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Abstract

Power transformer plays a vital role in our power system. Every body is aware
of the scenario consumers face once a power transformer goes out of order,
particularly in our country. Owing to its demand, power transformer needs
most uptodate protection scheme. Overcurrent relay, gas relay and differential
relay are the three important relay for power trandformer protection. Faults are
basically two types — through fault and external fault. Inrush is not a fault.
There are a number of papers by different researchers in the country
advocating different philosophies to design a numerical relay or software relay
which can discriminate between a inrush and fault like probanilistic neural
network (PNN), fuzzy logic (FZL), support vector machines (SVM), HS-
transform, wavelet transform (WT), back — propagation neural network (
BPNN), discrete wavelet transform( DWT) etc.

This paper discusses the different types of inrush phenomenon in power
transformer, except CT saturation, highlighting some of the methods to reduce
it and detect it and simultaneously ventures to incorporate such a power
transformer into the power system network and study fault pattern by the aid
of world’s most popular environment, that is MATLAB- SIMULINK and also
discusses some of its advantages.

Keywords: magnetizing inrush, numerical relay, power transformer
protection, matlab-simulink, power system modeling.

Introduction
Power transformer is a very very vital and important Device in power system
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network. many transformers of our country is of british era. The unplanned outage of
a power transformer is costly to power utilities hence the need to minimize the
frequency and duration of unwanted outages. Transformers have three main functions
in electronics; impedence conversion, voltage conversion and isolation. Because of
these three applications, there are specialist types of transformers. For example, signal
transformers are design to match impedences - for example, between a record
cartridge and an amplifier. A power transformer is designed to handle large amounts
of power (as the name implies) and usually converts voltages; they are used in power
supplies and in electrical supply. Accordingly, high demands are imposed on power
transformer protective relays. [ 26-35 ]The operating conditions of transformer
protection, however, do not make the relaying task easy. Protection of large power
transformers is one of the most challenging problems in the area of power system
relaying. Overcurrent, differential and gas accumulation are three types of protection
that are normally applied to protect power transformers Magnetizing inrush inhibit is
one the issues. Traditional second harmonic restraining technique may face security
problems as the level of the second harmonic may drop below the reasonable
threshold setting (around 20%) permanently or for several power system cycles
during magnetizing inrush conditions. This is particularly true for modern
transformers with magnetic cores built with improved materials, but it has a bearing
upon old designs as well [1] Numerical relays capable of performing sophisticated
signal processing functions enable the relay designer to re-visit the classical
protection principles and enhance the relay performance, facilitating faster, more
secure and dependable protection for power transformers [2,3]. Advanced digital
signal processing techniques and recently introduced Artificial Intelligence (Al)
approaches to power system protection provide the means to enhance the classical
protection principles and facilitate faster, more secure and dependable protection for
power transformers. Also it is anticipated that in the near future more measurements
will be available to transformer relays owing to both substation integration and novel
sensors installed on power transformers. All this will change the practice for power
transformer protection. Inrush current refers to the large amount of current that
sometimes occur upon energizing a transformer. Typically, for steady-state operation,
transformer magnetization current is slightly less than 5% of the rated current [3].
However, at the time of energisation, this current may reach 20 times the normal rated
current before quickly damping out and returning to steady state [3]. This damping
effect typically takes less than twelve cycles. The practical inrush current magnitudes
can range from 0.05 to 20 pu, depending on the point on wave of energisation, as well
as the residual flux in the transformer core.

Continuous development of appropriate software packages makes simulation of
power engineering problems more and more effective. However, these analysis tools
differ from each other considerably from the point of view of the applicability to a
special problem. The author demonstrate a widespread environment: MATLAB-
SIMULINK, which can be used to simulate a wide spectrum of dynamic systems.. An
example is presented which demonstrate the capabilities and underline the advantages
of matlab-simulink environment to a power system problem incorporating power
transformer to study fault pattern, which can be subsequently be used for designing
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suitable numerical relay. The paper as such discusses the inrush behaviour, its remedy
in power transformer.

