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Abstract:    We propose a new scheme for transformer differential protection. This scheme uses different characteristics of the 
differential currents waveforms (DCWs) under internal fault and magnetizing inrush current conditions. The scheme is based on 
choosing an appropriate feature of the waveform and monitoring it during the post-disturbance instants. For this purpose, the signal 
feature is quantified by a discrimination function (DF). Discrimination between internal faults and magnetizing inrush currents is 
carried out by tracking the signs of three decision-making functions (DMFs) computed from the DFs for three phases. We also 
present a new algorithm related to the general scheme. The algorithm is based on monitoring the second derivative sign of DCW. 
The results show that all types of internal faults, even those accompanied by the magnetizing inrush, can be correctly identified 
from the inrush conditions about half a cycle after the occurrence of a disturbance. Another advantage of the proposed method is 
that the fault detection algorithm does not depend on the selection of thresholds. Furthermore, the proposed algorithm does not 
require burdensome computations. 
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1  Introduction 
 

The power transformer is one of the most im-
portant components in a power system. It possesses 
certain special features, which make complete pro-
tection difficult. Differential protection is commonly 
used as the primary protection of the power trans-
formers. While it should operate rapidly when inter-
nal faults occur, differential protection should be 
blocked under non-fault conditions such as inrush 
current. The security and speed requirements of 
transformer differential relays appear to be crucial in 
the matured power systems, including modern power 
transformers. These systems require small fault 
clearing time to avoid equipment damages and sta-
bility problems due to high level short circuit cur-
rents. In addition, in some possible conditions, the 

conventional algorithms such as those based on the 
principle of the second harmonic restraint may oper-
ate wrongly for inrush current or clear faults with 
unacceptable delays. In recent years, the possibility 
of implementing more complicated and efficient al-
gorithms has been provided in the digital relays. 
Therefore, researchers have been motivated to de-
velop more secure differential protection algorithms 
with an emphasis on improvements in operation 
speed and reliability for different kinds of trans-
former internal faults. 

One class of the transformer differential protec-
tion algorithms is based on the equivalent circuit of 
the transformer such as transformer model based 
modal analysis (Sidhu and Sachdev, 1992), the leak-
age inductance based technique (Ge et al., 2005), 
and the induced voltage based method (Kang et al., 
2007). 
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Some transformer differential protection algo-
rithms are based on processing the harmonic content 
of the differential currents. The conventional ap-
proach uses the principle of the second harmonic 
restraint (Guzman et al., 2001). The main drawback 
of the method is that the possible harmonic in the 
internal fault current can cause differential relay ei-
ther not to operate or to operate with a long delay. In 
addition, any internal fault with energizing cannot be 
cleared quickly until the inrush current fades out, and 
thus the differential relay is unblocked. To improve 
the performance of the second harmonic based algo-
rithms, some novel techniques such as voltage re-
straint (Liu et al., 1992), complex second harmonic 
restraint (Kulidjian et al., 2001), dynamic digital filter 
(Al-Othman and El-Naggar, 2009), and harmonic 
characteristics based schemes (Hamedani Golshan et 
al., 2004; Hamedani Golshan and Samet, 2006) have 
been proposed. 

In some algorithms, faults conditions are recog-
nized by distortion characteristics of the differential 
current waveform. The operation criterion in the con-
ventional method is the duration in which differential 
current remains near zero (Giuliante and Clough, 
1991). Asymmetry of inrush current is decreased by 
the saturation of current transformers when dead 
angles disappear. As a result, some improved meth-
ods such as short-time correlation (Zhang et al., 
2002), correlation analysis of waveform (Lin et al., 
2002; Bi et al., 2007), morphological scheme (Lu et 
al., 2009), and method based on error estimation (He 
et al., 2006) have been proposed to obtain better 
identification results. 

Other algorithms have taken advantage of wave-
let transform (WT) (Ozgonenel, 2006; Samantaray et 
al., 2007), artificial neural network (ANN) (Tripathy 
et al., 2008), the fuzzy inference system (FIS) (Shin 
et al., 2003), the transmission line method (TLM) 
(Ozgonenel et al., 2007; 2008), hidden Markov mod-
els (HMM) (Ma and Shi, 2000), and principal com-
ponent analysis (PCA) (Kilic et al., 2009). 

