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a  b  s  t  r  a  c  t

This  paper  presents,  at first, a novel  model  for  investigating  the  ultra-saturation  phenomenon  during
energization  of a loaded  three-phase  power  transformer.  Then  a new  approach  is presented  to  control
the  unusual  false  trip  of a three-phase  power  transformer  differential  protection  due  to  ultra-saturation
phenomenon  based  on  Clarke’s  Transform  and  Discrete  Wavelet  Transform  (DWT).  In this  method,  the
transient  phenomena  of  a power  transformer  including  the  magnetic  inrush  current,  the  ultra-saturation
phenomenon,  the  external  faults,  and  the  internal  faults  of the power  transformer  are  simulated.  To
distinguish  between  these  phenomena,  appropriate  criteria  based  on  Clarke’s  Transform  and  DWT are
presented  using  the  standard  deviation  of coefficients  and  the  energy  coefficients.  The  results  of  this
study  may  be  used  as  notifications  by the  personnel  of substation  and  relay  manufacturers.
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1. Introduction

One of the most important parts in power systems is the power
transformer whose differential protection is a major concern [1].
The effect of the magnetizing inrush currents has to be considered
in the power transformer protective design. The inrush current
occurs when a power transformer is switched on, and it can be
much higher than its nominal value, hence causing the false trip
of the differential protections [2]. Power transformers must act
properly with regard to their differential protection when they face
different transient signals which are the results of the magnetizing
inrush currents, the internal faults, and the external faults. So, the
differential protection should operate rapidly during the internal
faults of the power transformer and should not have any actions
while facing external faults and magnetizing inrush currents. The
common technique utilized to prevent the false trip of the differ-
ential protection during the energization of the power transformer
is the level of harmonic components. The inrush current includes
a high level of second harmonic component which is used as a
discriminative feature in conventional protective schemes [1,2]. To
distinguish between the internal faults, the external faults, and the
inrush current in a standard differential protection, an algorithm
is used in which the differential protection operates when the

∗ Corresponding author. Tel.: +98 9163530536.
E-mail address: bahramnoshad@yahoo.com (B. Noshad).

amplitude of the basic component of the differential current, which
is computed by discrete Fourier transform (DFT), fixes at more than
0.25 p.u. and the level of the second harmonic to the basic harmonic
of the differential current, which is computed by DFT, fixes at lower
than 15% [3–7]. In the standard differential protection, however,
the mal-operation of differential protection in certain conditions
under magnetizing inrush current leads to a tripping of healthy
transformers [3–5]. Wavelet transform is a powerful and effective
tool for processing transient signals [8–16]. The wavelet transform
technique is widely utilized in power systems for protection [8],
assessment of power quality [9], fault detection [10], solving the
power quality problem [11,12], and data compression [13,14].
Wavelet transform, due to its natural ability in adjusting the width
of the mother wavelet frequencies [15,16], is more appropriate
than other methods of frequency domain such as Fourier window
for analyzing transient states. The DWT  can process a signal
by decomposing it into an approximate and a detail by crossing
through low-pass and high-pass filters. The approximate is decom-
posed to obtain the information of the next level and the process
continues. Moreover, the practical implementation of DWT  is very
simple. Therefore, the DWT  is widely used to distinguish between
the transient phenomena in the power transformer differential
protection. In addition, one of the transient phenomena that leads
to the false trip of the power transformer differential protection
during the energization of a loaded power transformer is the ultra-
saturation phenomenon. The mechanism of unusual false trip
of the differential protection resulting from the ultra-saturation
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upa, upb, upc, usab, usbc, and usca the voltages of primary and
secondary windings of the power transformer

ipa, ipb, ipc, ia, ib, and ic the currents of primary and secondary
windings of the power transformer

Rp, Rs, Ldp, and Lds the resistances and the inductances of
the primary and secondary windings of the power
transformer

ϕa, ϕb, ϕc, and ϕd the flux of the core magnetic through the
windings legs and air branch of the power trans-
former

NP the number of the primary turns of the power trans-
former

NS the number of the secondary turns of the power
transformer

epa, epb, epc, esa, esb, and esc the inducted primary and
secondary voltages of winding legs of the power
transformer

fa, fb, fc, and fd the magnetic potential through the three-
legged and air branch of the power transformer

pa, pb, pc, k1a, k1b, k1c, k2a, k2b, k2c, f0a, f0b, and f0c related to
power transformer saturation curve

