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Preface

As the heart of the power system, the power transformer is crucial for the safety and stability of the power
system, and the reliability of the protection arranged for the power transformer becomes a critical factor
in guaranteeing the security of the system. Nevertheless, according to existing fault reports in the power
industry, it is accidental event for the differential protection to mal-operate under some operating con-
ditions. With the growing complexity of the power system structure and its components, the differential
protection mal-operation events revealed have become an area of intense investigation in order to elimi-
nate potential uncertainty and danger. Moreover, the electric circuit and the magnetic circuit, coupling in
conjunction with each other, make the above phenomena even more intricate, as transformer switching
events may cause electromagnetic transients. These phenomena remain an open issue and comprehensive
studies are needed. However, while it is clearly essential to find out the origin of the abnormal opera-
tional behaviour in the power transformer, basic theory about electromagnetic transients in the power
transformer is currently lacking. This book is published to address this problem directly.

The content of this book is arranged as follows: Chapter 1 defines the fundamental principle of the
power transformer differential protection and some problems in this background. Second harmonic
restraint based differential protection of Ultra High Voltage (UHV) power transformers is also investi-
gated in this chapter. Chapter 2 attempts to study the unusual mal-operation of the differential protection
of the transformer caused by ultra-saturation phenomena. In Chapter 3, appropriate theoretical bases
for the existing protection method are discussed, preliminary comparative studies between phase
current based and superimposed current based differential criteria are conducted and the results are
compared. The main focus of Chapter 4 is on inrush identification by means of several novel schemes.
Chapter 5 deals with the problems revealed in Chapter 4, with new methods put forward to eliminate
the magnetizing inrush. Simulation verifications for the methods are also proposed.

The book is intended for graduate students in electric power engineering, for researchers in correlative
fields or for anyone who wishes to keep an eye on the power transformer and the power system. We also
gratefully acknowledge the technical assistance of State Key Laboratory of Electromagnetic Engineering,
School of Electrical and Electronic Engineering, Huazhong University of Science and Technology. The
work was also partly supported by the National Natural Science Foundation of China (project numbers
50177011, 50407010, and 50777024). The authors are continuing their research in this field and would
welcome contact with new ideas or if there is any confusion generated.

Xiangning Lin
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1
Principles of Transformer
Differential Protection and
Existing Problem Analysis

1.1 Introduction

With the development of the electric power industry, large capacity power transformers are more and
more widely applied in power systems. As the heart of the whole power system, the performance
of the transformer directly affects the continuous and stable operation of the whole power system.
In particular, once a modern transformer of large capacity, high voltage, high cost and complicated
structure is destroyed by a fault, a series of problems will emerge, such as wide-ranging impact, difficult
and lengthy maintenance, and great economic loss. Statistics show that during the years 2001–2005,
the average correct operating rate of transformers 220 kV and above is only up to 79.97%, far below the
correct operating rate of line protection (more than 99%).

Differential protection is one of the foremost protection schemes used in the power transformer. The
theoretical foundation of differential protection is Kirchhoff’s current law (KCL), which is applied
successfully in the protection of transmission lines and generators. However, there are many problems
when it is necessary to identify transformer internal faults under various complicated operation condi-
tions [1]. From the perspective of an electric circuit, the transformer’s primary and secondary windings
cannot be treated as the same node, with the voltage on each side being unequal. Besides, the two sides
are not physically linked. In terms of basic principle, transformer differential protection is based on the
balance of the steady magnetic circuit. However, this balance will be destroyed during the transient
process and can only be rebuilt after the transient process is finished. Therefore, many unfavourable
factors need to be taken into account in the implementation of transformer differential protection:

• Matching and error of the current transformer (CT) ratio.
• Transformer tap change.
• Transfer error of the CT increases during the transient process of the external fault current.
• Single-phase earth fault on the transformer’s high voltage side via high resistance.
• Inter-turn short circuit with outgoing current.
• The magnetizing inrush.

With respect to the scenarios listed above, solutions to the first five mainly rely on the features of the
differential protection. The tripping resulting from the inrush current needs to be blocked for the purpose

Electromagnetic Transient Analysis and Novel Protective Relaying Techniques for Power Transformer,
First Edition. Xiangning Lin, Jing Ma, Qing Tian and Hanli Weng.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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2 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

of preventing mal-operation. In this section, various problems in current differential protection principles
and inrush current blocking schemes are firstly studied and discussed. Then, some novel principles for
transformer main protection are proposed and analyzed. Simulation and dynamic tests are carried out
to verify the validity and feasibility of the novel principles. By comparative research, the development
route of the transformer main protection technology is given.

Compared with EHV (Extra High Voltage) power systems, the electromagnetic environment of UHV
(Ultra High Voltage) systems is more complex. Meanwhile, the configuration and parameters of an UHV
transformer differ from an EHV transformer. In this case, the preconditions of applying transformer
differential protection correctly rest with the modelling of the UHV power transformer reasonably and
appropriate analysis of corresponding electromagnetic transients. The autotransformer is the main type
of UHV transformer. However, the model of the autotransformer is not available in most simulation
software. An ordinary countermeasure is to replace the autotransformer by the common transformer
when executing electromagnetic transient simulations. In this case, the effect of magnetic coupling can be
included but the electric relationship between the primary side and the secondary side cannot be involved.
One of the existing models adopts the flux linkage as the state variable and includes the nonlinearity
of the transformer core. It is clear in terms of concept but too complex to perform in many cases. In
contrast, a new transient simulation model of the three-phase autotransformer is described, in which
the controlled voltage and current sources are developed with the modified damping trapezoidal method,
which is engaged to form the synthetic simulation model. In this case, both the efficiency and the precision
of simulations are improved. However, this type of model will be more reasonable if it takes into account
the nonlinearity of magnetizing impedance. Furthermore, the electromagnetic transient simulations in the
UHV electromagnetic environment are new challenges, especially when including the UHV transmission
line with distributed parameters.

Differential protection is usually the main protection of most power transformers. The key problem
for the differential protection is how to distinguish between the inrush caused by unwanted tripping or
clearing the external fault and fault currents rapidly [2–4]. The traditional methods of identifying the
inrush are based on the theories of second harmonic restraint and dead angle. The flux saturation point
becomes lower with the improvement of iron materials. The percentage of the second harmonic in the
three-phase inrush current is probably lower than 15% in the case of higher residual magnetism and ini-
tial fault current satisfying certain constrains; the lowest might be under 7% with the relative dead angle
smaller than 30∘. The transformer differential protection cannot avoid the mal-operation regardless of
whether second harmonic restraint and dead angle based blocking schemes are adopted. The theory of
identifying the inrush using currents and voltages faces the problem of low sensitivity because of the
difficulty of acquiring precisely the parameters of transformers. On the other hand, if the percentage of
the second harmonic within the fault current is greater than 15%, this will cause a time delay in tripping
of the protection based on the second harmonic criterion. This is due to the long-distance distributed
capacitance and series compensation capacitance resonance in the high voltage power systems. The per-
centage of the harmonic will be larger if the characteristic of CT is not good (easy to saturate) and the
differential protection cannot operate with the restraint ratio of 15%. Therefore, it is necessary to find a
new criterion to identify the inrush for optimizing the characteristic of the differential protection of the
power transformers.

1.2 Fundamentals of Transformer Differential Protection

1.2.1 Transformer Faults

Transformers are used widely in a variety of applications, from small-size distribution transformers serv-
ing one or more users to very large units that are the essential parts of the bulk power system. Moreover, a
power transformer has a variety of features, including tap changers, phase shifters, and multiple windings,
which requires special consideration in the protective system design.
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Principles of Transformer Differential Protection and Existing Problem Analysis 3

Transformer faults are categorized into two classes: external faults and internal faults.
External faults are those that occur outside the transformer. These hazards present stresses on the

transformer that may be of concern and may shorten the transformer life. These faults include: over-
loads; overvoltage; underfrequency; and external system short circuits. Most of the foregoing conditions
are often ignored in specifying transformer relay protection, depending on how critical the transformer
is and its importance in the system. The exception is protection against overfluxing, which may be
provided by devices called ‘volts per hertz’ relays that detect either high voltage or underfrequency,
or both, and will disconnect the transformer if these quantities exceed a given limit, which is usually
1.1 per unit.

Internal faults are those that occur within the transformer protection zone. This classification includes
not only faults within the transformer enclosure but also external faults that occur inside the current
transformer (CT) locations. Transformer internal faults are divided into two classifications for discussion;
incipient faults and active faults.

Incipient faults are those that develop slowly but which may develop into major faults if the cause
is not detected and corrected. They are of three kinds – transformer overheating, overfluxing, or
overpressure – and usually develop slowly, often in the form of a gradual deterioration of insulation
due to some causes. This deterioration may eventually become serious enough to cause a major arcing
fault that will be detected by protective relays. If the condition can be detected before major damage
occurs, the needed repairs can often be made more quickly and the unit placed back into service without
a prolonged outage. Major damage may require shipping the unit to a manufacturing site for extensive
repair, which results in an extended outage period.

Active faults are caused by the breakdown in insulation or other components that create a sudden
stress situation that requires prompt action to limit the damage and prevent further destructive action.
They occur suddenly and usually require fast action by protective relays to disconnect the transformer
from the power system and limit the damage to the unit. For the most part, these faults are short circuits
in the transformer, but other difficulties can also be cited that require prompt action of some kind. The
following classifications of active faults are considered:

1. Short circuits in Y-connected windings
(a) Grounded through a resistance
(b) Solidly grounded
(c) Ungrounded.

2. Short circuits in Δ-connected windings.
3. Phase-to-phase short circuits (in three-phase transformers).
4. Turn-to-turn short circuits.
5. Core faults.
6. Tank faults.

1.2.2 Differential Protection of Transformers

The most common method of transformer protection uses the percentage differential relay as the primary
protection, especially where speed of fault clearing is considered important. The trend in standards for
reduced fault-withstand time in power transformers requires that fast clearing of transformer faults be
emphasized.

As shown in Figure 1.1, İ1, İ2 represent the transformer primary currents and İ′1, İ
′
2 represent the corre-

sponding secondary currents. Differential current in the relay KD can be given by:

İr = İ′1 + İ′2 (1.1)

The operating criterion is as follows:
Ir ≥ Iset (1.2)
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4 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

+
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Figure 1.1 The wiring diagram of differential protection for a double winding transformer

Iset means the operation current and Ir = |İ′1 + İ′2| represents the root mean square (RMS) value of the
differential current.

If setting transformer ratio nT = U1∕U2, Equation (1.1) can be rewritten as:

İr =
İ2

nTA2

+
İ1

nTA1

(1.3)

İr =
nT İ1 + İ2

nTA2

+
(

1 −
nTA2nT

nTA2

)
İ1

nTA1

(1.4)

If nTA2

nTA1
= nT , we can know that İr =

nT İ1+İ2
nTA2

. Having ignored the transformer loss, the differential current

İr will be zero during normal operation or when experiencing transformer external faults. In this case,
the protection will not activate. When an internal fault exists, it will produce an additional fault current,
which makes the differential protection operate.

We always use three-winding transformers in the real power system, usually with Y/Δ-11 connection
(Figure 1.2).

In Figure 1.2, ia, ib, ic represent the currents on the windings and iA, iB, iC represent the currents on the
Y-windings; ua, ub, uc represent the voltages of the windings and uA, uB, uC represent the voltages of the
Y windings; iLa, iLb, iLc represent line currents of phase A, B, C on the windings.

For the winding differential protection principle, the differential current between the two sides can be
calculated according to Figure 1.2:

⎡⎢⎢⎣
Ida

Idb

Idc

⎤⎥⎥⎦ =
⎡⎢⎢⎣
1 0 0
0 1 0
0 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
Ia

Ib

Ic

⎤⎥⎥⎦ + K
⎡⎢⎢⎣
1 0 0
0 1 0
0 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
IA

IB

IC

⎤⎥⎥⎦ (1.5)

In Equation (1.5), K = UY√
3UD

= wY

wD
.

a

b

c

*

*

*

*

*

*

A

B

C

iLa

iLb

iLc

ia iA

iB

iC

ib

ic

Figure 1.2 Three-phase transformer with Y/Δ-11 connection
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Principles of Transformer Differential Protection and Existing Problem Analysis 5

1.2.3 The Unbalanced Current and Measures to Eliminate Its Effect

Due to differences in transformer ratios and CT accuracy, unbalanced current may exist in the CT sec-
ondary currents during external faults which could influence differential protection’s correct operation.