Some of the conventional methods require the 
equivalent circuit parameters as well as iron-core 
constructions and winding connections of the trans-
former. Some of these algorithms, such as algorithms 
based on the dead time angle detection, have more 
than one cycle inherent delay. Some of these algo-

rithms need the voltage signals other than the current 
signals. Almost all of them depend on the selection of 
thresholds. Some of them are not able to detect the 
faults accompanied by the magnetizing inrush.  

In this paper, the general scheme for a group of 
transformer differential protection algorithms is pre-
sented. These algorithms are based on monitoring a 
special feature of the differential currents waveform 
(DCW) as input signals to the algorithms. Then a new 
algorithm related to the general scheme is introduced, 
and its main components are explained. These ele-
ments include behavior observation of the DCW un-
der fault and inrush current conditions, choosing the 
second derivative sign as the feature of these signals 
for discrimination between fault and inrush currents, 
defining a discrimination function (DF) for quanti-
fying the signal feature, tracking the signs of three- 
phase decision-making functions (DMFs) computed 
from the discrimination function, and carrying out a 
suitable logic for the detection of faults. The advan-
tages of the proposed method in comparison to the 
conventional methods are reliability, sensitivity, and 
simplicity for implementation. None of the conven-
tional methods combine all these features. 
 
 
2  Basic theory of the waveform feature 
monitoring scheme 
 

A group of the transformer differential protec-
tion algorithms belong to a general scheme based on 
monitoring a special feature of the DCW. The 
scheme originates from the different characteristics 
of the differential currents or some quantities ex-
tracted from them under internal faults and inrush 
current conditions after occurrence of in-zone distur-
bances. Based on this idea, the corresponding algo-
rithms process the DCWs for distinguishing internal 
faults from inrush current conditions after detection 
of in-zone disturbances. In the first step, the differen-
tial currents, or some quantities related to them such 
as the normalized second harmonic of the differential 
currents (the original signals) are considered the sig-
nals with different behaviors during a time after fault 
or switching inception. Then for modeling the behav-
iors, a feature of the original signals such as the time 
variations or the rate of the time variations of the 
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signals (signal feature) is chosen. In the next step, to 
quantify the chosen feature, a DF is defined and 
computed for three phases by using the samples of 
the original signals. As time passes from the instant 
of disturbance inception, the behavior of the original 
signals and corresponding DFs may change. There-
fore, to remove the effects resulting from the varying 
behavior of the DFs, a DMF is defined and calcu-
lated for three phases in the fourth step. Finally, in 
the last step, the signs of the tracked three-phase 
DMFs are used to distinguish between inrush and 
fault currents. 
 
 
3  A new algorithm based on monitoring the 
second derivative sign of differential cur-
rents waveform 
 

Two algorithms based on the above general 
scheme have been introduced in Hamedani Golshan 
et al. (2004) and Hamedani Golshan and Samet 
(2006). These algorithms are based on employing the 
normalized second harmonic as the original signals. 
Some disadvantages of these algorithms are as follows: 

1. Extraction of the fundamental component and 
second harmonic of the differential currents increases 
the required computations. 

2. Some algorithms’ parameters depend on the 
filter used for extracting the frequency components. 
These parameters are determined by trial and error. 

3. In the case of energizing a faulted transformer, 
the algorithms fail to detect fault in a reasonable time. 

The above-mentioned algorithms apply the first- 
or second-difference function to convert the differ-
ence between inrush and internal fault currents into a 
quantitative description. Also, the algorithm proposed 
in Kang et al. (2004) is based on the third-difference 
function of the differential current. This algorithm 
requires thresholds selection. 

