFBPNN), 

Radial Basis Function Neural Network (RBFNN), and Finite Impulse Response Artificial Neural 

Network (FIRANN) are the most widely used structures and powerful classifiers used for problems 

classification [29]. 

 

 
 

Figure 2.8.  Artificial neuron model 
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Figure 2.9.  Architecture of ANN 

Feed-Forward Back Propagation Neural Network has been used to differentiate magnetizing 

inrush current from fault current based on off-line experimental results [28]. Simulation and on-

line experimental results based on FFBPNN are reported in [30]. In [31], FFBPNN has been used 

to discriminate between inrush, over-excitation, internal fault and external fault currents.  A 

comparison between Feed-Forward Probabilistic Neural Network (FFPNN), FFBPNN and 

harmonic restraint method to discriminate internal fault current from inrush current is described in 

[32]. The authors showed that FFPNN is faster than FFBPNN in training and is independent of the 

harmonic components in the differential current, while in [33] the same author used RBFNN as a 

classifier to differentiate inrush and over-excitation from internal fault current. A comparison 

between FFPNN, RBFNN and harmonic restraint method has been also performed. It is found that 

RBFNN is faster, reliable and stable in discriminating internal fault from inrush conditions. The 

authors of [34] compared PNN and RBFNN in differentiating between internal fault and inrush 

conditions, and the results demonstrated that RBFFN is accurate in classification.  
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Figure 2.10.  Fuzzy logic based controller 

 been used with each case in order to improve the reliability of the differential relay. In [40], 

authors used 12 criteria to detect inrush, over-excitation, CT saturation, and CT mismatch. If these 

criteria of non-internal fault conditions were ruled out, the case will be internal fault. Another eight 

criteria algorithm was used to discriminate between inrush current with CT saturation and internal 

fault current with CT saturation [41]. The basis of this scheme depends on fundamental 

component, second harmonic component, DC component, and non-saturation interval distortion 

coefficient of differential current.   

  Differentiating inrush current from internal fault current has been proposed in [42]. The 

algorithm is based on flux-differential current derivative curve, second harmonic restraint, and 

percentage differential characteristic curve. A combination between differential protection relay, 

restricted earth fault relay and directional check unit was the basis of fuzzy logic algorithm 

proposed in [43]. The higher weighting factor was selected for the relay with the higher number 

of successful operations based on its historical performance. Furthermore, the final decision 

followed the relay with high impact. 

A fuzzy logic algorithm based on many rules will take much time and effort to create and 

search through these rules to make a decision. Subsequently, the time response is relatively slow 

for protection purpose. In addition, it has limitations with noisy (distorted) inputs and any 

configuration changes in the power system [49], [69].
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A long data window required and sensitivity to noise & unpredicted disturbances are the 

shortcomings of wavelet which limit their application in relaying [70]. 

 

 

Figure 2.11. Two levels decomposition tree of the signal f (n) 

 

 

Figure 2.12. Two levels WPT decomposition of the signal f (n) 
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2.4.4.3 Hybrid Technique  

The hybrid approaches may be a combination between neural and fuzzy or wavelet and 

neural or wavelet and fuzzy. 

Algorithms based on fuzzy-neuro to discriminate between inrush and fault conditions have 

been proposed in [58], [59]. In [58], the current and voltage signals were extracted using Discrete 

Fourier Transform (DFT). The algorithm is based on 1st harmonic, 2nd harmonic, 5th harmonic 

components and the primary to secondary voltage ratio of each phase, whereas, the symmetrical 

components ratio between 2nd and 1st harmonic components were inputs of the algorithm proposed 

in [59]. An approach based on intelligent hybrid system to detect internal fault conditions and 

block the relay during inrush and external fault with CT saturation has been illustrated in [60]. It 

consisted of ANN for the first stage to check and detect CT saturation in current waveforms. If 

saturation occurs, ANN reconstructs and improves the shape of current waveforms. Then, Genetic 

Algorithm (GA) has been used to extract harmonic components from these currents. After that, 

differential and flux restraint differential currents have been calculated to be the inputs of FL which 

is considered as a pattern classifier.  

Usually, in the combination of wavelet transform and neural network or wavelet with fuzzy 

logic, the wavelet transform acts as a feature extractor of signals into approximation and details 

components, while neural and fuzzy are considered as pattern classifiers.   