Inrush Detection and Trip Blocking

Transformer inrush refers to the transient exciting current resulting from a sudden
change in the exciting voltage. This occurs at the instant of energization, after the
clearing of an external fault (recovery inrush), or during the inrush period of another
nearby transformer (sympathetic inrush) [7]. Inrush current appears as operate current
to a differential relay so the relay must either a) have sufficient time delay and
insensitivity to the distorted wave so as to not see the event (of course, this is the
undesirable answer) or b) take advantage of the inrush's distinctive waveform to sense
the event and block tripping. The most common means to sense inrush is via the use
of harmonic content in the operate quantity. The second harmonic predominates in
inrush currents [7] and is used in most transformer differential relays, either alone or
in combination with other non-fundamental components, though there are other
waveshape monitoring schemes in a couple relays in the market. The harmonic
sensing relays most commonly block operation if the harmonic(s) in the operate leg
exceed(s) a give percentage of the fundamental component, though some relays on the
market use the harmonic to increase the restraint current. Some relays use a scheme
that uses total harmonic current in all three phases in the analysis of every phase, and
some use a cross blocking scheme, where if one phase is blocked, all phases are
blocked.

Energizing Inrush

Energization inrush is caused by remanence (residual flux) in the core and the point in
the voltage waveform when a transformer breaker closes. If the instantaneous voltage
at energization calls for flux of the same polarity as the remanence, the core is driven
into saturation, creating peak exciting currents that can exceed ten times rated exciting
current. As a comparison, normal steady-state excitation current is about 0.01 to 0.03
times rated. In Fig. A the steady-state flux at the instant of energization matches the
residual flux, so no transient current flows.
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Figure A: trafo is energized without inrush pattern.
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In contrast, in Fig. B, the steady-state flux at energization is at its negative peak.
Combined with a positive remanence, this condition produces the maximum level of
transient current The inrush current is actually much larger in relation to steady-state
current than indicated by Fig. C, in order to keep the figure to a reasonable size.
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Figure B: the inrush pattern when the power trafo is energised.
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Figure C: waveform pattern when the power trafo is energized.

Figure C shows a typical inrush waveform. Note the dead/flat spot where almost
no current is flowing as the core exits and then re-enters the saturated region. The
alternating flat to high peak current contains the second harmonic that a relay uses to
recognize the existence of an inrush condition. Note in the first two to three cycles of
Fig. C's waveform, there is an effective DC component of the waveform. This DC is
causing a flux buildup in the CT steel and a partial saturation of the core.

After about 3 cycles, the flat/dead spot rises above the O current axis, and the
component of current above the 0 current axis is roughly equal to current below the
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axis, indicating the CT is no longer producing any DC offset (even though DC may
exist on the primary), but it is still reproducing at least some of the AC components,
though in a possibly distorted fashion. In extreme cases, the CT can saturate during
the first cycle, so the flat spot in the current waveform never remains at the O current
level for any duration. The decay rate of successive primary-current peaks depends
upon the amount of resistance in the source and the nonlinear inductance of the
transformer. In three phase transformer differential relays, the differential relay has
the ability to monitor harmonic levels in all three phase differential comparators at the
same time; hence, it makes a decision that an inrush condition exists on a three phase
basis, rather than on a per phase basis.

Recovery Inrush

A recovery inrush occurs at the clearing of an external fault as a result of the sudden
increase in voltage from the depressed and unbalanced level that exists during the
fault. This voltage transient causes a flux transient, with accompanying abnormally
high exciting current. The current level is less than that seen during transformer
energization.