Rb and Lb the resistive and the inductive load of the power
transformer

�� the flux linkages of the current transformers
� s the flux linkages at the saturation knee point of the

magnetization curve of the current transformers
i�0 the magnetization current at the saturation knee

point of the magnetization curve of the current
transformers

Ls the slope of the saturation zone of the current trans-
formers

ips the primary current referring to the secondary side
of the current transformers

i� the magnetizing current of the current transformers
is the secondary current of the current transformers
es the induced voltage in the secondary winding of the

current transformers
xi, x̄, n and � coefficients, the mean of coefficients, the

number of coefficients, and the standard deviation,
respectively

Id set point the activation current of the differential protection
k the percentage value of the restrain current of the

differential protection
ir the value of the restraint current of the differential

protection
i2p and i2s the secondary currents of the current transform-

ers on the primary and secondary side of the power
transformer

I0 the ground mode current component
I1 and I2 the aerial mode current components
D1I0 the detail coefficients vector at the first level of the

ground mode
�Dinter, �Dinter-min and �Dinter-max the standard deviation of

D vector at the first level in various test signals of
different transient phenomena, the minimum, and
the maximum of the standard deviation of D vector
at the first level related to the internal faults.

ED1, ED1min and ED1max the energy coefficients at the first
level in various test signals of different transient
phenomena, the minimum, and maximum of energy
coefficients at the first level related to the internal
faults, respectively

phenomenon is related to the saturation of the magnetic core of the
power transformer, which occurs during a rapid jump of the termi-
nal voltages and is a widely occurring phenomenon. This happens
when a power transformer is switched on or when a short circuit
fault that occurred near a power transformer is removed. In these
situations, slow and high decaying inrush currents may be created
which may  well be much higher than the full load value. Conse-
quently, even in conditions where saturation is very heavy, there is
always a considerable second harmonic in the current in the state
of having the same polarity for the residual flux in the magnetic
core of the power transformer as the DC flux which results from the
voltage jump and does not reach below 15% of the basic one. Thus,
the ratio of the second harmonic is an appropriate criterion for
preventing an unusual mal-operation in differential protections.
If the differential protection discovers the second harmonic that
is higher than 15% of the basic component, the operation of the
differential protection will be blocked. But the mal-operation of
the differential protection in certain conditions under magnetizing
inrush current has led to the tripping of healthy transformers
[3–5]. In this case, the inrush current during the period of the
ultra-saturation will miss some specifications such as the high
ratio of the second harmonic and the dead angle. Also, the DC flux
in the magnetic core of the power transformer in the primary stage
of the process tends to increase rather than decrease, resulting in
the ultra-saturation phenomenon [3–5]. Hence, the amplitude of
the basic component of the differential current gets higher, and the
level of the second harmonic decreases under that of relay restrain
[3–5]. So, the standard differential protection is not able to identify
the ultra-saturation phenomenon and the description and control
of the ultra-saturation phenomenon is necessary for preventing
the false trip of the differential protection. In all previous studies
of ultra-saturation phenomenon, the model of a loaded power
transformer was considered as single-phase [3–5]. Also, several
studies have been done to distinguish between the inrush current,
the internal and the external faults by various algorithms [8–16],
but none has taken the ultra-saturation phenomenon into account.

This paper presents a novel model for investigating the
ultra-saturation phenomenon during energization of a loaded
three-phase power transformer. It also presents a new approach for
a three-phase power transformer differential protection, consider-
ing the effect of ultra-saturation phenomenon based on Clarke’s
Transform and DWT. To model the ultra-saturation phenomenon,
the nonlinear specification of the transformer core and the satu-
ration effect of current transformers are taken into account. It is
assumed that the load of the transformer is a resistive and induc-
tive load. In this algorithm, the ultra-saturation phenomenon, the
external and internal faults of the power transformer (including
the three-phase fault (ABC fault), the three-phase-to-ground fault
(ABCG fault), the phase-to-ground fault (AG fault), the phase-to-
phase fault (AB fault), the phase-to-phase-to-ground fault (ABG
fault)) and the magnetic inrush current are simulated. Also, the
turn-to-turn and turn-to-ground internal faults are simulated. To
distinguish between these phenomena, appropriate criteria are
presented using Clarke’s Transform and DWT  by the use of energy
coefficients and the standard deviation of coefficients. In this paper,
the DWT  is utilized since it provides enough information for the
analysis of the main signal in a considerably short computation
time. Moreover, the practical implementation of DWT  is very sim-
ple. To distinguish between transient phenomena in the power
transformer, energy coefficients and the standard deviation of coef-
ficients at the first level in a time window involving transient
states are used. Since the criteria are defined at the first level,
the proposed algorithm is totally appropriate in terms of speed,
accuracy and computational cost. Practically, the algorithm is also
very easy to implement. To verify the results of the proposed
algorithm, the ultra-saturation phenomenon in IEEE 14-bus test
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