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I Introduction

With more and more large capacity transformers put into operation, 
the speed and reliability of transformer differential protection is often 
severely challenged [1]. The inrush current is one of the key factors 
leading to the mal-operation of differential protection. Therefore, dis-
tinguishing inrush current from the fault current is of signifi cant value 
in the study of transformer differential protection. Principles currently 
in use for engineering include the second harmonic restraint principle, 

the waveform comparison principle, and the dead-angle principle. 
Among them the second harmonic restraint principle is mostly widely 
used [2]. However, with the improvement of the ferromagnetic ma-
terial in modern large-capacity transformers, as well as the impact 
from the parallel capacitors and distributed capacitance of the UHV 
long distance transmission lines, the mal-operation rate of transformer 
protection schemes based on the second harmonic restraint principle is 
greatly increased [3]. As for the waveform comparison principle and 
the dead-angle principle, both work by directly or indirectly utilizing 
the intermittent feature of the inrush current.

In protection settings based on these two principles, the symmetry 
angle and lock angle are diffi cult to choose and can only be set and 
modifi ed by real-time tests, which bear the hidden problem of mal-
operation. Therefore, some other differential current-based techniques 
have been adopted in differential protection. These techniques include 
fuzzy logic [4]-[6], waveform correlation [7], wavelet analysis [8]-
[12], and artifi cial neural network [13]-[16]. These techniques pro-
vide alternatives or improvements to the existing protective relaying 
functions. However, they may require large data storage for training 
or comparing, large computational burden, large memory to accom-
modate the required algorithms, and/or dependence on the transform-
er parameters. Thus, there exists a need to present a practical power 
transformer protection, which is able to identify inrush currents rapidly 
and be tested without the need of  transformer parameters.
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In fact, apart from being intermittent, the inrush current is also dif-
ferent from the internal fault current in waveform in other aspects [17, 
18]. Thorough study of the formation mechanism of the transformer 
inrush current reveals that, due to the nonlinearity of the magnetiza-
tion curve of the transformer magnetic conductor, the inrush current 
waveform will be greatly distorted (in a concave manner) where the 
magnet core enters and exits from saturation. Thus, by applying the 
two-instantaneous-value-product algorithm, the calculated funda-
mental amplitude of the inrush current will manifest acute changes 
in value. As for the fault current, since it is basically sinusoidal, the 
fundamental amplitude changes in a relatively modest way except at 
the point where the fault occurs. 

The two-instantaneous-value-product algorithm is used to calcu-
late the real-time fundamental current amplitude in different cases, 
and then according to different variation features of the amplitude, 
the protection criterion is proposed in this paper. Dynamic testing re-
sults show that this method has the advantages of simple computation, 
rapid distinguishing and high sensitivity. Moreover, compared with 
the second harmonic restraint principle and the waveform comparison 
principle, the proposed algorithm has better performance.

II Basic principles

II.A The two-instantaneous-value-product algorithm 

Suppose

                     
1 m 1

2 m 2 m 1

sin
sin sin ( )

t

t s

i I t
i I t I t T

ω
ω ω

=
 = = +

  (1)

where t1 is the current sampling point and t2 is the next sampling point. 
Ts is the time interval between two sampling points, i.e. Ts=t2-t1.

Applying the two-instantaneous-value-product algorithm [19], the 
fundamental current amplitude is 
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II.B Characteristic of the inrush current fundamental 
amplitude
When the transformer is no-load closed, the inrush current waveform 
is greatly distorted (in a concave manner) where the magnet core en-
ters and exits from saturation, as shown in Fig. 1 [20]. 

A total of 56 cases were carried out in this situation. The inrush cur-
rent waveform is a function of the different core residual magnetization 
and the switching instant, so the inrush current waveforms are differ-
ent from each other. In Fig. 2, the differential current waveforms of the 

transformer no-load closed under different conditions in the dynamic 
testing system and the corresponding fundamental current amplitude 
variation curves are displayed. The asymmetric inrush current on the 
lower half plane, as well as the asymmetric and symmetrical inrush 
currents on the upper half plane are shown in Figs. 2(a), 2(c), and 2(e) 
respectively. 