Sympathetic Inrush

The current Ip in Fig. D shows sympathetic inrush current in transformer T1, resulting
from the energization of an adjacent transformer T2. The decaying DC component of
current Ie flowing in T2 develops a drop in the source impedance Rs and Xs,
producing pulses of inrush current Ip on the alternate half cycles. Note the delayed
buildup of Ip. The severity of the sympathetic inrush is a function of the level of DC
voltage drop across the source impedance. A common set of differential relays should
not be used to protect both T1 and T2 transformers in Fig. D if they can be switched
separately. The sum of the two transformer currents, Is, may not contain sufficient
harmonics to restrain the relays once transformer T1 saturates severely.
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Figure D: concept of sympathetic inrush.

Causes of Magnetizing Inrush
Magnetizing inrush currents in power transformers results from any abrupt change of
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the magnetizing voltage. Although usually considered a result of energizing a
transformer, the magnetizing inrush may be also caused by:

a. occurrence of an external fault,

b. voltage recovery after clearing an external fault,

c. change of the character of an external fault, and

d. out-of-phase synchronizing of a near-by generator.

Since the magnetizing branch representing the core appears as a shunt element in
the transformer equivalent circuit, the magnetizing current upsets the balance between
the currents at the transformer terminals, and is therefore experienced by the
differential relay as a “false” differential current.

Inrush due to switching-on

Initial magnetizing due to switching a transformer on is considered the most severe
case of an inrush. When a transformer is de-energized, the magnetizing voltage is
taken away, the magnetizing current goes to zero while the flux follows the hysteresis
loop of the core. This results in certain remanent flux left in the core. When,
afterwards, the transformer is re-energized by an alternating sinusoidal voltage the
flux gets biased by the remanence. The residual flux may be as high as 80-90% of the
rated value [1], and therefore, it may shift the flux-current trajectories far above the
knee-point of the characteristic resulting in both large peak values and heavy
distortions of the magnetizing current. Figure E shows a sample inrush current.
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Figure E: sample inrush current.
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Figure F: its 2™ harmonic ratio

The waveform displays a large and long lasting dc component, is rich in
harmonics, assumes large peak values at the beginning, decays substantially after a
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few tenths of a second, but its full decay occurs only after several seconds. The shape,
magnitude and duration of the inrush current depend on several factors. They are [1]:
a. Size of a transformer.
b. Impedance of the energizing system.
c. Magnetic properties and remanence of the core.
d. Point-on-wave (phase angle) and way (inner, outer winding, type of
switchgear) the transformer is switched on.

Inrush Explained in Detail

When a transformer is initially energized, there is a substantial amount of current
through the primary winding called inrush currents. The rate of change of
instantaneous flux in a transformer core is proportional to instantaneous voltage drop
across the primary winding. The voltage of the transformer is a derivative of the flux,
and the flux is the integral of the voltage. In a normal operation, the voltage and the
flux are phase-shifted by 90 as shown in figure F

e = voltage

i = coil current

Figure F: Voltage, Magnetic Flux, Current Wave Forms.

When the transformer is energized at the moment in time when the instantaneous
voltage is at zero, the flux and current build up to their maximum level as shown in
figure G

e =voltage

i = coil current

=

X

Instant in time when voltage is zero,
during continuous operation.

Figure G: Transformer Enerzised When Voltage at Zero.
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In a transformer that has been sitting idle, both the magnetic flux and the winding
current should start at zero. When the magnetic flux increases in response to a rising
voltage, it will increase from zero upwards. Thus, in a transformer that is energized,
the flux will reach approximately twice its normal peak magnitude as shown in figure
H

7\

Instant in time when voltage is zero,
from a "cold start" condition.

Figure H: Transformer Enersised When Flux At Zero.

In an ideal transformer, the magnetizing current would rise to approximately twice
its normal peak value [8]. However, most transformers are not designed with enough
margins between normal flux peaks and the saturation limits. During saturation,
disproportionate amounts of mmf are needed to generate magnetic flux. This means
that the winding current, which generates the mmf to cause flux in the core, will
disproportionately rise to a value exceeding twice its normal peak as shown in figure
I. This is what causes inrush currents in a transformer’s primary winding when
energized.

current peak much
4 ~— greater than normal!