There are three sources of error that tend to cause unbalanced currents:

1. Tap changing in the power transformer
2. Mismatch between CT currents and relay tap ratings.
3. Differences in accuracy of the CTs on either side of the transformer bank.

As illustrated, the unbalanced current produced by the difference of transformation ratio and trans-
former error is related to the through current caused by transformer external faults. With an increase
in the through current, the unbalanced current also increases. This feature is the basis of the operating
principle of the differential relay with restrained characteristics. When a restraint current, which can
reflect the size of transformer, is introduced, the operating current of the relay will not be set to avoid the
maximum through current (Ik⋅max) but will be automatically adjusted according to the restraint current.
For a two-winding transformer, since İ2 = −İ1 (when an external fault occurs), it can be concluded that
Ires = I1. Besides, we have Iunb = f (Ires), since the unbalanced current is related to the fault current. Hence,
the operation equation of the differential relay with restrained characteristics is given by Ir > Krel f (Ires),
where Krel is the reliability coefficient.

The relationship between the differential current (Ir) and restraint current (Ires) is demonstrated in
Figure 1.3. Obviously the differential relay will act only when the differential current is above the curve
of Krel f (Ires). So the curve of Krel f (Ires) is defined as the restrained characteristic of the differential relay.
The area above the curve is the action area while the area below is the restraint area.

Figure 1.3 shows that the curve Krel f (Ires) is a monotonously rising function. When Ires is small, the
transformer is unsaturated, therefore the curve Krel f (Ires) is in proportion to Ires. As Ires increases and
becomes large enough to set the transformer saturated, the changing rate of curve Krel f (Ires) will increase,
thus the curve becomes nonlinear.

Since the transformer saturation depends on many factors, the nonlinear part of the restrained charac-
teristic is difficult to measure. Hence, the actual restrained characteristic must be simplified. Generally
in differential protection, the ‘two broken line’ characteristic is widely used, with a straight line parallel
to the coordinate axis and an oblique line represented by Iset.r. In Figure 1.3, the oblique line intersects
with the horizontal line at point g and with the curve Krel f (Ires) at point a. In correspondence to point g,
the action current is the minimum action current; the restraint current corresponding to the action current
is defined as the inflection point current. When Ires < Ires.max, Iset.r is less than Krel f (Ires) permanently,
this ensures that the differential relay will not mal-operate under any external fault. However, this leads
to decrease of the protection sensitivity under internal faults. The unbalanced current, such as the exci-
tation current and noise caused by the restraint current in measurement circuit, also requires the setting

Ir

Iset.max

Iset.min

Ires.g Ires.max

Iset.r

Ires

g

a

0

Krel. f (Ires)

Figure 1.3 The restrained characteristic of relay
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6 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

of a minimum action current. Otherwise mal-operation may result. The mathematical expression of the
restrained characteristic is:

Iset.r =

{
Iset.min

K
(
Ires − Ires.g

)
+ Iset.min

Ires < Ires.g

Ires ≥ Ires.g

where K represents the slope of the restrained characteristic:

K =
Iset.max − Iset.min

Ires.max − Ires.g

Apart from the restraint current, the transformer inrush current will also cause unbalanced current,
which also calls for discussion.

When a transformer is first energized, there is a transient inrush of current that is required to establish
the magnetic field of the transformer. The mechanism of inrush generation can be seen in Figure 1.4. The
reason rests with the transient saturation of flux of the transformer core due to appropriate inception angle
and residual flux. This is not a fault condition and should not cause protective relays to operate. However,
under certain conditions, depending on the residual flux in the transformer core, the magnitude of inrush
current can be as much as 8–10 times normal full load current and can be the cause of false tripping of
protective relays. This is rather serious, since it is not clear that the transformer is not internally faulted.
The sensible response is, therefore, to thoroughly test the transformer before making any further attempts
at energizing. This will be expensive and frustrating, especially if the tests show that the transformer is
perfectly normal. Since this is such an important concept, it will be examined in some detail in order to
understand the reason for high inrush current and to learn what steps can be used in protective relays to
prevent their tripping due to magnetizing inrush.

There are several factors that control the magnitude and duration of the magnetizing inrush current:

• Size of the transformer bank.
• Strength of the power system to which the bank is connected.
• Resistance in the system from the equivalent source to the bank.
• Type of iron used in the transformer core.
• Prior history of the bank and the existence of residual flux.
• Conditions surrounding the energizing of the bank, for example,

(a) Initial energizing
(b) Recovery energizing from protective action
(c) Sympathetic inrush in parallel transformers.

Im Time in
Cycles

Saturation density

Residual flux

Exciting
Current

1

i

Im

ϕ

ϕ

ΦR υ

3
4

1
2

1
4

ϕmax

Figure 1.4 Derivation of the inrush current wave from the excitation saturation curve
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There are several methods that have been used to prevent the tripping of a sound transformer due to
large inrush currents that accompany initial energizing of the unit. The common methods used are:

1. Desensitize the relay during start-up.
2. Supervise the relay with voltage relays.
3. Add time delay.
4. Detect magnetizing inrush by observing the current harmonics.

These methods can be further described, as follows:

1. Methods have been devised to desensitize the differential relay and prevent tripping during start-up.
One method parallels the operating coil with a resistor, with the resistor circuit being closed by an
undervoltage relay contact. When the transformer bank is de-energized, the undervoltage relay resets,
thereby closing the resistor bypass circuit. On start-up, the operating coil is bypassed until the under-
voltage relay picks up, which is delayed for a suitable time.

2. Another method uses a fuse to parallel the differential relay operating coil. The fuse size is selected
to withstand normal start-up currents, but internal fault currents are sufficient to blow the fuse and
divert all current to the operating coil.

3. The voltage supervised relay measures the three-phase voltage as a means of differentiating between
inrush current and a fault condition, a fault being detected by a depression in one of the three-phase
voltages. This concept is usable for either fast or slow relays, it constitutes an improvement in the
method.

4. Simply adding time delay to the differential relays during energizing the transformer is effective but
must be accompanied by some method of overriding the time delay if an actual fault occurs during
start-up. Usually, time delay is used in conjunction with other relay intelligence.

5. Harmonic current restraint is another method that is used. It was noted earlier that the second harmonic
of the total current is almost ideal for determining whether a large inrush of current is due to initial
energizing or to a sudden fault. Most differential relays use filters to detect the second, and sometimes
the fifth, harmonic current and restrain tripping when this current is present.

1.3 Some Problems with Power Transformer Main Protection

1.3.1 Other Types of Power Transformer Differential Protections

1.3.1.1 Inter-Phase Differential Protection Principle

There are still some problems that exist in the winding differential protection:

• The winding current of transformers with Y/Δ-connection cannot be obtained.
• Cooperation with overcurrent protection is difficult, which will produce a protection dead zone.

Similar to the phase differential protection, the differential current of inter-phase current differential
protection can be obtained:⎡⎢⎢⎣

Ida

Idb

Idc

⎤⎥⎥⎦ =
⎡⎢⎢⎣

1 −1 0
0 1 −1

−1 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
Ia

Ib

Ic

⎤⎥⎥⎦ + K
⎡⎢⎢⎣

1 −1 0
0 1 −1

−1 0 1

⎤⎥⎥⎦
⎡⎢⎢⎣
IA

IB

IC

⎤⎥⎥⎦ (1.6)

The disadvantage of inter-phase differential protection principle is as follows: for a three-phase trans-
former with Y/Δ-11 connection, when a Y-side single-phase grounding occurs, protection sensitivity will
decrease. As a solution to this problem, a zero-sequence differential protection scheme is put forward in
this section.
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8 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

1.3.1.2 Zero-Sequence Differential Protection Principle

For single-phase high voltage large transformers, the main type of short-circuit fault is between wind-
ing to the iron core (when ground insulation is damaged), that is, single-phase grounding. Inter-phase
short-circuit (in-box fault) seldom happens. Thus, single-phase grounding is carefully studied.

The constitution of zero-sequence differential protection is shown in Figure 1.5. On the Y-side of the
transformer, the secondary sides of the CTs are connected to form a zero-sequence filter. Together with
the secondary side of the neutral CT, the zero-sequence differential protection is formed.

Advantages of zero-sequence differential protection are:

• Relatively high sensitivity to single-phase grounding faults on the Y-side;
• The operation current is not affected by the transformer tap.
• Not directly influenced by the magnetizing inrush current.
• All CTs apply the same ratio, which is not related with the transformer ratio.

Disadvantages of zero-sequence differential protection are:

• Low (zero) sensitivity to inter-phase faults and faults on the low voltage side.
• Low sensitivity to high resistance grounding faults.
• Examination of wiring error on the secondary side is more complicated.

1.3.1.3 Split-Side Differential Protection

For phase differential protection schemes, the problem of mal-operation caused by inrush current or
overexcitation always exists. Therefore, it is necessary to develop a novel transformer differential pro-
tection scheme that is not affected by either inrush current or overexcitation current. The new protection
scheme is called transformer split-side differential protection in this section, the wiring diagram of which
is shown in Figure 1.6.

For transport considerations, modern large capacity transformers are commonly made up of three
single-phase transformers. The terminals of the windings are all led out of the shell, which facilitates
the implementation of the proposed spilt-side differential protection. Advantages of this protection
scheme are:

• Relatively high sensitivity to single-phase grounding faults.
• Not affected by the transformer tap.
• Not directly affected by the inrush current.

a

b

c

*

*

*

*

*

*

A

B

C

Zero-sequence
differential
protection

CT

CT

CT

CT

iLa

iLb

iLc

ia iA

iB

iC

ib

ic

Figure 1.5 Connecting diagram of zero-sequence current differential protection
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CT

CJ

CT

Load

M

N

Figure 1.6 Connecting diagram of split-side differential protection

• The spilt-side differential protection being applied to large power transformers can simplify the device.
• Simple protection principle, reliable device, and convenient debugging.

Disadvantages of split-side differential protection are:

• Low (zero) sensitivity to common inter-turn faults.
• Applicable only when each winding has two terminals led out.
• The number of protection relays needed doubles.

From the above analysis, it is obvious that zero-sequence differential protection and spilt-side differen-
tial protection schemes are both superior to inter-phase differential protection in certain aspects. However,
in view of the actual connection modes of transformers and the protective relaying characteristics, the
inter-phase differential protection, especially longitudinal differential protection, is still most commonly
used as the main protection for transformers. In longitudinal differential protection, the impact of inrush
current has long been a problem that requires special measures to deal with it.

1.3.2 Research on Novel Protection Principles

With the rapid development of microcomputer technology and the wide application of the transformer
main-backup-integrated protection scheme, it has become possible to conduct complex calculations
within the transformer protection device using multiple electric variables. Since the transformer is a
nonlinear and time-varying system, the voltage and current are two independent variables, not linearly
correlated. Thus, by using both the voltage and current variables to describe the operation state of trans-
former, the information is more complete. Furthermore, it facilitates the search for new protection criteria
of higher sensitivity and better reliability. Currently, transformer protection principles that use both
the voltage and current variables mainly include: the magnetic flux characteristic principle, sequence
impedance principle, loop equation principle, power differential principle and so on.

The magnetic flux characteristic principle is based on the nonlinearity of the excitation branch and
has a promising application future. However, currently it is applicable only to single-phase transformer
groups. For three-phase transformers with Y/Δ connection, since the internal circulation current on the
Δ-side winding is difficult to measure, how the magnetic flux characteristic can be applied in this case
to reflect the nonlinear characteristics of the excitation branch remains to be studied.

In the following sections, the advantages and disadvantages of the sequence impedance principle, loop
equation principle and power differential principle are discussed, on the basis of which some novel prin-
ciples of transformer main protection are put forward.

www.EngineeringBooksPDF.com



10 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

1.3.2.1 Sequence Impedance Principle

The sequence impedance principle is based on the changes of the transformer positive and negative
sequence equivalent networks before and after the fault. With the variation of the positive and negative
sequence voltage and current, the positive and negative sequence impedances felt by the relay points
on both sides of the transformer can be calculated. Then, according to the direction of the calculated
impedances, it can be decided whether the transformer fault is internal or external. For a convenient
illustration, a two-winding transformer is taken as an example, the system model of which is shown in
Figure 1.7. The protective relays are installed on both sides of the transformer and the positive direction
for current is set as in the figure.