In this study, a new algorithm based on the gen-
eral scheme is introduced to avoid the above- 
mentioned drawbacks. The first and second disad-
vantages are avoided since it uses the DCW directly 
as the original signals. In addition, it can detect in-
ternal faults in a reasonable time in all cases without 
using the cross-blocking principle. The algorithm 
includes the following elements: 

1. Observations: Fig. 1 shows typical DCWs for 
magnetizing inrush and fault conditions immediately 
after the disturbance inception. Since the magnetizing 
inrush current corresponds to the transformer core 
saturation, the DCW due to inrush has a conical shape 
(non-sinusoidal); in other words, it begins with a low 
slope and then its slope is raised. But the DCW due to 
fault is very similar to the normal sinusoid; in other 
words, it begins with a higher slope and then its slope 
decreases. These characteristics originate from the 
difference in the nature of fault and inrush currents 
and are consistent for different transformer and power 
system parameters (Guzman et al., 2001). Thus, the 
internal fault conditions can be distinguished from 
inrush currents by exploiting different characteristics 
of fault and inrush currents waveforms. Therefore, 
DCW can be considered the original signals. 

2. Signal feature: Based on the above-stated 
principles, it is expected that the concavity of DCW 
during a short time after disturbance inception is a 
suitable criterion for discriminating between fault and 
inrush currents. 

3. Discrimination function: The concavity of a 
signal can be determined by the sign of the second 
derivative of the signal. If the second derivative sign 
of a positive signal is positive, then the concavity of 
its curve is upward; otherwise, the concavity curve is 
downward. Therefore, the sign of the second deriva-
tive function of the positive differential currents is 
positive for the case of inrush current and negative for 
the fault current during a short time after disturbance 
inception. The second derivative function (SDF) of 
the differential currents can be calculated when the 
signals are processed digitally using time samples of 
the waveforms as 

 

 

d d dSDF( ) 2( ) ( 1) ( 2),n i n i n i n= − − + −      (1) 
 

where id(n) denotes the nth sample of the differential 
current. The differential currents can be positive or 
negative after the disturbance inception depending on 
switching or fault instant. Therefore, because the sign 
of the second derivative function should always be 
positive for inrush current and negative for the fault 
current regardless of the sign of the differential cur-
rents, we define the DF using the sign function as 
 

( ) ( )d d d dDF( ) 2 sign( ) ( 1) ( 2) ( ) .n i n i n i n i n= − − + − (2) 
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The waveforms of DFs for a typical DCW are 
shown in Fig. 1. A practical point is related to the 
error in the second derivative function introduced by 
possible noise in the differential currents. Although 
fault or inrush currents do not usually contain high 
frequency components, some noises may be intro-
duced by measurement processes. Such errors can be 
reduced using moving averages of sampled data. The 
moving average of order N of a set of numbers Y1, Y2, 
Y3, … are defined as (Y1+Y2+…+YN)/N, (Y2+Y3+…+ 
YN+1)/N, … (Spiegel and Stephens, 2008). To avoid 
large delays caused by the process of moving aver-
ages, the moving averages of order three is used here. 
Thus, for computing the second derivate function, the 
averaged values of differential currents are used in  
Eq. (2) instead of the sampled values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Decision making functions: As time passes 
from the disturbance instant, the sign of the DFs can 
reverse due to the variation of the behavior of the 
inrush or fault current waveforms. Therefore, we 
define DMFs as the weighted sum of the discrimina-
tion functions values from disturbance instant up to 
the present time: 

 

1 2

DF( )DMF( ) .
n

h

hn
h=

=∑                       (3) 

 
In each sample n, DMF(n) is a function of the 

area under curve DF(n). The DMF has been defined 
such that the internal fault conditions can be recog-
nized from inrush current conditions by determining 
only the sign of DMF. As time increases from the 
instant of disturbance, the behavior of function DMF 
reverses. The term h2 in the denominator of the DMF 
is a weighting factor that increases with time. This 
term has been included to eliminate the effect due to 
the reversing behavior of DMF as time increases. 
From Fig. 1, DMF corresponding to inrush (fault) 
current becomes positive (negative) after a short time 
from disturbance inception. Thus, the operation of the 
differential relay can be based only on the sign of 
DMFs. 