Instant in time when voltage is zero,
from a "cold start" condition.

Figure I: Transformer Enerzised When Voltage At Zero.
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The magnitude of the inrush current strongly depends on the exact time that
electrical connection to the source is made [8]. If the transformer happens to have
some residual flux in its core at the moment of energisation, the inrush could even be
more severe as shown in Figure J
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Figure J: Transformer energisation with residual flux [2].

The magnitude of this inrush current can be several times the load current and
flows only on one side of the differential relay, which tends to operate if some form of
restraint is not provided [14]. Typical second harmonic content of inrush current due
to the energisation of a power transformer simulated using Matlab/Simulink is shown

in Figure K.
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Figure K: 2" Harmonic In Inrush.
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Transformer Inrush Magnitude.

The voltage incidence angle and the residual flux are the main factors that determine
the first peak of the inrush current. The results also showed that the greatest inrush
currents occur when the transformer is switched at 0°. The least amplitude occurs
when the voltage 1s at 90° and 270°. The system time constant (L/R) determines how
fast the inrush current diminishes. The time constant for the decaying current is in the
range of 0.1 seconds for small transformers, 100kVA and below and in the range of 1
second for larger units. The other factor that affects magnetizing inrush is the
magnetic properties of the core material. The magnetizing inrush is more severe when
the saturation flux density of the core is low. Most transformer core material have flux
densities of 1.5 to 1.75 Tesla. Transformers operating closer to the latter value display
lower inrush currents [21]. In general, however, the magnitude of the inrush current is
a random factor and depends on the point of the voltage waveform at which the
switchgear closes, as well as on the sign and value of the residual flux. It is
approximated that every 5™ or 6" energization of a power transformer results in
considerably high values of the inrush current [21]

Effect of Inrush Currents on Differential Protection

The inrush current of a transformer can be as high as between 5-10 times of the rated
transformer current. This current appears only on one side of the transformer and is
not reflected on the other side of the transformer. This causes an imbalance on the
currents appearing on the transformer differential relay. This imbalance will be seen
as a differential current and will cause the differential relay to trip. Since an inrush
condition is not a fault condition, the operation of a differential relay from an inrush
condition should be avoided.

Gapping the Core as Remedy
Most power transformers are built with high permeability steel cores [16]. The
problem of using high permeability core materials is that inrush currents are
increased. To solve the inrush problems, transformer manufacturers resort to gaps
in the core. Gapping is an expensive production methodology and is difficult to
control and test. In addition, gapped transformers become acoustically noisy. Most
suppliers have proprietary technology (gapless) that produce toroidal transformer that
have reduced inrush currents.. It is important that the second harmonic peak of
transformers is known for setting of second harmonic restraint threshold

Other Approaches as Remedy
Other approaches include
e  Waveform-based algorithms [2].
e Model methods [4,5].
e Differential power method [6].
o Flux-based method [7].

They do not address the problem entirely
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Differential protection restraint to magnetizing inrush current as remedy
Early transformer differential relay designs used time delay, or a temporary
desensitization of the relay to overcome the inrush current [15]. This technique
increased the time to operate. Other designs used an additional voltage signal to
restrain or to block the differential relay operation. However, for a stand-alone
differential relay the additional voltage signal is not always available.

The methods presently used to differentiate between inrush currents and internal
faults fall in two groups: those using harmonics to restrain or block relay operation,
and those based on wave shape identification.

Harmonic-based methods as remedy

The magnetizing inrush currents have high component of even and odd harmonics.
Table B shows typical amplitudes of the harmonics, compared with the fundamental
(100%) [8]. Given that harmonic content of the short circuit currents is negligible, the
harmonic based methods are used for either restraining or blocking the relay from
operation during initial current inrush. Harmonic-based methods allow the differential
relay to remain sensitive to fault currents while keeping the relay from operating due
to magnetizing currents.