Choose any three adjacent sampling points ik, ik+1, and ik+2 in the 
magnet core saturation area. Applying (2), the fundamental current 
amplitudes Im1 and Im2, which are based on ik and ik+1; ik+1 and ik+2 
respectively can be gained. The quadratic difference between Im1 and 
Im2 is: 
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When the initial current is the asymmetric inrush current on the 
lower half plane, as shown in Fig. 2(a), according to the concave char-
acteristic of the inrush current, (4) can be found to be

            
2 1 s

2
s

2 cosk k ki i T i
T

ω+ +− +  <  2 1
2

s

2k k ki i i
T

+ +− +  <  0 
(4)

In the meantime, the descending degree of the inrush current ik+2-
ik<0, and the ascending degree ik+2-ik>0. According to (3), when the 
magnet core enters the saturation area (the descending session of the 
waveform), Im2>Im1, and the fundamental current amplitude keeps in-
creasing monotonously; while when the magnet core exits from satura-
tion (the ascending session of the waveform), Im2<Im1, and the funda-
mental current amplitude keeps decreasing monotonously. 

When the initial current is the asymmetric inrush current on the up-
per half plane, as shown in Fig. 2(c), in the vicinity of the saturation 
area we have

Figure 1: Waveform of inrush current

Figure 2: Inrush currents and their fundamental current amplitudes
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In the meantime, the ascending degree of the inrush current
ik+2-ik>0, and the descending degree ik+2-ik<0. According to (3), when 
the magnet core enters the saturation area (the ascending section of 
the waveform), Im2>Im1, and the fundamental current amplitude keeps 
increasing monotonously. When the magnet core exits from saturation 
(the descending section of the waveform), Im2<Im1, the fundamental 
current amplitude keeps decreasing monotonously.

It should be noted that after the magnet core enters the deep satura-
tion area (i.e. the linear part of the ferromagnetic curve), the inrush 
current waveform will be sinusoidal, which means the fundamental 
current amplitude will be steady thereafter.

The testing results of the fundamental current amplitude under the 
conditions given in Figs. 2(a) and (c) are shown in Figs. 2(b) and (d) 
respectively. Obviously, the variation trends of the fundamental cur-
rent amplitude are consistent with the theoretical analysis above.

The waveforms of symmetrical inrush currents and the correspond-
ing fundamental current amplitude curves are shown in Figs. 2(e) and 
(f) respectively. Similarly, it can be concluded that the fundamental 
amplitude tends to ascend when the magnet core enters saturation and 
descend when the magnet core exits from saturation.

II.C Characteristic of the fundamental current amplitude when 
no-load closing at an internal fault
When taking into account the transformer winding resistance, the 
hyseresis loss, and the eddy current loss, the loop voltage equation of 
the transformer based on the equivalent instantaneous inductance [9] 
can be set as: 

           
d
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where id is the current difference between the primary side and the 
secondary side; rk is the equivalent resistance; Lk is the equivalent in-
stantaneous inductance; u1 is the terminal voltage of the primary side. 

Consider that transformers are usually highly inductive, especially 
large-capacity power transformers, whose equivalent resistance is 
very small. Thus, the fi rst item in (6) is much smaller than the second 
item. Neglecting the fi rst item, the differential expression of id can be 
obtained: 
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According to (7), the waveform characteristic of id is decided by the 
ratio of the primary side terminal voltage to the equivalent instantan-
eous inductance. The primary side terminal voltage u1 mutates only 
when an internal fault occurs (whether the transformer is loaded or 
not), and u1 keeps steady when the transformer operates in the normal 
state or in the post-fault steady state. Therefore, on the basis of a whole 
current cycle, it is the instantaneous inductance Lk that really counts. 
When an internal fault occurs to the transformer, the magnet core is 
no longer saturated, so that the excitation inductance and leakage 

inductance are constant. Thus, the instantaneous inductance Lk is also 
constant. Therefore, the waveform of the current difference id remains 
sinusoidal except for the fault point. The fundamental current ampli-
tude calculated using the two-instantaneous-value-product algorithm 
is supposed to remain the same in this area.

III Protection scheme design

According to the analysis above, the difference between the inrush cur-
rent and fault current lies in the descending degree of the fundamental 
current amplitude during the magnet core’s exit from saturation. Based 
on this conclusion, a new identifi cation criterion is proposed in this 
paper as follows.

(a) Identify the current bias direction. 

Determine the maximum and minimum values of the current imax 
and imin within half a cycle of data window after the transformer is 
no-load closed. If |imax|-|imin| ≥ 0 ,then the current is forward-biased; 
otherwise, if |imax|-|imin| < 0 , then the current is reverse-biased.

(b) Identify the exit-saturation area of the transformer magnet core. 

Starting from half a cycle after the transformer’s no-load clos-
ing, summarize the sampling points of each cycle to form curve Sk. 
For forward-biased current, the sampling sequence corresponding to 
the minimum positive value on the descending session of curve Sk is 
chosen to be the exit-saturation area (see the dashed line frame in Fig. 
2(c)). For reverse-biased current, the sampling sequence correspond-
ing to the maximum negative value on the ascending session of curve 
Sk is chosen to be the exit-saturation area (see the dashed line frames 
in Figs. 2(a) and (e)). After the exit-saturation area is decided, take the 
maximum and minimum values of the fundamental current amplitude 
in this area as Imi and Imj, as shown in Figs. 2(b), (d) and (f).