For transformer external faults, suppose a fault occurs at F1 on the transmission line. According to the
positive sequence equivalent network before and after the fault, the following expression can be obtained:

ΔVx1∕ΔIx1 = −ZGx1,ΔVy1∕ΔIy1 = −(ZGy1 + ZLine1) (1.7)

where ΔVx1, ΔIx1, ΔVy1 and ΔIy1 represent the variation of positive sequence voltage and current on both
sides of the transformer before and after the fault; ZGx1 and Ztran1 are the positive sequence equivalent
impedance of the system on the X-side and the transformer, respectively.

Similarly, according to the negative sequence equivalent network before and after the fault, the follow-
ing can be obtained:

ΔVx2∕ΔIx2 = −ZGx2,ΔVy2∕ΔIy2 = +(ZGy2 + Ztran2) (1.8)

where ΔVx2, ΔIx2, ΔVy2 and ΔIy2 represent the variation of negative sequence voltage and positive
sequence current on both sides of the transformer before and after the fault; ZGx2 and Ztran2 are the negative
sequence equivalent impedance of the system on the X-side and the transformer respectively.

For transformer internal faults, suppose a fault occurs at F2. Similarly, the positive and negative
sequence impedances on both sides of the transformer can be calculated as shown in the following:

ΔVx1∕ΔIx1 = −ZGx1,ΔVy1∕ΔIy1 = −(ZGy1 + ZLine1) (1.9)

ΔVx2∕ΔIx2 = −ZGx2,ΔVy2∕ΔIy2 = −(ZGy2 + ZLine2) (1.10)

where ZGy1, ZLine1, ZLine2 and ZGy2 are the positive and negative sequence equivalent impedances of the
system on the Y-side and the transmission line respectively.

It can be seen from Equations (1.7) and (1.8) that, when a transformer external fault occurs, the positive
and negative sequence impedances felt by both sides of the transformer are different in direction – one
positive and the other negative. And from Equations (1.9) and (1.10) it can be seen that, when a trans-
former internal fault occurs, the positive and negative sequence impedances felt by both sides of the
transformer are the same in direction – both negative. Based on this fact, a method is put forward to
distinguish between internal and external faults of the transformer (referred to as the ‘quadrant division
method’ hereinafter): if the positive and negative sequence impedances on both sides of the transformer
are different in direction – one located in first quadrant on the image plane and the other in the third
quadrant – then the fault can be identified as an external fault; otherwise, if the positive and negative

Xs

Low Impedance Resource
Transformer Load

Figure 1.7 System model of a two-winding transformer
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sequence impedances on both sides of the transformer are the same in direction – both in the third quad-
rant on the image plane – then the fault can be identified as an internal fault. On the basis of the ‘quadrant
division method’, the division of the image plane is revised by extending the regional boundary to the
second and fourth quadrants. Simulation results show that this revision improves the reliability and sen-
sitivity of identification to a certain degree. However, neither the ‘quadrant division method’ nor the
revised method can counteract the negative influence of inrush current. Therefore, other criteria should
be added to form an effective protection scheme. Furthermore, for transformer protection principles based
on sequence impedance, the correct identification between the conditions of normal no-load switching
and no-load switching at internal faults remains to be studied.

1.3.2.2 Loop Equation Principle

Microcomputer transformer main protection based on the loop equation principle is very different from
traditional differential protection. The interference of inrush current is avoidable with this method, since
it does not distinguish inrush current from the internal fault current according to the waveform char-
acteristics of the inrush current. Moreover, this method is not affected by the connection mode of the
transformer. Take a single-phase transformer as an example. The system model is shown in Figure 1.8,
which can be described by the two differential equations in Equation (1.11). By eliminating the non-
linear item dΨm∕dt in Equation (1.11), which reflects the transformer’s core flux, the two equations in
Equation (1.12) are obtained. ⎧⎪⎨⎪⎩

u1 = i1r1 + L1

di1

dt
+

d𝜓m

dt

u2 = i2r2 + L2

di2

dt
+

d𝜓m

dt

(1.11)

⎧⎪⎨⎪⎩
u12 = L1

di1

dt
− L2

di2

dt
u12 = u1 − u2 − i1r1 + i2r2

(1.12)

In Equations (1.11) and (1.12), u1 and u2 are the voltages of the primary and secondary windings; i1 and
i2 are the currents on the primary and secondary windings; L1 and L2 are the leakage inductances of the
primary and secondary windings; Ψm is the mutual inductance flux between the primary and secondary
windings; r1 and r2 are the resistances of the primary and secondary windings.

When the transformer operates in the normal state, r1 + r2 = rk and L1 + L2 = xk∕w, where rk and xk

are the winding resistance and short-circuit reactance, respectively. By applying these two formulas to

ψm

u1 u2

i1 i2

Figure 1.8 Two-winding single-phase transformer
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Equation (1.12), two equivalent loop balance equations can be obtained:

u1 − u2 + i2rk +
xk

w

di2

dt
= (i1 + i2)r1 + L1

d(i1 + i2)
dt

(1.13)

u1 − u2 − i1rk −
xk

w

di1

dt
= −(i1 + i2)r2 − L2

d(i1 + i2)
dt

(1.14)

Since Equation (1.12) is based on the normal operation state of the transformer, it is applicable for any
circumstance except for a transformer internal fault. Therefore, the validity of Equation (1.12) can be
used as a criterion to direct the action of the protective relay. However, this method needs improving in
the following two aspects:

1. Currently no feasible method is available to obtain the leakage inductance of each winding in
real-time.

2. Even if the leakage inductance parameters can be obtained, it is still dependent on accurate internal
fault data to determine the protection scheme, protection criterion and the sensitivity check methods.

Addressing the above problems, the following measures for improvement are proposed.
Based on the transformer loop equation, the equivalent instantaneous leakage inductance of each wind-

ing is established; this can reflect the variation status of the transformer leakage magnetic field. The
equivalent instantaneous leakage inductance bears similar changing characteristics to the actual leakage
inductance. Thus, firstly each equivalent instantaneous leakage inductance is obtained in the cases of
inrush current, excessive excitation or external fault, which is a constant value. Secondly, when a fault
occurs to the transformer winding, the equivalent instantaneous leakage inductance of the fault phase
will change significantly, rendering an obvious difference in value from the normal leakage inductance.
Such difference or variation in the value of the equivalent instantaneous leakage inductance can be used
to form new transformer main protection criteria.

Establishment of Equivalent Instantaneous Leakage Inductance Parameter
Equation (1.13) contains two unknown parameters (r1 and L1), so it cannot be solved directly. However,
by establishing two independent equations using data measured at different moments, it can be solved.
To this end, two adjacent moments, t1 and t2, are chosen to establish the equations:

u121(t1) = r1id(t1) + L1

did(t1)
dt

(1.15)

c(t2) = r1id(t2) + L1

did(t2)
dt

(1.16)

where u121 = u1 − u2 + i2rk +
( xk

w

)(
di2

dt

)
, id = i1 + i2.

In implementation, current difference can be used instead of current differential in Equations (1.15)
and (1.16). To this end, three adjacent sample values (three continuous points after the digital filtering)
are chosen. Suppose that uk−1, uk and uk+1 represent the voltage samples at tk−1, tk and tk+1, and that ik−1,
ik and ik+1 represent the current samples at tk−1, tk and tk+1. Set t1 to be in the midst of tk-1 and tk, and t2
in the midst of tk and tk+1, with a sampling interval between t1 and t2. Then u121(t1), u121(t2), id(t1), id(t2),
did(t1)∕dt and did(t2)∕dt in Equations (1.15) and (1.16) can be expressed by interpolation of the samples:

u121(t1) =
uk + uk−1

2
, u121(t2) =

uk + uk+1

2
(1.17)

id(t1) =
ik + ik−1

2
, id(t2) =

ik + ik+1

2
(1.18)

D1 =
did(t1)

dt
=

ik − ik−1

Ts

,D2 =
did(t2)

dt
=

ik+1 − ik

Ts

(1.19)
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Combining Equations (1.15) and (1.16), the instantaneous leakage inductance L1 at t1 can be obtained,
as shown in Equation (1.20). Thus, calculated instantaneous leakage inductance is based on the normal
operating model of the transformer. In the case of an internal fault, since the loop equation is no longer
valid, the calculated leakage inductance is not the actual measuring value but, rather, an equivalent one.
Therefore, it is defined as the equivalent instantaneous leakage inductance.

L1 =
u121(t1)id(t2) − u121(t2)id(t1)

id(t2)D1 − id(t1)D2

(1.20)

Similarly, the equivalent instantaneous leakage inductance L2 at t1 can be obtained:

L2 =
u122(t1)id(t2) − u122(t2)id(t1)

id(t2)D1 − id(t1)D2

(1.21)

where u122 = −(u1 − u2 − i1rk − (xk∕w)(di1∕dt)).

Design of the Protection Scheme

Main criterion:
After the protection starts, calculate on-line the equivalent instantaneous leakage inductance of each
phase and use a 1∕4 cycle length sliding data window to calculate the real-time average value of the leak-
age inductance. Compare the average equivalent instantaneous leakage inductances of different phases,
then the protection criterion can be formed. It should be noted that the average equivalent instanta-
neous leakage inductance of the non-pick-up phase is represented by the normal leakage inductance
of that phase.

Take the Δ-side of a three-phase Y/Δ-connected transformer as an example. The difference
among the average equivalent instantaneous leakage inductances of the phases is described by 𝜎1

2 in
Equation (1.22). When 𝜎1

2 > 𝜎zd
2, it can be identified as an internal fault and the protection should

operate.

𝜎1
2 = 1

3
((L′

lae − L′
lbe)

2 + (L′
lbe − L′

lce)
2 + (L′

lce − L′
lae)

2) (1.22)

where L′
lae, L′

lbe and L′
lce represent the average equivalent instantaneous leakage inductance of each

phase on the Δ-side. If there is any phase not switched on (un-started), then its average equivalent
instantaneous leakage inductance should be replaced by L′

lie (i= 1, 2, 3), the normal leakage inductance
of the phases on the Δ-side.

Auxiliary criterion:
When a serious internal fault occurs in the transformer, the differential current will be very large,
so that the calculated leakage inductances will be small in value and minor in their differences. In
this case, using only the main criterion may lead to operation failure of the protection. Therefore,
the conventional differential current instantaneous break protection can be introduced as an auxiliary
criterion for comprehensive identification.

Scheme Verification
Considering the influence of different switching moments, 20 measurements are conducted for each
operation state. The calculation results of each group of 20 data are listed in Table 1.1.

As shown in the 𝜎2
2 column of Table 1.1, the minimum value of 𝜎2

2 under fault conditions (except
inter-phase faults) is 80.65 times the maximum value of 𝜎2

2 under normal no-load switching conditions.
If 𝜎2

zd is set to be 10 × (10−4 H)2, then according to the main criterion, it is possible to effectively distin-
guish between inrush current and internal fault current (except inter-phase faults). Furthermore, with the
cooperation of the auxiliary criterion, correct and reliable operation of the protective relay under various
internal fault conditions can be guaranteed.
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Table 1.1 Calculation results of 𝜎2
2 under various situations

Operation states 𝜎2
2 (×10–4 H)2 Serial number

Drop Normal dropping 0.9538–1.2152 1

In star side fault Inter-turn A9% 112.7443–125.3236 2
B18% 216.7854–223.7382 3
C18% 220.8367–231.1159 4

Grounding A 197.2485–222.1532 5
B 148.5279–160.2373 6

Inter-phase AB 1.9634–3.1248 7
BC 1.5586–3.0747 8

Star side fault under operation Inter-turn A9% 98.0825–111.3468 9
B18% 205.4478–218.4637 10
C18% 161.2256–172.6055 11

Grounding A 212.6494–223.1037 12
B 155.3819–160.6530 13

Inter-phase AB 1.7832–2.9875 14
BC 1.6329–2.8321 15

1.3.2.3 Power Differential Principle

Transformer microcomputer main protection based on the power differential principle considers the volt-
age and current information synthetically based on the law of energy conservation. When the transformer
operates in the normal state, little active power is consumed; but when the transformer insulation is dam-
aged, the sparkling electrical arc will consume large amounts of active power. Therefore, by detecting
the amount of active power consumed, it can be decided when an internal fault occurs. The power differ-
ential principle does not rely on the waveform characteristics of the inrush current and is a novel main
protection scheme. However, there are still some problems about the scheme that remain to be solved:

• This scheme is not totally free from the negative influence of the inrush current. By avoiding the
charging process in the first cycle when there is inrush current, the protection judgment will be delayed.