 
 

4  Experimental results 
 

The proposed algorithm is tested on a three-
phase, three-winding 5-kV⋅A, 400/230/20 V, 50-Hz 
laboratory prototype power transformer. The experi-
mental setup for collecting different types of investi-
gated differential currents is shown in Fig. 2. To ver-
ify the performance of the proposed algorithm, nu-
merous tests have been carried out on this physical 
dynamic model. The conditions investigated include 
energizations, faults, and energizations with faults 
for the transformer under no-load or on-load condi-
tions. Figs. 3–5 show some examples of the experi-
mental test results. In the following analysis, the 
solid, dashed, and dotted lines denote phases A, B, 
and C, respectively. The experimental data are ana-
lyzed offline, after the DCWs are recorded at the 1.2-
kHz sampling frequency. 

Consider a case of energization at the high 
voltage side of the no-load transformer. Fig. 3 shows 

Fig. 1  Different behaviors of fault and inrush currents 
(a) Typical inrush current (top) and its discrimination func-
tion (middle) and decision making function (bottom); 
(b) Typical fault current (top) and its discrimination function 
(middle) and decision making function (bottom) 
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DCWs, moving averages of DCWs, DFs, and DMFs 
for this case. As shown in Fig. 3a, DCWs corre-
sponding to phases A and C are the asymmetric 
waveform, and DCW corresponding to phase B is 
symmetric waveform. It is observed from Fig. 3d that 
DMFs corresponding to the inrush currents are  
positive. 

Table 1 gives the results of applying the pro-
posed algorithm to some test cases. These cases are 
different in view of the residual flux in transformer 
core (high or low), the inception angle of voltage 
source at phase A, and transformer loading. As can be 
observed, the values of DMFs are positive for all 
cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Also, consider a case of internal AB fault (phase 
A to phase B) at the secondary winding side of the 
loaded transformer. The DCWs, moving averages of 
DCWs, DFs, and DMFs are shown in Fig. 4. DMFs 
corresponding currents are negative. In addition, in 
Table 2 the calculated DMF for some different fault 
cases including low current turn-to-turn and turn-to- 
ground faults under no-load and load conditions of 
transformers are presented. For all the cases, the 
proposed algorithm detects the fault conditions after 
10 ms. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Experimental setup for differential current data 
collections 
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Fig. 3  Energization at the high voltage side 
(a) Differential current; (b) Moving average of differential 
current; (c) Discrimination function; (d) Decision making 
function 

Table 1  The calculated DMF under inrush current tests 

Calculated DMF Residual 
flux 

Inception 
angle 

Phase No load On load
A 0.037 0.025 
B 0.037 0.027 0° 
C 0.055 0.039 
A 0.053 0.042 
B 0.045 0.058 

Low 

36° 
C 0.073 0.062 
A 0.034 0.039 
B 0.043 0.036 72° 
C 0.052 0.048 
A 0.063 0.044 
B 0.057 0.046 

High 

144° 
C 0.073 0.044 

DMF: decision making function 
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Fig. 4  An internal phase A to phase B fault 
(a) Differential current; (b) Moving average of differential 
current; (c) Discrimination function; (d) Decision making 
function 
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A case of energization with an internal CG 

(phase C to ground) fault is also investigated (Fig. 5), 
showing DCWs, moving averages of DCWs, DFs, 
and DMFs for this case. As shown, two-phase cur-
rents include simultaneous fault and inrush currents, 
and one-phase current includes only the inrush cur-
rent. The DMFs corresponding to two faulted phases 
currents are negative but the DMF corresponding to 
other phase is positive (Fig. 5). 

A total of 120 cases are tested: 40 cases of mag-
netizing inrush conditions, 40 cases of faulty condi-
tions, and 40 cases for simultaneous internal fault and 
inrush conditions. The offline test results show that 
the proposed algorithm is accurate for building a 
reliable differential protection scheme for three-phase 
power transformers. In addition, in all cases of tested 
faults, the fault is identified in about half a cycle after 
the occurrence of a disturbance. 