Table B: Percentage of harmonics in typical magnetizing inrush current.

Harmonic components in Magnetizing | Amplitude (% of Fundamental)
Inrush Current

DC 55

2" Harmonic 63

3" Harmonic 26.8

4™ Harmonic 5.1

5" Harmonic 4.1

6" Harmonic 3.7

7" Harmonic 2.4

Harmonic restraint techniques as remedy

The original harmonic-restrained differential relay used all the harmonics to provide
the restraint function [11], [12], [13]. The resulting high level of harmonic restraint
provided security for inrush conditions at the expense of operating speed for internal
faults with current transformer saturation. As a result, the harmonic-restrained
differential relay compares the fundamental component of the operating current with a
restraint signal consisting of the unfiltered restraint current plus the harmonics of the
operating current.

The differential relay operation condition can be expressed as;

1,,2SLP.1, +k)1,, + k1, +....., Equation Al
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where,

Lop is the fundamental component of the operating current
| Y are higher harmonics of the operating current

I is the unfiltered restraint current

ki, ko are the constant coefficients

A more recent set of techniques use only the second harmonic to identify currents
and the fifth harmonic to avoid maloperation for transformers due to over-excitation
[9]. The basic operating equation for one phase can be expressed as follows:

1,, 2SLP.1, +k,I,, +ksl; Equation A2

Common harmonic restraint for three-phase transformer differential protection is a
technique where the harmonic restraint quantity is proportional to the sum of the
second and the fifth-harmonic components of the three relay elements. The relay
operation is of the following form:

3
1,,2SLP.I, +) (k1 +ksls,,) Equation A3

n=l1

Harmonic-Restrain Techniques as further remedy
Typically, numerical transformer differential relays use second and fifth-harmonic
locking logic [9]. A tripping signal requires that the following conditions are satisfied

1,,2SLP.I, Equation A4
1, <k)l,, Equation AS
1, <k, Equation A6

In Figure L (A& B) are shown the logic diagrams of harmonic restraint and
harmonic blocking differential elements.
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(a) Harmonic restraint
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Trip
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(b) Harmonic blocking

Figure L: Logic diagrams of differential elements employing harmonic-based
methods.

In Figure M (A&B), the three-phase version of the logic diagrams of independent
harmonic blocking differential element and independent harmonic restrain are shown
[9]. The relay consists of three differential elements of the types shown in Figure M.
In both cases, a tripping signal results when any one of the relay elements asserts.
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R2
R3

(A) Independent harmonic restraint
R1

BL1 pu—

R2

rip

BL2 —

R3 u—

BL3 -

U U

(B) Independent harmonic blocking

Figure M: Logic diagrams of three-phase differential elements employing harmonic
based methods.
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Wave shape recognition methods as remedy
Other methods for differentiating between internal faults and inrush conditions are
based on analysis of the waveform of the differential current [25]. Wave shape
recognition methods are divided between those methods that are based on the
identification of the separation of different current peaks [16], [17], [18], [19], [20]
and those methods that use DC offset or asymmetry in the differential current [21],
[22], [23], [24].

A well-known principle [18], [19] recognizes the length of the time intervals
during which the differential current is near zero. In Figure N is depicted the basic
concept behind this low current differential method.
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Figure N: Differential relay blocking based on recognition of low-currents intervals.

Matlab-Simulink Environment

There are numerous widespread commercial software tools used by power engineers
for electrical circuit simulation purposes. It is, however, a challenging and time
consuming task to get acquainted with all the details and specialities of such a
program, that's why the majority of the users is not inclined to keep tabs on the
evolution of similar products or does not even know them. This paper also aims to
model a power system, incorporating our much discussed power transformer using
MATLAB-SIMULINK and finding results on creating faults. The same result can be
taken use of in some other powerful algorithm like s-transform, gauss- Newtonian
algorithim, probabilistic neural network and fuzzy logic to devise numerical
protection scheme for power transformer. This is beyond the scope of this paper. The
SIMULINK was created to model general dynamic systems using MATLAB
simulation engine.