• When there is inrush current, the copper loss is difficult to calculate accurately and the iron loss will
increase, which make the value setting complicated.

• For transformers with Y/Δ connection, the current on windings of the Δ-side cannot be obtained, thus
the copper loss cannot be determined, which reduces the sensitivity of protection.

In view of the above questions, based on the normal operation state loop equation of the transformer,
a two-terminal network containing only the leakage inductance and winding resistance is formed in this
section. By analysing the input generalized instantaneous reactive power, the essential difference between
the inrush current and internal fault is further revealed.

Design of the Two-Terminal Network
Taking the double-winding single-phase transformer as an example, the two-terminal network based on
the voltage and current information can be designed.
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L1id

u121 r1

Figure 1.9 Two-terminal network of the primary side

L2id

u122 r2

Figure 1.10 Two-terminal network of the secondary side

According to Equations (1.13) and (1.14), two two-terminal networks can be formed. The one contain-
ing only r1 and L1 is shown in Figure 1.9, which is defined as the primary side two-terminal network. The
other, containing only r2 and L2, is shown in Figure 1.10 and is defined as the secondary side two-terminal
network.

The terminal voltage of the network in Figure 1.9 is:

u121 = u1 − u2 + i2rk +
xk

w

di2

dt
(1.23)

The terminal voltage of the network in Figure 1.10 is:

u122 = −
(

u1 − u2 − i1rk −
xk

w

di1

dt

)
(1.24)

In both Figures 1.9 and 1.10, the arrow represents the direction of voltage drop and the current injected
into the two-terminal network is: id = i1 + i2.

In the case of no-load switching, suppose that the secondary side of the transformer is not loaded, then
a two-terminal network similar to that in Figure 1.9 can be formed according to Equation (1.12). In this
case the terminal voltage is: u121 = u1 − u2 and the current injected into the two-terminal network is i1.

Take the two-terminal network in Figure 1.9 for illustration. Although id(t) and u121(t) of the input
terminal are not correspondently related in the actual system, their product has the nature of instantaneous
power. Thus, it can be defined as the generalized instantaneous power, that is, Sgy1 = u121(t)id(t), or in

another form: \Sgy1(t) = Sgy1 + S̃gy1(t), where the DC part Sgy1 is the generalized instantaneous power
absorbed by the primary side. Similarly, the generalized instantaneous power absorbed by the secondary
side Sgy2 can obtained. On this basis, define the difference between Sgy1 and the active power consumed by

the normal winding resistance r
1

to be P1, and the difference between Sgy2 and the active power consumed
by the normal winding resistance r2 to be P2. Formulas to calculate P1 and P2 are:

⎧⎪⎪⎨⎪⎪⎩
P1 = 1

T ∫
T

0

(
u121 (t) id(t) − i2

d
(t)r1

)
dt

P2 = 1
T ∫

T

0

(
u122 (t) id(t) − i2

d
(t)r2

)
dt

(1.25)
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It can be seen from Equation (1.25) that, in the cases of the normal operating state (including no-load
switching and external faults), the generalized active power absorbed by the two-terminal network is
all consumed by the winding resistance, thus P1 and P2 are both zero (not considering various kinds of
errors). But in the case of internal faults, due to the power loss of the fault branch and the fact that P1 and
P2 are calculated with the voltage and current after the fault and the winding resistance before the fault,
P1 and P2 will no longer be zero. By setting an appropriate threshold value, it is possible to effectively
distinguish between normal operation state and fault condition.

Principle Verification
The dynamic simulation results of the power differential principle and the novel principle applied in var-
ious cases are shown in Table 1.2. Pm represents the maximum active power in three phases. Considering
the influence of different closing moments, the calculation result under every operation state is the com-
prehensive analysis of 20 measurements.

Table 1.2 Calculation results of the power differential method and the novel method when the
transformer is energized

Operation states Pc/W Pm/W Serial number

Normal state Normal switching on 854–1 393 0.76–2.2 1
Normal operation 309–348 0.53–0.96 2

Dropping fault
with faults

Star side fault Inter-turn A2.4% 1 161–1 484 27–36 3
A6.1% 1 659–1 827 48–58 4
A9% 2 471–2 539 62–69 5
B18% 8 363–8 432 104–115 6
C18% 8 016–8 109 112–124 7

Grounding A 14 142–14 275 1 032–1 087 8
B 16 057–16 148 651–734 9

Inter-phase AB 23 814–23 906 2 212–2 320 10
BC 25 689–25 762 2 146–2 199 11

Angle side inter-turn fault A1.8% 1 123–1 415 25–32 12
A4.5% 1 582–1 737 38–46 13

Fault state under
operation

Star side fault Inter-turn A2.4% 1 098–1 217 26–31 14
A6.1% 1 769–1 895 53–61 15
A9% 2 471–2 539 62–69 16
B18% 8 363–8 432 104–115 17
C18% 8 016–8 109 124–135 18

Grounding A 13 986–14 095 876–892 19
B 14 260–14 363 535–568 20

Inter-phase AB 22 381–22 476 2 054–2 139 21
BC 23 905–24 019 1 963–2 017 22

Angle side inter-turn fault A1.8% 1 112–1 228 25–29 23
A4.5% 1 594–1 703 42–51 24
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It can be seen from Table 1.2 that, for the differential active power principle, if the threshold value is
set to be 2100 W (i.e. 1.5 times the maximum value of Pc in the normal operation state), there will be
eight cases (serial numbers 3, 4, 12, 13, 14, 15, 23 and 24) that cannot be identified.

For the proposed novel principle, the maximum value of Pm in normal operation state and the minimum
value of Pm under fault condition are more than 10 times apart. Therefore, if the threshold value of Pm is
set to be 4 W (i.e. the maximum value of Pm in the normal operation state), then all kinds of faults can
be identified with a good redundancy.

It is thus obvious that the proposed novel principle is superior to the existing power differential principle
in reliability and sensitivity.

Concerning the technology development route of transformer main protection, the principle is to ‘aim
at old problems and come up with new ideas’. On one hand, with no better protection schemes coming
forth, the focus should be on summarizing effective solutions and experience in the identification of
inrush current and fault current, while at the same time exploring the application of new theories and
new technology, in an effort to improve the performance of the current differential protection. The study
topics involved in this aspect mainly include:

• Explore novel principles of transformer differential protection.
• Research on the identification of inrush current and fault current.
• Study on the recognition of CT saturation.
• Application of CT transient transfer characteristic in the differential protection.

On the other hand, attention should be paid to finding new protection principles that are completely
different from the differential protection scheme and which no longer rely on the recognition of the inrush
current and fault current to form the protection criteria. This should be a goal in constant pursuit by
relay protection researchers. Three new principles totally different from the differential protection have
been analysed: (i) the sequence impedance principle; (ii) the equivalent instantaneous leakage inductance
principle; and (iii) the generalized instantaneous power principle. Dynamic simulation results verify the
validity of the new principles.

The rapid development of electronic technology, computer technology and communication technology
facilitates the development of transformer protection. Besides, with the idea of ‘main and backup protec-
tion integration’ and new principles and technology widely applied, transformer protection and operating
performance will be greatly enhanced. In the near future, transformer protection will use the digital cur-
rent and voltage signals from OCT (optical current transformer) and OVT (optical voltage transformer)
to form the protection scheme, thus avoiding the problems in a traditional current transformer (CT)
and potential transformer (PT). Transformer protection will move rapidly toward informationization,
integration and intelligence.

1.4 Analysis of Electromagnetic Transients and Adaptability of Second
Harmonic Restraint Based Differential Protection of a UHV Power
Transformer

PSCAD/EMTDC is typical simulation software applied in various fields of power systems. In partic-
ular, it is suitable for electromagnetic transient simulations. According to the equivalent circuit of a
three-winding autotransformer, a UHV autotransformer model and its internal faults model were set up
by means of a UMEC (Unified Magnetic Equivalent Circuit) transformer model provided by EMTDC
software. This new model takes into account both the particularity of the UHV transformer and the nonlin-
earity of the transformer core. Based on this model, a variety of simulation tests were carried out, includ-
ing energizing, inter-turn short-circuit faults, phase-to-ground short-circuit faults and phase-to-phase
short-circuit faults. Finally, the current waveforms were analysed and the issues of the transformer
differential protection using the second harmonic blocking scheme applied in UHV transformer pro-
tections were evaluated.
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1.4.1 Modelling of the UHV Power Transformer

1.4.1.1 Basic Configuration of the UHV Power Transformer

An autotransformer is applied widely in 220 kV and higher systems due to many merits, such as low
cost, high efficiency, low exciting power and so on. The tremendous capability and the high requirement
for insulation lead to the huge bulk and prodigious weight of UHV transformers, as the single-phase
capability of UHV transformers is up to 1000 MVA. In view of the need for convenient transport,
single-phase configuration is necessary. The UHV transformer produced in China is the single-phase
autotransformer [5]. The three-phase configuration is implemented with a single-phase transformer bank.

The autotransformer has a tertiary winding, namely the low voltage winding. The tertiary winding is
not loaded. Instead, its functionality rests with the circulation of the third harmonic. Three phases of the
tertiary winding are connected by delta-type and earthed through a low voltage reactor.

To meet the demand of electric isolation, the nonexciting voltage regulation from the neutral termi-
nal is adopted and the voltage regulator and compensation transformer are set separately by the UHV
transformer. The principle is illustrated in Figure 1.11.

SV, CV, LV, TV, EV, LE and LT represent, respectively, series winding, common winding, low volt-
age winding, voltage regulation winding, magnetizing winding, low voltage magnetizing winding and
low voltage compensation winding. Due to this special type of coupling of windings, the short-circuit
impedance of the UHV transformer is much bigger than that of the ordinary transformer.

Since the currents of all sides of the UHV transformer are the main concerns, the main transformer
and the corresponding voltage-regulating compensation transformer are equivalent to a three-winding
autotransformer.

1.4.1.2 The Equivalent Circuit of Three-Winding Autotransformer

No matter how the windings are arranged, the three-winding autotransformer can be studied by means
of a Y-type equivalent circuit. In the following, the equivalent circuit of the UHV transformer based on
the series, common and tertiary winding are modelled.

As seen in Figure 1.12, converting electrical quantities to common winding side, U̇′
c and İ′c, are the

voltage and the current respectively of the series winding. The voltage and the current of the common
winding are denoted by U̇Q and İQ. U̇′

B and İ′B represent the voltage and the current of the tertiary winding.
Similar to the ordinary three-winding transformer, the following equation can be deduced when the

exciting current is ignored: {
U̇′

C − U̇Q = İ′CZC
′ + İQZQ

U̇′
C − U̇′

B = İ′CZC
′ + İ′BZ′

B

(1.26)

LV LE LTEV TV

CVa

SV

A

X

Voltage regulator Compensation transformerX

Am

Figure 1.11 The principle of UHV transformer voltage regulation
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Figure 1.12 Three-winding autotransformer theory diagram
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Figure 1.13 Three ports Y-type equivalent circuit

where ZC
′ is the leakage impedance converted from the series winding, ZQ is the leakage impedance of

the common winding and ZB
′ is the leakage impedance converted from the low voltage winding.

According to Equation (1.26), its Y-type equivalent circuit can be deduced as seen in Figure 1.13.
The parameters of the equivalent circuit can be obtained from the tests of the ordinary three-winding

transformer. By this arrangement, the three-winding autotransformer can be simulated based on the
ordinary three-winding transformer.

1.4.1.3 Models of the UHV Transformer for Simulation

Modelling of the UHV transformer and simulation of electromagnetic transients are both carried out
by virtue of EMTDC. However, EMTDC does not provide the three-winding autotransformer models
directly. According to the above analysis, and in view of the ‘electric’ relationship between the series
winding and the common winding of autotransformer, two windings of the UMEC three-winding trans-
former model are connected to form the high voltage winding and the medium voltage winding. In this
way, the UHV transformer model can be obtained.

As seen in Figure 1.14, #1 winding, #2 winding and #3 winding denote the low voltage winding, the
series winding and the common winding, respectively. The validation of the equivalence is to guarantee
the leakage impedances of corresponding windings are equal between the equivalent model and the orig-
inal model. Significantly, the parameters of the UHV transformer should be converted to the side of the
tertiary winding.