Discrimination between internal fault conditions, inrush current and external fault has been 

proposed based on spectral energies of details in the first three levels of each phase [61]. Detection 

of internal fault is based on the rapid decaying of the sharp spikes that appear in details 

immediately after fault instant in contrast to inrush current and external fault that take a long time 

to decay. In [62], DWT and minimum description length criteria with entropy approach were 

combined with ANN to detect internal fault and restrain the relay under inrush condition, where, 
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the energy of the first three levels of detail coefficients is also the input of ANN.  In [63], a 

combination between DWT, decision tree and ANN has been presented to differentiate inrush from 

fault conditions. The algorithm is based on the energy coefficient of details up to level four.  

A wavelet fuzzy approach has been presented to differentiate internal fault from inrush and 

external fault conditions [64]. This algorithm is based on DWT for extracting the currents signal 

into a series of details and FL to take the decision using the maximum value of details in the three 

levels. Inrush current detection used the fact that inrush details for the three levels have a high 

value compared to internal and external faults. Also, internal fault details maximum value is higher 

than external fault details maximum value. The normalized maximum values of wavelet 

coefficients at fifth and first level details, respectively,  have been used in [65] and [66] as FL 

inputs to discriminate internal fault from inrush conditions. The variation trend in the peaks of 

these maximum values has been used for classification. In internal fault, WT coefficients in the 

selected level detail are decreasing in contrast to inrush conditions. 

2.5 Concluding Remarks 

A brief description of the fundamental principles of conventional differential protection is 

presented in this Chapter. Moreover, the challenges based on the nonlinearities of power 

transformer and CT cores that face the conventional differential relay are studied. Also, the most 

common approaches that have been proposed to overcome some of the conventional relay 

shortcomings are reported. It is seen from the review that, although these approaches solve some 

problems faced by a conventional relay, they also add some limitations and complexity. In an effort 

to overcome the limitations of the approaches proposed in the literature, the conventional 

differential protection algorithm applied to the transformer is augmented in the next Chapter by 
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new additions based on current and voltage ratios to overcome the shortcomings of the existing 

algorithms.  
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Figure 3.1. Flowchart of the proposed differential protection scheme 
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Figure 3.2. Trip logic classification of internal fault 
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Figure 3.3. Characteristic of the proposed algorithm compared to conventional relay 

 

3.3 Simulation System under Study 

A single line diagram of the electrical power system used to evaluate the proposed 

differential protection scheme is shown in Figure 3.4. It consists of a transmission grid with a 138 

kV equivalent source, 25 MVA, 138/13.8 kV, 60 Hz Y-Y three-phase power transformer and a 5 

km transmission line connected to a 13.8 kV equivalent source. Parameters of the power system 

are given in Appendix A.1 [75]. The system is simulated using MATLAB/Simulink software. The 

sampling frequency is 2 kHz. The three-phase transformer has been modeled using MATLAB 

multi-winding transformer (see block diagram in Appendix A.2) where the low voltage (LV) 

winding is divided into sub-windings. The magnetizing characteristic of the power transformer is 

shown in Figure 3.5. The current transformers, connected in each phase of the high voltage (HV) 

and LV sides as shown in Figure 3.4, are 1200/5 A and 100/5 A for the LV and HV sides, 
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respectively, and are modeled using saturated transformer model. Also, the magnetizing 

characteristics is taken into account [82]. 

 

 

Figure 3.4. Single line diagram of the simulated system 
 

 

Figure 3.5. Magnetizing characteristic of the simulated power transformer 
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(a) Three phase differential currents 

 
(b) Conventional relay operation 

 
(c) Current ratio 

 
(d) Voltage ratio 





 

40 
 

 

 

(a) Primary and secondary side CT secondary currents 
 

  

(b) Conventional relay operation 
 

 

(c) Current ratio 
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Figure 4.1.  Physical system diagram 
 

 

Figure 4.2. Physical test set-up 
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(b) Operation of conventional relay   
 

   

(c)  Ratio of the current  

   

(d) Ratio of the voltage  
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(a) Primary and secondary side CT secondary currents 

   

(b) Operation of conventional relay  

   

(c) Ratio of the current 
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that no trip signal is generated, Figure 4.6(e). Accordingly, the mal-operation of percentage 

differential relay with transformer energization is avoided by the proposed algorithm. 

 

    

(a) Differential current 
 

    

(b) Operation of conventional relay 
 

    

(c) Ratio of the current 
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clarified in Figure 4.7(e). Accordingly, no trip signal is generated signifying the proposed 

algorithm security. 