In matlab sources can be DC voltage source, AC voltage or current source,
External controlled voltage or current source (controlled by an arbitrary signal), 3-
phase programmable control source (time variation of amplitude, phase and frequency
by step, ramp or modulation, 2 harmonics in addition). Sources driven by arbitrary
signals can be realised in matlab programs., In MATLAB harmonics and symmetrical
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components can be easily generated. In matlab switches are Single and three-phase
logical controlled (opens at next current zero-crossing) ideal switch (parallel to an RC
snubbercircuit). MATLAB offers a much wider range of measuring devices, which
makes it simpler to process the simulated signals. The dominance of MATLAB in the
signal processing area is visible. The values of the "Sinks" of MATLAB can be seen
on-line during the simulation, and the values of most elements can be changed on-line
(by "pausing" the simulation and entering another value).. MATLAB offers
widespread and numerous built-in functions. Matlab have components that can be
developed by the user either in Matlab's programming language or C or Fortran..
Matlab have Controller blocks: PID, fuzzy, neural networks, etc. Optimal control
toolbox _ DSP blockset_ Fixed point blockset Data acquisition and system
identification toolboxes. With certain restrictions a C code can be generated from the
models and this code can be compiled to an executable file. MATLAB models can
communicate with other Windows programs over DDE or ActiveX protocol.

POWER SYSTEM CASE realised in MATLAB-SIMULINK environments

The following study has been realized in MATLAB-Simulink (see Fig O.).. It consists
of a 60 km transmission line connected to a 120 kV three-phase network feeding a 40
MVA inductive/resistive load supplied at 10 kV over a 40 MVA YgDI11 transformer.
The capacitors located at both sides of the transformer substitute the D-winding stray
capacitance (secondary side) and the bus bar capacitance to the ground (primary side).
A single-phase fault occurs at 1/3rd of the line at 0.044 sec (1 ms before the voltage
peak in phase A). The fault is cleared by the protection at the supply side at 0.1 sec
and at the remote end at 0.2 seconds.
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Figure O: Model in MATLAB-Simulink.

Fig P downwards shows the current flowing from the supply and remote network
to the fault. The latter component has relatively small amplitude because it is the zero
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sequence return current of the Y/[Jtransformer. It can be observed that the circuit
breaker located at the left side opens at the first current zero after 0.1 sec, the right
side breaker opens after 0.2 sec.
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Figure P: Components of the fault current (currents in phase A from the left and the
right)
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Figure Q: Voltages at the primary and the secondary side of the transformer (phase
A).

Conclusion

When a transformer is energized, there is large amount of inrush current generated in
its primary winding. This current appears only on one side of the transformer and is
not reflected on the other side of the transformer. This causes an imbalance of the
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currents appearing at the transformer differential relay. This imbalance will be seen as
a differential current and will cause the differential relay to trip. Since an inrush
condition is not a fault condition, the operation of a differential relay during an inrush
condition must be prevented.

There are several ways of restraining the differential relay from operating during
inrush. These include desensitizing of relays; wave shape recognition techniques and
harmonic based methods. Desensitization method is no longer being practised. Wave
shape recognition methods are still relatively new and not widely practised. Harmonic
based methods are widely practised. The inrush current has a large harmonic
component which is not present in fault currents. Inrush currents generate harmonics
with second harmonic amplitudes as high as 65% of the fundamental. This is used by
harmonic restraint relays to distinguish between faults and inrush.