The UMEC transformer model is built primarily based on the core geometry. Unlike the classical
transformer model, the magnetic coupling between windings of different phases is taken into account in
the UMEC model, in addition to coupling between windings of the same phase. The piecewise technique
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High voltage
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#3
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Figure 1.14 Model of the UHV transformer

is used to control the conductance of equivalent branch. The nonlinearity characteristic of the core is input
directly into the model as a piecewise U–I curve, which makes full use of the interpolation algorithm for
the calculation of exact instants when the state changes.

Internal faults of the transformer include inter-turn short-circuit faults, turn-to-ground faults, lead-out
phase-to-phase short-circuit faults and lead-out phase-to-ground faults. The modelling of internal wind-
ing faults is the main concern of this section.

When an inter-turn fault occurs on the dual-winding transformer, the faulty turns of the faulty wind-
ing can be regarded as a tertiary winding. Based on this concept, the faulty turns of the three-winding
transformer can be simulated by a fourth winding (Figure 1.15).

In Figure 1.15, #2 winding denotes the faulty turns; the fault types can be controlled by the breakers.
The leakage reactance X2 of #2 winding and the leakage reactance X3 of #3 winding can be calculated by:{

X2 + X3 = Xc

X2∕X3 =
(
N2∕N3

)2 (1.27)

In Equation (1.27), Xc is known as the leakage reactance of the series winding. N2 and N3 are, respec-
tively, the turn quantities of #2 winding and #3 winding. Practically, N2/N3 nearly is equal to the ratio of
#2 winding’s rated voltage to #3 winding’s rated voltage.

1.4.2 Simulation and Analysis

Due to the nonlinearity of the transformer core, the magnetizing inrush possibly occurs when a trans-
former is energized, which easily leads to the mal-operation of the differential protection if no blocking

High voltage

Low voltage

umec
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B
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K
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B
R

K
2
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Figure 1.15 Internal faults model of a transformer
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strategy is included. Therefore, identification of the inrush current is the premise of the correct operation
of the differential protection. In the following, the above two models are used to simulate the energizing
and internal faults of a UHV transformer. In this way, the operating behaviour of the protection can be
investigated rationally.

1.4.2.1 System Model and Correlative Parameters

The system model comes from Jindongnan–Nanyang–Jingmen 1000 kV AC test and demonstration
project in China, and all the parameters in the model system are from the real UHV project.

The transmission line parameters are:

Jindongnan–Nanyang: length= 363 km. Positive sequence resistance R1 = 0.00758Ω/km, positive
sequence reactance X1 = 0.26365Ω/km, positive sequence capacitance C1 = 0.01397 μF/km. Zero
sequence resistance R0 = 0.15421Ω/km, zero sequence reactance X0 = 0.7821Ω/km, zero sequence
capacitance C0 = 0.008955 μF/km.

Nanyang–Jingmen: length= 291 km. Positive sequence resistance R1 = 0.00801Ω/km, positive
sequence reactance X1 = 0.2631Ω/km, positive sequence capacitance C1 = 0.013830 μF/km. Zero
sequence resistance R0 = 0.1563Ω/km, zero sequence reactance X0 = 0.8306Ω/km, zero sequence
capacitance C0 = 0.009296 μF/km.

The parameters of the UHV autotransformer are:

Rated capabilities of the high voltage side, the medium voltage side and the low voltage side are 1000,
1000 and 334 MVA, respectively.

The voltage ratings of the high voltage side, the medium voltage side and the low voltage side are 1050,
525 and 110 kV, respectively.

The parameters of the short-circuit impedances (based on rated capabilities of the high voltage side) are:

The short-circuit impedance is 18% in the high–medium side, 62% in the high–low side and 40% in
medium–low side.

No-load loss is 0.07%; magnetizing loss is 155 kW.

The rated capability of the high voltage reactors are:

The rated capability is 960 MVA in the Jindongnan side of Jindongnan–Nanyang transmission line and
720 MVA in Nanyang side. The rated capability is 720 MVA in Nanyang side of the Nanyang–Jingmen
transmission line and 600 MVA in Jingmen side.

In view of the influences that result from the energizing transient of the transmission lines and high
voltage reactors, the energizing position is at the high voltage side of UHV transformer at Jingmen side.

The configuration of the system model is shown in Figure 1.16.
As seen in Figure 1.16, the UHV source is connected to the high voltage side of the UHV transformer

via UHV transmission lines. The medium voltage side is linked with an equivalent load, while low voltage
winding is connected in delta-type and is grounded through a reactor and a capacitor for compensation.

Actually, the source of the UHV project is provided by the medium voltage side of the UHV transformer
at Jindongnan. It is no harm to replace Jindongnan by an equivalent source since the emphasis rests with
the energizing at Jingmen. The reactors are modelled by the parallel inductances and the capacitors are
modelled by capacitances. The remnant flux is modelled by the DC source, which is put on the high
voltage side of the UHV transformer.
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Jindongnan side

Equivalent source

High voltage reactors
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Figure 1.16 Jindongnan–Nanyang–Jingmen system model

1.4.2.2 Simulation and Analysis of Energizing

Energizing simulations are carried out in terms of diverse initial angles and remnant fluxes. A scenario of
typical inrush waveforms of three phases is shown in Figure 1.17. As seen, the harmonics of the inrush
is more abundant than the transformer’s in EHV and lower level systems, leading to the more abnormal
waveforms.

The UHV transformer adopts Y/Δ-11 type. Therefore, the concern focuses on the differential current,
which determines whether the differential protection can operate correctly or not. The differential current
is the summation of three-side incoming currents. Therefore, the phase and magnitude compensation
should be carried out instead of summation directly. Namely, if the incoming currents of the high, medium
and low voltage sides of phase A are İah, İam and İal, and the incoming currents of the high, medium and
low voltage sides of phase B are İbh, İbm and İbl, in view of the phase compensation and magnitude

compensation, the differential current of phase A should be (İah − İbh) +
525∕

√
3

1050∕
√

3
(İam − İbm) +

110
1050∕

√
3
İal.

Because the transformer is energized at the high voltage side, there are no currents in the other two
sides. Therefore, the differential current of phase A is (İah − İbh) exactly. Table 1.3 shows the harmonic
ratios of the three-phase differential currents in various energizing conditions.
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Figure 1.17 Magnetic inrush currents in typical energizing, initial angle of phase A is 0∘; remnant flux
densities of the three phases are all 0
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Table 1.3 Harmonic analysis of inrush currents

Remnant flux density Initial angle of phase A (∘) Second harmonic ratio (%)

Phase A Phase B Phase C

Phase A: 0Bm 0 30.4 40.4 15.1
Phase B: 0Bm 30 31.8 22.6 14.8
Phase C: 0Bm 60 37.0 23.7 34.3
Phase A: 0.7Bm 0 16.0 18.9 10.1
Phase B: −0.5Bm 30 17.0 15.4 1.9
Phase C: −0.5Bm 60 30.3 15.0 3.7
Phase A: 0.9Bm 0 12.8 17.7 4.0
Phase B: 0Bm 30 9.8 6.9 6.1
Phase C: −0.9Bm 60 17.0 17.0 7.8

According to Table 1.3, when the initial angle of phase A is 30∘, the harmonic ratio of one phase will
be under 15%, even if no remnant flux exists. If the remnant flux is taken into account, the harmonic ratio
of phase C will fall below 1.9%, as shown in fifth row of Table 1.3. This indicates that it is unrealistic
to only adjust the harmonic restraint ratio to avoid the mal-operation of the differential protection. The
mal-operation above cannot be avoided unless the following blocking strategy is adopted, that is, set the
threshold of harmonic restraint ratio as 15% and implement the blocking while the second harmonic ratio
of the differential current of any phase exceeds the threshold. Furthermore, when the remnant fluxes of
the three phases are 0.9, 0 and −0.9Bm and the initial angle of phase A is 30∘, the second harmonic ratios
of the three-phase differential currents are all under 10%, of which the corresponding waveforms are
shown in Figure 1.18. In this case, even the above strict countermeasure will not allow the protection
to survive.

In this scenario, mal-operation is unavoidable even though the above-mentioned blocking strategy is
adopted and the harmonic restraint ratio is regulated to 15%.

The higher order harmonics, especially the odd harmonic of the inrushes of the UHV transformer, are
more abundant than in an ordinary transformer. This possibly has some impact on the methods used to
identify inrush by means of waveform characteristic.
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Figure 1.18 Magnetic inrushes leading to the mal-operation of differential protection
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It is impossible to simulate all the conditions involving the diverse initial angles, remnant flux den-
sities and different operation states of systems to validate the existing schemes for differential protec-
tion. However, the simulation results presented in this section at least suggest that the second harmonic
characteristic of the inrush of the UHV transformer is weaker than that in EHV and lower voltage systems.

This scenario should be paid attention to when commissioning the differential protection of the UHV
transformer.

1.4.2.3 Simulation and Analysis of Internal Faults

The simulations of inter-turn short-circuit faults, turn-to-ground fault of various short-circuit turns ratios
have been carried out. For simplicity, all the faulty phases are designated phase A.

Moreover, several lead-out short-circuit faults are simulated by means of the FAULTS module provided
by EMTDC, including phase A to ground faults, phase A–B short-circuit faults and phase A–B to ground
faults.

Several phase current waveforms of phase A in different fault conditions are shown in Figure 1.19.
As seen, for inter-turn short-circuit faults or for phase to ground faults, more turns are short-circuited

the smaller the primary current is. When the lead-out fault occurs, the fault current is high and distorted.
Accordingly, in order to investigate the operation of the differential protection, the three-side incoming

currents of the transformer should be phase compensated to form the differential current. The second
harmonics of differential currents in manifold fault conditions were analysed; some results are given in
Table 1.4, the data window length is one cycle. Due to the phase compensation, phase B has no differential
current when the fault occurred in phase A.

Table 1.4 Harmonic analysis of fault currents

(a) Internal winding short-circuit fault

Fault type Fault turns ratio (%) Second harmonic ratio (%)

Phase A Phase B

Inter-turn short-circuit 2 22.6 22.9
5 8.0 8.0

10 3.7 3.3
30 2.7 2.2

Turn-to-ground 2 4.6 4.6
5 3.8 3.6

10 3.6 3.3
30 3.1 2.9

(b) Lead-out short-circuit faults

Fault type Second harmonic ratio (%)

Phase A Phase B Phase C

Phase A to ground 3.3 – 3.3
Phase A–Phase B 3.7 3.3 4.1
Phase A–B to ground 3.1 2.4 3.0
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Figure 1.19 Phase currents in the case of internal faults: (a) Inter-turn short circuit; (b) short circuit to
ground; (c) lead-out short circuit

According to Table 1.4, due to the effect of the distributed capacitance of the UHV transmission line and
the particularity of the UHV transformer, abundant harmonics exist within the fault currents. However,
except for a 2% inter-turn fault, the ratios of the second harmonic of the differential currents in the case
of diversified faults are under 15%. The most adverse scenario is a 5% inter-turn fault, of which the
second harmonic is 8%. Combined with the analysis of inrush currents, the mal-operation probability
may be evidently reduced if the second harmonic restraint ratio declines properly, for example, declining
to 10%. Meanwhile, it will not influence the operating speed of the differential protection in a mass of
fault conditions.

The case of a 2% inter-turn fault is an exception. In this case, the second harmonic of the differential
current of the faulty phase is 22.6%, which exceeds the conventional setting value of second harmonic
restraint ratio. The differential current waveform in this scenario is shown in Figure 1.20.

Furthermore, the change of the second harmonic content in this condition is investigated, referring to
Figure 1.21.
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Figure 1.20 Differential current in the case of a 2% inter-turn fault
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Figure 1.21 Second harmonic curve in the case of a 2% inter-turn fault

As seen, the second harmonic of the differential current declines rapidly. The second harmonic ratio is
22.6% after the first post-fault cycle elapses. After that, it decreases to 19% at 21 ms, to 15.3% at 22 ms,
to 12.4% at 23 ms, to 10% at 25 ms and to 7.4% at 26 ms. The time delay is only 6 ms even if the threshold
of restraint ratio is set to be 10%.

According to the simulation results, the second harmonic based blocking scheme can, on the whole,
distinguish between inrush and fault current. The protection can be reliably blocked during the energizing
of the UHV transformer if the second harmonic restraint ratio is set below 10%. However, it may lead
to some time delay in the response of the differential protection to some scenarios of internal faults.
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In this sense, the discrimination between the inrush and the fault current of the UHV transformer is still
valuable.