  

(a) Primary current of T2 under energizing 
 

 

(b) Primary current of the main transformer (T1) 
 

    

(c) Operation of conventional relay 
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(d) Ratio of the current 
 

  

(e) Ratio of the voltage 
 

    

(f) Output signal sent to CB 
 

Figure 4.7.  Relay response during sympathetic inrush 
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(c) Ratio of the current 

    

(d) Criterion of current direction 

      

(e) Trip signal  

Figure 4.8.  Relay performance during SLG internal fault 
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(c) Ratio of the current 

   

(d) Ratio of the voltage  

     

(e) Trip signal  

Figure 4.9.  Relay response during simultaneous energizing with turn-to-turn internal fault 
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4.4 Concluding Remarks 

Implementation of a current and voltage ratios based differential protection algorithm, and 

the results of experimental tests on a physical transformer are presented in this Chapter. The current 

ratio is used to differentiate inrush from fault cases, whereas the voltage ratio is used to detect 

transformer energization with pre-existing internal fault. Scenarios of normal and abnormal 

conditions are tested and the effect of fault resistance is assessed for many cases. The results 

demonstrate that the proposed scheme is capable of detecting the fault in less than three fifths of 

power frequency cycle for all cases and, unlike the conventional relay, the proposed algorithm 

does not generate a trip signal during normal operation, inrush conditions and external faults. The 

results confirm that the proposed algorithm is dependable, secure and effective in differentiating 

the energizing from fault conditions. 
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(a)  Primary and secondary currents with external fault under CT saturation 

 
(b)  Primary and secondary currents during internal fault with the currents peaks at the same instant 

 
(c) Primary and secondary currents during internal fault with currents having a phase shift 

 
Figure 5.1. Primary and secondary currents behavior with external and internal faults 
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Figure 5.3. Flowchart of the algorithm 
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(a) Three phase differential currents 

 
(b) Conventional relay characteristics 

 
(c) Current ratio 

 
(d) Voltage ratio 
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(a) Three phase primary and secondary CTs secondary currents 

 
(b) Conventional relay characteristics 

 
(c) Current ratio 

 
(d) Current direction criterion 
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5.8(c), is greater than Thi. Then the current direction is checked indicating normal operation as the 

two currents are in-phase. However, check of the wave-shape criterion, as shown in Figure 5.8(d) 

(left), confirms that an internal fault occurred based on the same instant peaks criterion. So, a signal 

is issued to trip the CB at 80 ms and disconnect the transformer, Figure 5.8(d) (right). 

 

 

(a) Three phase primary and secondary CTs secondary currents 

 

(b) Conventional relay characteristics 

 

(c) Current ratio 
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(a) Three phase differential currents 

 
(b) Conventional relay operation 

 
(c) Current ratio 

 
(d) Voltage ratio 
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(b) Conventional relay operation 

 
(c) Current ratio 

   
(d) Current direction criterion 

    

(e) Conventional relay trip 
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for a power transformer valid for all winding configurations is proposed. The current ratio is used 

to distinguish energization from fault cases, whereas voltage ratio is used to detect simultaneous 

energization under internal fault but restrain the relay during energization alone. Moreover, the 

current direction supplemented by wave-shape criterion is utilized to provide restrain signal during 

external faults combined with CT saturation. Investigation of a large number of cases of normal 

and fault conditions shows that the proposed scheme can successfully discriminate between 

energizing and fault cases. In addition, the existence of fault resistance and CT saturation is 

considered and its effect on the proposed scheme performance has been evaluated. Although it 

takes a little longer with the proposed algorithm than the conventional relay to detect fault in some 

cases, it is not significant as all faults are still detected in less than one cycle. 

The results verify that the proposed scheme is able to detect and distinguish between fault 

scenarios from 5% of the winding within a short time. For Y-Y configuration, in the case the 

current does not reverse, the proposed algorithm will still work correctly and detect the fault by 

following the dotted part in Figure 5.3. The proposed approach is reliable and efficient in 

differentiating between energizing and fault conditions for all winding configurations of polyphase 

transformers. 
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(c) Three phase current ratios with SFCL 

 

 

(d) Three phase current direction criterion with SFCL 

 

 

(e) Trip signal sent to CB; trip signal (based on wave-shape criterion) with the presence of FCL (left), 

final trip signal with and without FCL (right) 

Figure 6.4. Relay performance during SLG fault across LV terminals with SFCL 








