(c) Calculate the changing rate of the fundamental current ampli-
tude k according to (8). 
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If k ≥ kset ( kset is the setting value), then it can be decided to be 
the inrush current, thus the differential protection should be locked; 
otherwise, if k < kset and the starting requirement is also met, then the 
internal fault is decided and relay protection should operate to trip.

IV Simulation verifi cation

To verify the effectiveness of the proposed method, experimental 
tests [21-23] have been carried out at the Electrical Power Dynamic 
Laboratory (EPDL). 

IV.A The dynamic testing system
The experimental transformer is a three-phase, two-winding trans-
former bank with YNd11 connection, which is fed by a low imped-
ance source, as shown in Fig. 3. The parameters of the two-winding 
transformers are given in Table I. Three identical current transform-
ers (CTs) are connected in Δ on the primary side, and another three 
identical CTs are connected in Y on the secondary side of the power 
transformer.

The experiments provide different switching and clearing instants 
for inrush currents, as well as different faults and different numbers of 
turns for internal faults. A total of 216 cases have been tested and div-
ided into fi ve main categories: 56 cases for switching the transformer 
with no load, 52 cases for simultaneous internal fault and inrush con-
ditions, 54 cases for faulty conditions only, and 54 cases for external 
faults with the CT in saturation conditions, to test the algorithm. 

Figure 3: Connection scheme of the dynamic analog testing system
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IV.B Testing result analysis
The switching in the transformer bank with no load often causes the 
inrush current of nonfault phases, which has been verifi ed by a total 
of 52 cases with simultaneous inrush currents and internal faults. An 
example taken from these cases is given in Fig. 4, where the no-load 
transformer closes at a phase A 3.6% (turn ratio) turn-to-turn fault. The 
waveforms of the fault phase differential current are shown in Figs. 
4(a) and (c), respectively. And their fundamental current amplitudes 
are shown in Figs. 4(b) and (d), respectively. From Figs. 4(a) and (c), 
it can be seen that, in the fi rst half cycle, the differential current mani-
fests obvious inrush current features; while in the second half cycle, as 
the magnet core exits from saturation, the differential current displays 
the characteristic of fault current. According to the identifi cation cri-
terion proposed above, the fundamental current amplitudes in the exit-
saturation area corresponding to the differential currents in Figs. 4(a) 
and (c) are calculated and shown in Figs. 4(b) and (d) respectively (the 
dashed line frame). Applying (8), the changing rates of the fundamen-
tal current amplitudes are gained, i.e. kb=0.27, kd=0.25.

Data from a total of 54 cases are used to test the algorithm under 
faulty conditions. An example taken from these cases is given in 
Fig. 5, where a phase A 3.6% turn-to-turn fault occurs in the loaded 
transformer. The waveforms of the fault phase differential current are 
shown in Figs. 5(a) and (c), respectively. And their fundamental cur-
rent amplitudes are shown in Figs. 5(b) and (d), respectively. From 
Figs. 5(b) and (d), it can be seen that, for either forward-biased or 
reverse-biased current, the fundamental current amplitude remains 
constant in the exit-saturation area. Applying the identifi cation criter-
ion, the changing rates of the fundamental current amplitudes in Figs. 
5(b) and (d) can be calculated, i.e. kb=0.14, kd=0.13. 

The experiments provide different switching and clearing instants 

for inrush currents, as well as a different faults and different number of 
turns for internal faults. The changing rates of the fundamental current 
amplitude k gained under different operation states of the transformer 
are shown in Table II. In the case of inrush currents, the changing rate 
of the fundamental current amplitude for each phase is calculated; 
while in the case of fault currents (including faults at no-load closing), 

Figure 4: Current waveforms and their fundamental current amplitudes when switching 
in transformer with an internal turn-turn fault

Figure 5: Current waveforms and their fundamental current amplitudes when an internal 
turn-to-turn fault occurs