A great many beneficial works for identifying the inrush from fault current have been reported [6–9].
Their adaptability to the UHV transformer base can be assessed on the models of energizing and internal
fault of the UHV transformer proposed in this section and chose a satisfactory one. Accordingly, the
operational level of the differential protection of the UHV transformer can be improved further.

In summary, based on the benchmark model of the transformer provided by EMTDC, the energizing
and internal fault models of UHV transformer are established in this section in terms of autotransformer
mode. The corresponding electromagnetic transient simulations in a UHV environment are carried out,
and reasonable preconditions for investigating the operating performance of the UHV transformer protec-
tion are offered. These models are especially suitable for evaluating the applicability of the existing main
protection systems of transformers to the UHV test and demonstration project in China. The emphasis
of this section rests with evaluating the operation reliability of the differential protection based on sec-
ond harmonic blocking. It is proven with the simulation results that the harmonic characteristic of the
inrush of the UHV transformer is weaker than that of the transformer in EHV and lower voltage grade
systems. The second harmonic ratios of three-phase differential currents may be all under 10% in some
extreme conditions. On the other hand, in the fault conditions, the second harmonic ratios of differential
currents all exceed 10%, except some light inter-turn faults. In terms of comprehensive analysis of the
inrush and fault current obtained from the simulation tests, the differential protection with the second
harmonic blocking scheme still has redundancy when applied to UHV transformer protection. As for
the light inter-turn fault, although the second harmonic ratio is higher than 15% by the end of the first
post-fault cycle, this ratio decreases to 15% below at 23 ms and goes below 10% at 26 ms. Therefore, the
time delay of the protection is not serious in the case of internal faults.

1.5 Study on Comparisons among Some Waveform Symmetry Principle
Based Transformer Differential Protection

Recently, a type of criteria based on so-called ‘symmetry waveform’, which identify the inrush by com-
paring the first half cycle and the second half cycle of a signal, are proposed. Because this theory makes
full use of the shape, size and changing ratio of the waveform, it is worth being studied further. Some
references identified three criteria based on the symmetrical waveform from different aspects and made
some simulations and dynamic simulation tests to validate them. However, the analysis of this is not
comprehensive because of the diversity of the inrushes and fault currents. Therefore, the performance of
symmetrical waveform based methods for identifying the inrushes and fault currents was investigated.
Useful conclusions were gained after the test and comparison of the three criteria.

1.5.1 The Comparison and Analysis of Several Kinds of Symmetrical Waveform
Theories

1.5.1.1 The Theory of Integral-Type Symmetrical Waveform and its Analysis

The main idea of the theory using the integral-type symmetrical waveform is shown in Figure 1.22. Divide
the sampling signals A B C of a whole cycle into two half cycles AB and BC with the same length, B′C′

can be obtained by flipping the second half cycle BC with symmetry in the X-axis. Then quadrilateral
ABCD can be formed using DE that is translated forward by B′C′ and the first half cycle AB. Denote the
area of this quadrilateral as S, the area of straight ladder as Sti, the area overlapped by AB and the X-axis
as S+, and the area overlapped by BC and X-axis S. Also, denote the factor of symmetry waveform as:

Ksym =
|S − Sti|

max(S+,S−)
(1.28)
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Figure 1.22 Fault current and its waveform transform

The periodic component of signals AB and DE can be offset with each other. In this case, Si = Sti can
be obtained for the ideal periodic sinusoidal signal containing only the DC component. S, Sti are equal
to zeros for a pure sine signal. Ksym is equal to zero under the above premise. For the inrush, the value
of Ksym fluctuates around a positive value, of which the maximum value is 1.4 and the minimum value is
larger than zero. The fault and the inrush can be identified using this method [10]. Fuzzy recognition is
used for practical implementations. The Trip Counter is designed using different ways of counting due
to different Ksym. When the accumulated value of the Trip Counter is larger than the threshold, the inrush
is identified and this phase is then blocked. This scheme is denoted criterion 1.

The speed of the protection output is faster than conventional methods in the case of a low percentage
of the fault current harmonic component. However, long time delay will occur in the case of serious
distortion of fault currents. Figure 1.23 shows the waveform comparison between fault current and
three-phase inrushes recorded by the dynamic simulation laboratory of Huazhong University of Science
and Technology.

The fault is set as the B–C short-circuit occurring on the transformer with load and long-distance line
connected. The sample rate is 12 points per cycle. The waveform obtained from the disturbance recorder
includes two cycles before the fault and five cycles after the fault. From this figure it can be seen that the
distortion is serious because of the influence caused by the capacitive current of the long line and the bad
characteristic of CT.

To make the figure easy to understand, Figure 1.24 only shows how Ksym changes with the fault current
and the inrush in C-phase. Figure 1.25 shows how the Trip Counter changes with the fault current and
inrush. The X-axis represents the time duration of post-fault. The bold solid lines represent how Ksym or
Trip Counter change, and the normal solid lines represent how Ksym or Trip Counter changes.

The rules of changing of the fault current Ksym and the inrush are similar to each other in five cycles;
meanwhile, the counting of the trip counter of the inrush in C phase is always smaller than that of the
fault current; it is difficult to identify the inrush from the fault current. Therefore, it is not appropriate to
use criterion 1 in the case of serious distortion on the fault current waveform. Further study needs to be
done to make this scheme adapt to the complex contingencies occurring in the high voltage system.

1.5.2 The Theory of Waveform Symmetry of Derivatives of Current and Its Analysis

A waveform symmetry method is proposed based on comparing the symmetry of the first half waveform
and the second half waveform of the current derivative. The main idea is that, in a time window of one
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cycle plus one point, the derivatives of differential current with one cycle time window are obtained using
the forward differentiation operation. Then, the derivative series of the first half cycle are compared with
that of the second half cycle. Denote the value of one point in first half cycle of derivative current as I′i
and denote the value of the second half as I′

i+180∘ . If the value satisfies Equation (1.29), the waveform is
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Figure 1.25 Change of Trip Counter with respect to Ksym in Figure 1.24

regarded as symmetrical. Otherwise, the waveform is asymmetrical.|||||
I′i + I′

i+180∘
I′i -I

′
i+180∘

||||| ≤ Ksym (1.29)

It declares that in the whole half cycle (180∘), the angle satisfying the inrush characteristic could reach
as much as 60∘, while that of the fault current could reach 150∘.

Therefore, this scheme needs two setting values. One is the symmetrical factor Ksym, the other is sym-
metrical rangeKanlge. If the sampling rate is N points per cycle, the symmetrical range can be expressed as

Km = Kangle × N∕360 (1.30)

Denote Equations (1.29) and (1.30) criteria 2, where Km is relative, with the sampling points satisfying
the symmetrical condition (1.29) in one cycle. For example, if the angle satisfying the symmetry condition
at most is Kangle = 60∘ and there are 12 sample points per cycle, Km = N∕6 = 2. For the inrush current
waveform, there are at least two points satisfying the symmetry condition.

The above analysis focuses on the primary side waveform of the inrush under a certain value of Ksym.
If the setting value is set on the basis of secondary waveform of inrush current, Ksym should be reduced
to guarantee the symmetry constraints of 60∘. The symmetry range will be reduced under 150∘ with the
reduced Ksym. Under some serious conditions, the time delay may be very long before the setting value
of 60∘ is reached. This situation is analysed here.

Figure 1.26 shows the three phase magnetizing inrushes from the secondary side of CTs. The wiring
type of Y0∕Δ − 11 is applied in the transformer. The iron is Type-96 material, that is, the nonlinear
inductance model with hysteresis loops. The saturation magnetic density is Bs = 1.15Bm, and residual
magnetism of each phase Bra = 0.9Bm, Brb = Brc = −0.9Bm. The inception angle is 30∘. The B–H curve
of the CT adopts the characteristic of a tangent, the sampling rate is 120 points per cycle.

The symmetry factor can be calculated after deriving the inrush waveform. For the scenario in
Figure 1.26, the symmetry degrees of the first half and the second half waveform of the three phase
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Figure 1.26 Three-phase magnetizing inrushes on the secondary side

Table 1.5 The relationship between waveform symmetrical coefficients
and the number of sample points satisfying the symmetrical condition

Ksym I 0.10 0.11 0.12 0.13 0.14 0.15
I2a 10 12 13 14 14 15
I2b 7 8 8 9 9 10
I2c 14 15 17 18 20 21

inrushes are all quite high. The number of points of the three-phase inrush current satisfying constrains
of symmetry are calculated and shown in Table 1.5.

As shown in the table, in order to reach the requirements of inrush, which only have 60∘ symmetric
range, the value of symmetric coefficient Ksym should not be too high. When K is equal to 0.15, the phase
C secondary inrush has reached 21(63∘). Evidently, in order to ensure that the symmetric range is not
greater than 60∘, the value of symmetric coefficientKsym can only be taken as 0.15 if taking the secondary
transforming into account. At this time, take the fault current in Figure 1.23 to analyse the tripping speed
of this criterion. Choose Km = 2, Ksym = 0.15, the fault current Km is less than or equal to two in five
cycles after the fault occurrence. In this case, the protection cannot trip. Increase Ksym gradually until
Ksym is equal to 0.2. By this means, the fault current cannot lead to Km = 3> 2 until 93.3 ms after the fault
occurrence. In this case, the protection will trip with a very long time delay. Thus, under low sampling
rate conditions it is found that, to ensure that the mal-trip due to inrush is reliably blocked, there is no
obvious advantage for this scheme compared with the second harmonic restraint principle. In the case of
high harmonic content within the fault current, the protection would also trip with a long time delay.

TakeKsym as the basic symmetry coefficient andKm*Ksym as global setting valueK′
sym. ImprovingK′

sym

means that mal-operation may occur due to inrush, and reducing K′
sym makes the delay longer when the

fault occurs.
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There exists another implementation of this scheme, that is, let S+ =
N∕2∑

1

|||I′i + I′i+N∕2
|||, S− =

N∕2∑
1

|||I′i − I′i+N∕2
|||, and therefore Ksym = S+∕S−. When Ksym >Ksymset, it will be judged as the inrush, oth-

erwise it will be judged as the fault. The greater the value of Ksym, the higher the degree of asymmetry.
This scheme is named criterion 3. The transformer protection adopting criterion 3 is produced by Nanzi
and has been commissioned. For the true waveform, S+ is 0 and S− is a positive real number. For the
magnetizing inrush, no matter whether there is dead angle or not, S is always nonzero as long as the
first half wave and the second half wave do not strictly satisfy the symmetry conditions (S= Sti = 0 in
Section 1.5.1). This scheme is similar to the percentage differential principle to some extent, among
which S+ can be regarded as the differential quantity and S− can be regarded as the restraint quantity.
Furthermore, calculating the three-phase inrush symmetric coefficients in Figure 1.25 applying based
on criterion 3, the values are 0.35, 0.53 and 0.21, respectively. In order to compare with criterion 2,
taking Ksymset = 0.21, the sensitivity is analysed based on the waveform in Figure 1.23.

At the beginning of the fault, Ksym is much greater than Ksymset. Along with the attenuation of the
harmonic with the differential current, Ksym continues to reduce. At the time of 98.3 ms post-fault,
Ksym = 0.20, the protection trips while criterion 2 fails to trip. Obviously, any comparison should be
conducted on the same basis. As shown in the above analysis, based on the waveform in Figure 1.26,
and 60∘ as the maximum symmetry of the inrush (corresponding K= 0.15), in the case of Figure 1.23,
criterion 1 fails to trip within five cycles after the fault occurrence. Only in the case of K increasing to
0.2, can criterion 1 operate with five cycles time delay. To facilitate the following comparison, criterion 1
will take the condition of Ksym = 0.20 in the following discussion. For the other criteria which take
Figure 1.26 as the setting base, in order to compare with criterion 1 using Ksym = 0.20, the waveform
symmetry coefficient must be adjusted correspondingly. Assume that the original waveform symmetry
coefficient being set entirely based on Figure 1.22 is K′

symset, and the protection trips when waveform
symmetry coefficient is less than the setting, the new setting value Ksymset should be:

Ksymset = K′
symset × 0.20∕0.15 (1.31)

If the protection trips when the waveform symmetry coefficient is less than the setting, the new setting
value Ksymset should be:

Ksymset = K′
symset × 0.15∕0.20 (1.32)

After performing the above adjustments, the comparison between every new criterion and criterion 1
are taken under the same condition that the Ksymset of the criterion is 0.2. Here, the above approach is
used to maintain the same reliable discrimination margin for all criteria.