The harmonic restraint method adds the harmonic component of the operate
current to the fundamental component of the restraint current, providing dynamic
restraint during transformer inrush. Harmonic restraint methods ensure relay security
for a very high percentage of transformer inrush currents. Properly setting and
adjusting the second harmonic restraint percentage reduces the blocking time of
differential protection during inrush. It also provides relay reliability to internal faults
and stability to external faults.

Harmonic restraint methods may not be adequate to prevent differential element
operation for unique cases with very low harmonic content in the operating current.
Modern methods for differentiating inrush current from fault current may be required
to ensure security without sacrificing fast and dependable operations when energising
a faulted transformer. Further research is required in methods such as wavelet-based
techniques, s-transform, adaline pso fuzzy, fast gauss Newtonian methods, pnd
harmonic phase angle algorithm etc for discrimination of internal faults from
magnetizing inrush currents in power transformers. MATLAB offers more
possibilities in power electronics, signal processing and control. The paper also
presents an example that demonstrate the mainstays of MATLAB-SIMULINK
software superiority.

References

[1] Karsai K, Kerenyi D, Kiss L, 1987, “Large Power Transformers”, Elsevier,
New York, USA.

[2] Kasztenny B, Kezunovic M, 1998, “Improved Power Transformer Protection
using Numerical Relays”, IEEE Computer Applications in Power, 11/4, 39-45.

[3] Giuliante T, Clough G, “Advances in the Design of Differential Protection for
Power Transformers”, 1995, Texas A&M University Conference for Protective
Relay Engineers, College Station, Texas, USA.

[4] Inagaki K, Higaki M, Matsui Y, Kurita K, Suzuki M, Yoshida K, Maeda T,
“Digital Protection Method for Power Transformers Based on an Equivalent
Circuit Composed of Inverse Inductance”, 1988, IEEE Transactions on Power
Delivery, 3/4, 1501-1508.



100

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]

[18]
[19]
[20]
[21]

[22]

J.P. Patra

Sidu T S, Sachdev M S, Wood H C, “Detecting Transformer Winding Faults
using Non-Linear Models of Transformers”, 1989, 4th International
Conference Developments in Power System Protection, IEE Publication
No.302, 70-74.

Yabe K, “Power Differential Method for Discrimination between Fault and
Magnetizing Inrush Current in Transformers”, 1997, IEEE Transactions on
Power Delivery, 12/3, 1109-1118.

Thorp J S, Phadke AG, “A New Computer Based Flux Restrained Current
Differential Relay for Power Transformer Protection”, 1983, IEEE
Transactions on Power Apparatus and Systems, PAS-102/11, 3624-3629.

J. H. Brunke, J.K. Frohlich, "Elimination of Transformer Inrush Currents by
Controlled Switching, "IEEE Transactions On Power Delivery, vol. 16, no. 2,
April 2001.

AM. Guzman and S. Zocholl, “Performannce analysis of traditional and
improved transformer differential protective relays”

A Guzman and S.Zocholl “ A current based solution for transformer differential
protection — part 1:Problem Statement”,” IEEE Trans. Power Delivery, volume
16 no.4 pp. 485491, 2001

B.Kasztenny and M.Kezunovic, “Improved Power Transformer Protection
Using Numerical Relays”, IEEE Computer Applications in Power, Vol.11,
No.4, October 1998, pp.39-45.

K.Karsai, D.Kerenyi and L. Kiss, “Large power transformers”, Elsevier, New
York, 1987.

W.A. Elmore “Protective relaying, Theory and Applications,” Marcel Dekker,
New York, 1994

M.Manana, S. Perez and G. Renedo ““ Effects of Magnetising Inrush Current”

J. Lewis Blackburn, “Protective Relaying,” Marcel Dekker Inc., 1987.
B.Gladstone and M van der Veen “Transformer Based Solutions to Power
Quality Problems” Power System World, 2001

B. Kasztenny, A. Kulidjian, B. Campbell, M. Pozzuoli, “Operate and Restraint
Signals of a Transformer Differential Relay”, 54th Annual Georgia
TechProtective Relaying Conference, May 2000.