For comparison, the performance of some con-
ventional algorithms is also investigated by applying 
different types of differential currents obtained from 
the laboratory prototype power transformer (Fig. 2). 
When the dwell-time approach is implemented, a 
low-current threshold is necessary for identifying the 
dead angles for DCW. Assume the low-current 
threshold is set to 0.8% of the maximum of the ab-
solute value in one cycle. The non-current range dead  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

angle of the dwell-time approach is δdw, which is 
denoted by the angle corresponding to non-current in 
one cycle (360°) (Lin et al., 2002). Under extreme 
inrush current tests, the dwell-time approach of 
δdw=60° may malfunction even using the cross- 
blocking principle due to the deforming currents 
waveforms caused by the current transformers  
saturation. 

If the ratio of the second harmonic to the fun-
damental component is less than the restraint index, 
the second harmonic restraint will open the differen-
tial protection; otherwise, the protection should be 
blocked. The second harmonic based scheme with a 
15% restraint index may malfunction even using the 
cross-blocking principle under some inrush current 
conditions. Furthermore, non-operation time for this 
scheme can reach about 50 ms for some switching 
cases on a faulted transformer. 

The malfunction problem of the dwell-time ap-
proach under extreme inrush current conditions is 
solved by applying the short-time correlation trans-
form to eliminate the CT saturation effect and iden-
tifying the dead angle (Zhang et al., 2002). However, 
it still presents some negative aspects of the 
dwell-time approach and operates with an inherent 
delay of about 1.5 cycles for some fault conditions. 
The high security for differential protection is also 
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Fig. 5  Energization with a phase C to ground (CG) in-
ternal fault 
(a) Differential current; (b) Moving average of differential 
current; (c) Discrimination function; (d) Decision making 
function 

 

Table 2  The calculated DMF under fault current tests 

Calculated DMF 
No load On load Inception 

angle 
Phase 

10% 
TTF 

25% 
TGF 

10% 
TTF 

25% 
TGF 

A −0.45 −0.42 −0.38 −0.36
B −0.13 −0.18 −0.16 −0.120° 
C −0.54 −0.22 −0.53 −0.27
A −0.43 −0.51 −0.51 −0.25
B −0.19 −0.12 −0.14 −0.1236° 
C −0.31 −0.66 −0.36 −0.53
A −0.44 −0.52 −0.31 −0.51
B −0.18 −0.15 −0.18 −0.1472° 
C −0.35 −0.27 −0.65 −0.39
A −0.52 −0.37 −0.47 −0.33
B −0.17 −0.17 −0.12 −0.18144° 
C −0.51 −0.29 −0.51 −0.36

DMF: decision making function. TTF: turn-to-turn fault; TGF: turn- 
to-ground fault 
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obtained by applying an improved correlation algo-
rithm (Lin et al., 2002). In this scheme, fault currents 
can be distinguished from the inrush current if the 
improved waveform correlation coefficient between 
the first and second half cycles of the differential 
current of each phase is over a threshold. The need for 
choosing thresholds and operation with inherent de-
lays for fault conditions are disadvantages of this 
scheme. Thus, compared with other algorithms,  
the proposed algorithm has the following main  
advantages: 

1. The operating speed is very high. The oper-
ating time is generally less than 10 ms. 

2. The fault detection algorithm does not depend 
on the selection of thresholds. 

3. This algorithm does not require burdensome 
computation. 

 
 

5  Conclusions 
 

A new algorithm for the waveform feature 
monitoring scheme is proposed to discriminate be-
tween internal fault and magnetizing inrush current in 
a power transformer. The proposed algorithm is based 
on the signs of three-phase tracked decision-making 
functions obtained from the second derivative of 
differential currents after the disturbance occurrence. 
Experimental results show that this algorithm has 
high security. In addition, the sensitivity of the algo-
rithm is higher than that of the other algorithms rele-
vant to the scheme; therefore, it can rapidly detect 
different kinds of transformer internal faults without 
using any cross-blocking principle, even when the 
fault currents are seriously distorted by harmonics or 
when the fault current occurs simultaneously with the 
inrush current. The algorithm does not require 
choosing any coefficient or threshold and requires 
little computation. 
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