Therefore, increasing the Ksymset of criterion 2 to 0.21× 0.2/0.15= 0.28, Ksym drops to 0.207 and the
protection trips in 83.3 ms after the fault occurred. In this case the operating time of criterion 2 is 93.3 ms.
Therefore, under the premise of the same sampling rate, criterion 3 is slightly better than criterion 2.

1.5.3 Principle and Analysis of the Waveform Correlation Method

The basic idea of the waveform analysis method to identify the inrush is to divide the waveform of one
cycle data window into two parts using appropriate methods and compare the correlation of these two
parts to identify the inrush and the fault current. The key problem of the wave correlation algorithm is
how to determine these two waveforms. A so-called maximum area method is illustrated in Figure 1.27.
One cycle sampling signal is extended to two periods. Intercept the half cycle signal point by point and
calculate the projection area of this waveform on the time axis. Denote the sampling period as N points
in one period, thus giving N values. The corresponding starting point of maximum area is taken as the
start of waveform comparison (t= 5 ms) in Figure 1.27. One period sampling signal is intercepted from
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Figure 1.27 Internal fault current extended periodically

this point, as show in Figure 1.27 using major gridlines. The second half wave is reversed, that is, −y.
The first half wave is x, then −y and x are compared using the modified waveform factor as given by
Equation (1.33):

J = Cov(X,Y)
𝜎2(X)

(1.33)

where Cov(X, Y) is the covariance coefficient of X and Y , 𝜎2(X) is the variance of x. Then, for the fault
current that only contains the DC component, it is clear that waveform of the first half wave is completely
consistent with that of the negative second half wave, that is, they are completely correlative (J= 1).
Reorganize the waveform of the inrush according to the above principle, its correlation between the first
half wave and the second half wave becomes worse. Hereby, the inrush can be identified. The waveform
correlation method is called criterion 4. Denote Jset as a fixed value. When the result is J < Jset, the current
is regarded as inrush, otherwise it is fault current.

Correspondingly, the three-phase inrushes in Figure 1.26 are calculated using criterion 4, and the wave-
form factors are Ja-b = 0.6513, Jb-c = 0.2107 and Jc-a = 0.8038, respectively. Set the modified waveform
factor as Jzd = 0.80 due to generally adopting phase-separating blocking, protection cannot trip until
95 ms after fault occurrence (4.75 periods). Comparing criterion 2 with criterion 3 in the same reliability
margin, the setting value will be decreased to 0.6. Meanwhile, the fault will be tripped with a time delay of
60 ms, which is better than criteria 2 and 3, and the tripping speed is also faster than the second harmonic
restraint criterion that has 15% restraint ratio (81.6 ms).

1.5.4 Analysis of Reliability and Sensitivity of Several Criteria

It can be seen from the analysis above that for criterion 3 the waveform is more symmetrical when the
symmetrical coefficient is smaller. For criteria 2 and 4 the scenario is different. To investigate the max-
imum degree of the inrush to reach symmetrical condition and analyse the reliability of the criterion
quantitatively during the practical energizing operation, sufficient switching-on experiments should be
made. The symmetrical coefficient is calculated according to the recorded data. The minimum symmetri-
cal coefficient should be used when criterion 3 is investigated, and the maximum waveform (symmetrical)
coefficient should be calculated when criteria 2 and 4 are studied. In addition, the basic symmetrical coef-
ficient Ksym should be determined firstly when calculating the symmetrical coefficient K′

sym in criterion 2.
The inrush is still considered in the maximum symmetrical range of 60∘ (two sampling points in terms
of 600 Hz sampling rate). It increased from 0.2 to Ksym gradually. When the inrush increases to 0.3, there
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Table 1.6 The minimum ratios of second harmonic to fundamental in the case of some
inrushes recorded by digital device and the corresponding

Inrush number Min (I2/I1)(%) Criterion 2 (Jmax) Criterion 3 (Jmin) Criterion 4 (Jmax)

1 47 0.58 0.65 0.5
2 56 0.58 0.54 0.5
3 46 0.58 0.65 0.5
4 43 0.58 0.55 0.55
5 58 0.58 0.58 0.55
6 39* 0.58 0.64 0.41
7 42 0.58 0.66 0.44
8 42 0.58 0.62 0.51
9 50 0.58 0.57 0.48

10 49 0.58 0.53 0.55

Waveform coefficients with criteria 2, 3 and 4 under the most adverse judging conditions.

are three sampling points of the inrush (Table 1.6) satisfying the symmetrical condition. Therefore, the
largest basic symmetric coefficient that can be adopted as 0.29 in criterion 2, and the corresponding
symmetric coefficient K′

sym is 0.58.
In Table 1.6, faults 1–4 are the transformer energizing without long line, faults 5–9 are the transformer

energizing with long line. Fault 10 is the inrush current caused by the voltage recovery when the external
fault is removed.

The minimum or maximum symmetric coefficient of each inrush is analysed during energizing in five
cycles. To compare with the second harmonic restrained method, the proportion of second harmonic
in three-phase inrushes and the fundamental harmonics are calculated point-by-point. The maximum
value in three phases is taken as an element of the second harmonic restrained ratio sequence. Then the
percentage of the second harmonic ratio for five cycles is calculated and the minimum value taken as the
minimum second harmonic ratio of actual inrush. The analysis of 10 classical inrush groups is listed in
Table 1.6.

It can be seen from the table that the minimum value of second harmonic ratio is 39% and the normal
setting value is 15%. To ensure the same reliable discrimination margin, the setting value in criterion 2
should be the maximum value in the table and it should be divided by the coefficient 39/15. The setting
value in criterion 3 should be the minimum value in the table and it should be divided by the coeffi-
cient 39/15. The setting value in criterion 4 should be the maximum value in the table and it should be
multiplied by the coefficient 39/15. Then the operation times of criteria 2–4 are calculated respectively
when the comparability to the second harmonic restrained method is guaranteed. The setting value for
criterion 2 is 0.23, 0.204 for criterion 3 and 1.43 for criterion 4. The waveform coefficient is 1 when
the waveform is completely correlated, the setting value in criterion can be taken as 0.8 as in the inrush
current shown in Figure 1.26.

The classic faults of the transformer in Table 1.7 are analysed based on the above settings. The non-
operation times of the second harmonic restrained method and criteria 2–4 are listed in Table 1.7.

Cases 1–18 in Table 1.7 are classic transformer faults and cases 19–27 are transformer energizing
faults. Cases 1–4 represent phase B to ground fault. The operation condition is with load and long line,
with load but without long line, without load but with long line, without load and long line, respec-
tively. The following are studied by considering four cases as one group. Among them cases 5–8 are
BC inter-phase short-circuit on the high voltage side; cases 9–12 are AB inter-phase short-circuit on
the low voltage side; 13–16 are 4.38% inter-turn short-circuit, 17–18 are 2.18% inter-turn short-circuit.
In faults 19–27, two situations are combined as one group. Cases 19 and 20 are B phase short-circuit
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Table 1.7 Nonoperation times in milliseconds for the second harmonic restraint
scheme and for criteria 2, 3 and 4 under typical fault conditions

Fault number I2/I1 (ms) Criterion 2 (ms) Criterion 3 (ms) Criterion 4 (ms)

1 81.6 NOP NOP 95
2 60 93.3 75 68.3
3 58.3 83.3 61.6 46.6
4 18.3 31.6 18.3 18.3
5 93.3 NOP NOP 48.3*

6 63.3 98.3 75 43.3
7 78.3 NOP 95 83.3
8 60 NOP 75 40
9 58.3 NOP 75 38.3

10 20 70 35 28.3
11 73 NOP 90 40*

12 58.3 NOP 70 36.6
13 31.6 33.3 31.6 30
14 31.6 33.3 31.6 31.6
15 20 21.6 21.6 18.3*

16 25 26.6 25 25
17 20 18.3 20 21.6
18 26.6 28.3 26.6 23.3
19 NOP NOP NOP 81.6
20 NOP NOP 75 60
21 NOP NOP NOP 50
22 NOP 95 75 40
23 NOP NOP 76.6 25*

24 NOP 96.6 71.6 40
25 NOP 31.6 26.6 25
26 NOP 45 26.6 25
27 NOP 26.6 20 23.3

NOP: nonoperation, that is, fail-to-trip.

accompanied by transformer energizing; cases 21 and 22 are inter-phase short-circuit between phase
B and phase C on the high voltage side accompanied by transformer energizing; cases 23 and 24 are
inter-phase shor-circuit between phase A and phase B on the low voltage side accompanied by trans-
former energizing; cases 25 and 26 are 4.38% inter-turn short-circuit accompanied by transformer ener-
gizing; case 27 is 2.18% inter-turn short-circuit without long line accompanied by transformer energizing.

Figure 1.28 illustrates the tripping times of 27 kinds of classic fault calculated by the second harmonic
restrained method and by criteria 2–4. The abscissa shows fault number and the ordinate shows the
tripping time. The threshold of protection fail-to-trip is set as 300 ms.

It can be seen by combining Table 1.7 and Figure 1.28 that:

1. The operation speeds are the same in the case of single-phase short-circuit and inter-turn short-
circuit(1–4, 13–18).

2. The operation speed from slow to fast is: criterion 2→ criterion 3→ criterion 4 in the case of inter-
phase short-circuit faults except the inter-phase short-circuit between phase B and phase C without
load but with long line. And the performance of criterion 4 is the best.
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Figure 1.28 Non-operation time of scheme 2 to scheme 4 with the same reliability

3. The performance of criterion 4 is the best when the fault accompanied by transformer energizing
occurs, it always can operate correctly. These always exist the scenarios of fail-to-trip for other criteria.

4. The operation speed is not ideal when the fault waveform distortion becomes bigger in the three
criteria (t> 90 ms).

In summary, the three criteria by waveform symmetry principle for transformer differential protection,
the reliability and sensitivity of the criteria are analysed. The Alternative Transients Program (ATP) is
used to simulate the inrush scenario, which is critical to validate the waveform symmetry based methods
so that the reliability of this type of method can be tested. The sensitivity is verified by the distorted fault
current waveform resulting from the dynamic simulation experiment. It can be seen from the comparison
that the sensitivity of criterion 4 is higher than that of the other two criteria when those criteria have the
same reliability margin under the circumstances of transformer energizing and external fault removal.
The faults can be tripped correctly even when the fault waveform distorts greatly or is accompanied by
the transformer energizing. Criterion 2 and criterion 3 may fail to trip for some fault cases. Criterion 4
is the best among all waveform symmetry based methods. However, when the waveform is distorted seri-
ously, the operation speed of criterion 4 is still slow. To achieve a better effect in large-scale transformer
protection, existing methods should be further optimized.

1.6 Summary

With large capacity transformers being put into operation continuously, the demand for high reliability,
rapidity and sensibility are on the increase. It is imperative to consummate transformer differential pro-
tection and bring forward novel transformer main protection schemes. In this section, various problems in
current differential protection principles and inrush current blocking schemes have been studied and dis-
cussed. By comparative research, the development route of the transformer main protection technology
is given.
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2
Malfunction Mechanism Analysis
due to Nonlinearity of Transformer
Core

2.1 Introduction

Differential relay has served as the fast protection for transformers for many years [1]. However, it is
prone to mal-operate in the presence of transformer inrush currents. The magnetizing inrush is a transient
phenomenon that occurs primarily when a transformer is energized [2].

Various schemes have been proposed to address this problem. Most of them are the current-based
methods, which fall into two groups: those using harmonics to restrain or block [3, 4] and those based
on wave-shape identification [5].

All the methods mentioned above come from the following assumptions:
The transformer core is the nonlinear element that could partially saturate during energizing. In this

case, the wave-shape of the inrush will be distorted from the sinusoidal waveform. The inrush occurs as
the very low current in the linear transforming region whereas it occurs as the surge with high peak value
in the saturation region. Meanwhile, the linear transformation dominates within each fundamental cycle.

The above claim originates from the analysis of unloaded transformer energizing. Actually, most exist-
ing theoretical analyses concerning power transformer energizing are based on the one order equivalent
circuit suitable for the study of no-load transformer energizing. If so, the main flux consists of the
steady-state flux and an exponentially decaying DC flux.