W. A. Elmore, “Protective Relaying. Theory and Applications,” Second
Edition, Marcel Dekker Inc., 2004.

L F. Kennedy and C. D. Hayward, “Harmonic-Current-Restrained Relays for
Differential Protection,” AIEE Transactions, Vol. 57, May 1938, pp. 262-266.
C. D. Hayward, “Harmonic-Current-Restrained Relays for Transformer
Differential Protection,” AIEE Transactions, Vol. 60, 1941, pp. 377-382.

C. A. Mathews, “An Improved Transformer Differential Relay,”
AlIEETransactions, Vol. 73, Part III, June 1954, pp. 645-650.

R. L. Sharp and W. E. Glassburn, “A Transformer Differential Relay with
Second-Harmonic Restrain,” AIEE Transactions, Vol. 77, Part III, Dec. 1958,
pp- 913-918.



A Discussion on Power Transformer 101

[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

[34]
[35]

C. H. Einval and J. R. Linders, “A Three-Phase Differential Relay for
Transformer Protection,” IEEE Transactions PAS, Vol. PAS-94, No. 6,
Nov/Dec 1975, pp.1971-1980.

P. G. McLaren, K. Mustaphi, G. Benmouyal, S. Chano, A. Girgis, C. Henville,
M. Kezunovic, L. Kojovic, R. Marttila, M. Meisinger, G. Michel, M. S.
Sachdev, V. Skendzic, T. S. Sidhu, and D. Tziouvaras, “ Software Models for
Relays”, IEEE Transactions on Power Delivery, Vol. 16, No. 12, April 2001,
pp- 238-45,

CM. Ong “Dynamic Simulation of Electical Machinery using
Matlab/Simulink” Prentice Hall, 1998

electric machinery fundamentals, 4/e, chapman s.j, mc graw hill edition
vasitinsky s.b, principle, operation and design of power transformers, 1962

rao sunil s, power transformers and special transformers, 3/e, khanna
publishers, delhi

the generalized theory of electrical machines by p s bimbhra, khanna
publishers, new delhi

electric machinery and transformers, 3/e, guru b.s, hiziroglu r.h, oxford
university press, Indian edition.

Matlab software version 7.9

J & P transformer hand book, 11/e, franklin a.c, franklin d.p, aditya books, new
delhi,

Power syatem protection by patra basu and choudhury, oxford and ibh
publication, new delhi

Switch gear and protection by sunil s rao., khanna publisher, delhi

digital protection for power system, johns a t, salman s k, IEE Publication



102 J.P. Patra

Authors Biography
' Er. J.P. Patra was born on 12.9.1965, at Bhubaneswar, India. He
received his Bachelore’s Degree in Electrical Engg. from Sambalpur
University, Orissa, India in the year 1988. He also received his
bachelor’s degree in law from Utkal University, Bhubaneswar in the
year 2002. HE received his master’s degree in electrical power
system from IASE University, Rajasthan, India in the year 2008. He
is presently persuing his 3nd year of Doctoral Degree with SOA
University, Bhubaneswar, India. He was a former Senior Scientific Officer of the
Ministry of Defence, Govt. of India, belonging to the Defence Aeronautical Quality
Assurance Service (DAQAS) at Bangalore, India. He was also a former Engineer at
the National Sugar Instt. at Kanpur (UP), India. He has been in the Orissa Technical
Education Profession since last more than 10 years, as a full time faculty. Presently,
he is teaching in UG and PG level in CV Raman Engg. College, Bhubaneswar as an
Asst Professor in Electrical Engg. His areas of interest include distributed generation,
power apparatus and systems. He is presently life member of many prestigious
professional technical bodies like IE, ISTE, ISCA, OEC in India and also a graduate
student member of IEEE.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