Table 1
Parameters of each single phase unit of transformer used

in the test

Rated power 10kVA 
Rated voltage ratio 1000/380V 

Rated frequency 50Hz 
No load current 1.45% 

%1ssoldaoloN
Short circuit voltage 9.0~15.0% 

Short circuit loss 0.35% 

Table 2
Calculation results of k under different operation states of 

two-winding transformer

Operation 

 state 
k 

Testing 

number 

No-load  

closing 
1.435～87.84 1 

Faults 

at 

Y- 

side 

Closing  

at  

faults 

Turn 

ratio 

A3.6% 0.23～0.32 2 

A6.1% 0.05～0.12 3 

A9.0% 0.04～0.11 4 

B18% 0.03～0.05 5 

C18% 0.03～0.06 6 

Phase 

to 

ground 

A 0.02～0.04 7 

B 0.03～0.05 8 

Faults 

occuring 

when 

transformer 

loaded 

Turn  

to  

turn 

A3.6% 0.11～0.14 9 

A6.1% 0.05～0.09 10 

A9% 0.04～0.06 11 

B18% 0.02～0.03 12 

C18% 0.03～0.05 13 

Phase 

to 

ground 

A 0.01～0.03 14 

B 0.01～0.02 15 

No-load  

closing  

at△-side 

A4.5% 0.18～0.29 16 

Faults at 

 △- side 
A4.5% 0.10～0.19 17 
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only the fault phase is analyzed. It can be seen from Table II that, the 
minimum value of k for inrush currents is 1.435, while the maximum 
value of k for internal faults is 0.32. The changing rates being more 
than four times apart, by properly setting the threshold value, the dis-
tinguishing between inrush currents and fault currents can be reliably 
done. 

With the same testing data, the calculation results using the second 
harmonic restraint principle and the waveform comparison principle 
are shown in Table III. For the waveform comparison principle, the 
waveform coeffi cient of the differential current is displayed. In the 
case of no-load closing, the waveform coeffi cients of all three phases 
are given, while in the case of no-load closing at faults, only the max-
imum coeffi cient of the three phases is given. For the second harmonic 
restraint principle, the percentage of the second harmonic componen t 
in the fundamental component of the differential current is displayed. 
In the case of no-load closing, the second harmonic percentage of all 
three phases is given, while in the case of no-load closing at faults, 
only the minimum percentage of the three phases is given.

For the waveform comparison principle, when the phase constraint 
method is used with the threshold value set to be 0.5, some testing data 
(the *-marked ones) can not be clearly identifi ed, as shown in Table 
III. For example, in the cases of no-load closing at internal turn-to-turn 
faults (including turn-to-turn faults on the Y-side with turn radio 3.6%, 
6.1% and 9%), since none of the three phase current waveform coeffi -
cients exceeds 0.5, relay protection will operate with a long time delay. 
For the second harmonic restraint principle, if the threshold value is 
set to be 15%, operation of the protective relay will also be delayed 
when the transformer closes with no-load at certain internal turn-to-
turn faults.

Comparing Table II and Table III, it is obvious that the proposed 
new principle has better performance than the second harmonic re-
straint principle and the waveform comparison principle in identifying 
the inrush current. This is mainly due to the application of the two-
instantaneous-value-product algorithm in the new principle, which fa-
cilitates its localization capability of dynamically portaiting the spatial 
distribution of the fundamental current amplitude.

IV.C TA saturation caused by external faults
The differential current is designed to restrain under normal load fl ows 
and for external faults. However, if the TAs saturate, external short 
circuits can in fact result in very large differential currents, which has 
been proved by a total of 54 cases. Therefore, the way TV saturation 
infl uences the protection criterion when there is an external fault is 
studied in this paper. In the transient after the external fault occurs, the 
short circuit current contains a big dc component. Since TA transforms 
dc components with a large error, a rapid TA saturation will result, 
which then causes the induced electromotive force on the secondary 
winding to drop to zero immediately, and the current on the second-
ary winding remains zero in the same period. With the current on the 
primary winding decreased, TA will exit from saturation, thus the in-
duced electromotive force and current on the secondary winding will 
increase accordingly.

It can be concluded that, as TA enters and exits from saturation, the 
differential current on the secondary winding will experience severe 

distortion (in the manner of a concave) in the waveform. In accordance 
with the distortion parts, the fundamental current amplitude will also 
experience severe distortion, as shown in Fig. 6. And the changing rate 
of the fundamental current amplitude in this case is calculated to be 
k=35.72. Analysis of TA saturation under different types of external 
faults shows that, the protection principle based on the changing rate 
of the fundamental current amplitude is reliable in locking the differ-
ential protection.

V Conclusion

A novel method to rapidly indentify inrush current and the internal 
fault current based on the changing rate of the fundamental current 
amplitude is proposed in this paper. A large number of measurements 
were carried out to test the proposed method. The new principle has 
the following advantages.

1. Rapidity in identifi cation ( within a cycle).
2. Universality in application to different types of transformers.
3. Higher reliability and sensitivity than traditional identifi cation 

principles.
4. Reliability in locking the differential protection in TA saturation 

caused by external faults.
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