The core saturation and, therefore, the inrushes should be induced by this superimposed DC flux. In
this case, the mal-operation of the differential protection due to inappropriate restraining ratio setting
is supposed to occur at the very beginning of energizing, as the most severe saturation takes place at
this moment. The saturation will fade with the decaying of the DC flux. Then the harmonics and the
dwell-time of the low current of the inrush will increase accordingly. However, the above analysis cannot
explain the mal-operation of differential protection highlighted in the next paragraph, which was reported
on 19 December 2000, by HongXi substation, Chifeng city, Inner Mongolia province, China.

A loaded transformer switched on the system after a fault occurring on the transmission line was
cleared. The differential protection using a 15% second harmonic restraining ratio and cross-blocking
scheme was stable for the duration of the first five cycles after energizing. Afterwards, the differential
protection operated although the transformer was proven to be healthy. The waveforms of the inrushes

Electromagnetic Transient Analysis and Novel Protective Relaying Techniques for Power Transformer,
First Edition. Xiangning Lin, Jing Ma, Qing Tian and Hanli Weng.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.

www.EngineeringBooksPDF.com



40 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

were not captured due to the limited buffer of the fault recorder. A satisfactory explanation has not been
provided yet.

Moreover, some mal-operations of transformer differential protection during external fault clearance
are reported each year by the East China and North China grid companies, several of them have operation
time sequences similar to the above scenario. Several national meetings in China aimed at verifying the
origin of such mal-operations have been held. However, no reasonable explanations have been reached
until now.

For the purpose of studying this phenomenon and reinforcing the theory system of transformer transient
analysis, a preliminary loaded transformer energizing model is put forward. Using this model, the delayed
mal-operation of differential protection can be explained. What is more, the possible ‘ultra-saturation’
phenomenon during the loaded transformer energizing is revealed, which will result in the inevitable
mal-operation during switching on of the loaded transformer.

Due to the nonlinearity of transformer core, the magnetizing inrush possibly occurs when a transformer
is energized. In this case, the security of the differential protection will be challenged. To solve this prob-
lem, many criteria have been proposed to prevent differential protection from mal-operation due to inrush.
Among these, second harmonic restraint criterion is the most prevalent [6–13]. The effectiveness of this
criterion has been verified with significant industrial application in past decades. However, the stability
of this protection is challenged due to the increase of the complexity and the time-changing operating
modes of the power system, for example, the rapid increase of nonlinear industrial load. Therefore, a
higher requirement for the transformer protection is required.

In recent years, several cases of abnormal mal-operation of transformer differential protection have
been reported. For instance, three mal-tripping accidents of the differential protection of the #3 trans-
former in Qing-he Substation of Tie-ling Power Supply Company, Northeast China Power Grid, occurred
in July and August 2001. The fault recorder showed that the differential protection did not trip instan-
taneously after a disturbance was detected. After a time delay of dozens of cycles tripping operation
occurred but no fault was detected. The recorded bias current and differential current were intermediate
but within the operating region. Also, the second harmonic ratio decreased to a value lower than thresh-
old 15% from a quite high quantity, resulting in the differential protection failing to block. The reason
has not been ascertained yet. However, according to the analysis related to the event records, all these
mal-operation cases occurred during the course of the adjacent steelmaking furnace switching-in, and
the differential protection adopted the second harmonic restraint principle.

It is known that in the above-mentioned cases the transformer was involved in the system with two non-
linear components, and experienced several switching operations. Therefore, the interaction between the
electrical quantities complicates the analysis. Because the transformer contains not only electric circuits
but also the core magnetic circuit, which is coupling with electric circuits, together with the introducing
of the nonlinear load the interaction between the two nonlinear components may cause one or both of
them to enter the extreme saturation state, which is accompanied by a complex electromagnetic transient
course. To interpret this phenomenon reasonably, an accurate model should be established.

It was reported that there existed two types of abnormal mal-operation of transformer differential pro-
tection similar to the scenario described above. Both models established in these references are second
order equivalent circuits and only include one nonlinear component. According to the existing anal-
ysis, the amplitude of the magnetizing inrush should be very high when the transformer experiences
‘ultra-saturation state’. In this case, the protection will detect a quite high bias current and differential
current, which does not coincide with the situation mentioned above. A phenomenon, named CT (cur-
rent transformer) local transient saturation, resulting in a big measuring angle error and relative smooth
waveform, was used to interpret the mal-operation of the protection. However, the CT local transient
saturation results from the through current changing from a heavy fault current with a high value to a
normal load current. This transition state is not applicable to the above scenario. According to the fault
recorder, the currents on both sides of the transformer of the situation mentioned above were interme-
diate, which will not lead to CT transient saturation. Therefore, models in these two references are not
suitable for illustrating the phenomenon mentioned.
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Furthermore, few investigations have been conducted in discussing the transient course of transformer
involved in the system with two nonlinear components. According to existing analysis, the sympathetic
interaction between the transformers that takes place during the inrush transient is analysed on the basis
of system configurations with transformers in parallel and in series. It is pointed out that the sympathetic
interaction is triggered by the voltage drop across the system resistance produced by the inrush cur-
rent. Furthermore, it may lead to the mal-operation of the transformer differential protection and cause
temporary harmonic overvoltages. It is reported that the phenomenon of sympathetic inrush current in
the cases of the transformers connected in parallel and in series is investigated using nonlinear-transient
field-circuit coupled finite element formulation. The study of factors affecting the magnitude and duration
of the sympathetic inrush current is also presented. However, the initial conditions leading to the phe-
nomenon mentioned above cannot be located by virtue of modelling and analyses in the above-mentioned
references. Here the equivalent model is described by means of the analytic method and the problem
solved by using the numerical analysis method. In this case, the qualitative and quantitative analy-
ses results of the flux linkage and inrush can be obtained in order to disclose the real causes of the
mal-operation of the transformer differential protection.

Therefore, a model for analysing the transient course of the nonlinear load switching-in to a system
with a power transformer is proposed. The characteristics of the saturation of transformer core and the
nonlinear load are taken into account in this model. Together with the analytic and numerical analyses, the
waveform characteristics of the inrushes are analysed. On the basis of the analyses of the transient charac-
teristics of the inrushes, the reason that second harmonic restraint criterion fails to block the transformer
differential protection during nonlinear load switching-in be explained rationally.

The magnetizing inrushes possibly occur when a transformer is energized or an external fault isolated.
In this case, the security of the differential protection will be challenged. Therefore, many criteria have
been proposed to prevent differential protection from mal-operation. Among these, second harmonic
restraint criterion is the most prevalent. The effectiveness of this criterion has been verified with sig-
nificant industrial applications in past decades. However, some differential protections equipped with
second harmonic restraint mal-operate under some abnormal disturbances or operations. For instance,
some mal-operations of the transformer differential protections due to the removal of external fault have
been reported recently.

The data from the field fault recorder disclose this sort of unusual mal-operation. One of the cases is
shown in Figure 2.1. The operating point is located at the nonrestraint region in the percentage biased
characteristic plane, and the operating current was only somewhat higher than the threshold. In this case,
the second harmonic component within the differential current is too low (6%) to block the differential
protection. Therefore, the occurrence of mal-operation is inevitable.

Differential
protection

KIL

IM

IH

Figure 2.1 The connection of a generator and transformer unit corresponding to a case of mal-operation
of differential protection due to removal of an external fault
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Conventionally, there are two chief causes responsible for the mal-operation of transformer differential
protection, namely, the magnetizing inrush with high amplitude caused by the nonlinearity of transformer
core and the CT transient saturation caused by the high fault current. The reasons of inrush emergence
due to the transformer switching-in, including a loaded transformer switching-in, and removal of serious
external fault are essentially the same, namely the sudden rise of the terminal voltage of power trans-
former. A concept named as the ‘ultra-saturation state’ is put forward to explain the mal-operation of
differential protection with second harmonic restraint due to a loaded transformer switching-in. How-
ever, according to the existing analysis, the amplitude of the magnetizing inrush should be very high
when the transformer experiences the ‘ultra-saturation state’. In this case, the protection will detect a
quite high biased current, a high operating current and low second harmonic of differential current; it
therefore mal-operates at the biased operation region. Similarly, in the case of the CT transient saturation
caused by the high through-fault current, the false differential current and corresponding biased current
are both high in the event of mal-operation of the transformer differential protection. Obviously, these
two point of views are not suitable to explain scenarios illustrated in Figure 2.2. Therefore, a mathematic
model for analysing the transient course including inception and isolation of an external fault, together
with the CT model involving the magnetic hysteresis effect, is proposed. On the basis of detailed analysis,
a novel explanation for this sort of mal-operation of transformer differential protection is disclosed.

High voltage direct current (HVDC) transmission possesses many advantages that alternating current
(AC) transmission cannot achieve. Therefore, it is extensively applied in power systems gradually. As
the most important equipment in converting stations, the converter transformer plays a very vital role and
its protection is extremely important to the normal operation of the whole system.

The principal discussion of the transformer differential protection has, for a long time, mainly con-
centrated on how to discriminate between magnetizing inrushes and internal faults. Many criteria have
been proposed to prevent the transformer differential protection from mal-operation caused by the mag-
netizing inrush. Among these the second harmonic restraint criterion is the most prevalent; it can be
used to effectively discriminate between magnetizing inrushes and fault currents. However, even though
the differential protection of the converter transformer is equipped with second harmonic restraint func-
tion, some instances of mal-operations caused by magnetizing inrushes during transformer energizing
still occur. For example, a case was reported by Tianguang HVDC transmission system in China on
28 January 2007. During the course of manipulating pole 1 from the stand-by state to the blocking state,
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Figure 2.2 Operation analysis of differential protection on the operation plane
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the differential protection of the converter transformer on pole 1 mal-operated and the circuit breaker was
opened after the converter transformer was energized. According to the subsequence of event (SOE), it
is a typical mal-operation of the differential protection of the converter transformer resulting from the
magnetizing inrush. The mal-operation of the second harmonic restraint based transformer protection
postponed the restoration of the HVDC transmission system. By virtue of the phenomenon of above
field report and the characteristics of converting stations, it is conjectured that the inrush waveform of
the converter transformer may change compared to that of the conventional transformer, owing to the
existence of AC and DC filters in addition to the influence of the core saturation. In this case, the sec-
ond harmonic characteristic may be impaired and it is much easier for mal-operation of the converter
transformer to occur. This point of view is verified by the simulation analyses in the following.

On the other hand, due to the particularity of the operating environment of the converter transformer,
the differential current may contain a quite high second harmonic component in the case of asymmetric
internal faults. It is guessed that by virtue of the interaction between AC and DC systems, the negative
sequence component in the AC voltage may produce the second harmonic component in the AC power
network side of converting valves, which may consequently result in the unnecessary blocking of the
differential protection. However, this assumption has not been verified by tests. All in all, it is still neces-
sary to further verify the effectiveness of the second harmonic restraint criterion applied to the differential
protection for the converter transformer in the HVDC system.

The models of unloaded energizing and internal faults of the converter transformer are established by
virtue of the HVDC benchmark test system I of CIGRE (the International Council on Large Electric
Systems). Based on these models, the characteristics of the differential currents during unloaded trans-
former energizing and internal faults are analysed. Furthermore, the operation performance of the second
harmonic restraint based differential protection for the converter transformer is evaluated. By virtue of
simulation analyses based on EMTDC software, it can be confirmed that the second harmonic restraint
criterion is not completely appropriate when it is applied to the differential protection for the con-
verter transformer. For the purpose of achieving reliable protection for the converter transformer, a novel
criterion using the time difference between the superimposed phase voltage and differential current to dis-
criminate between magnetizing inrushes and fault currents is proposed. The effectiveness of the proposed
criterion is validated with extensive simulation tests.

2.2 The Ultra-Saturation Phenomenon of Loaded Transformer Energizing
and its Impacts on Differential Protection

2.2.1 Loaded Transformer Energizing Model Based on Second Order Equivalent
Circuit

2.2.1.1 Energizing of the Single-Phase Transformer

The model of single-phase loaded transformer energizing can be described as a second-order equiva-
lent circuit illustrated by Figure 2.3, where Us is the EMF of the source, L1 and R1 are the inductive
and the resistive components of the equivalent impedance comprising of system impedance and leakage
impedance of transformer primary winding, and R2 and L2 denote the total loop resistance and induc-
tance of the secondary side of the transformer. The magnetizing branch is represented by an equivalent
inductance, L

𝜇
, if the iron loss is neglected. Based on Figure 2.3, the loop equation set can be given by

⎧⎪⎪⎨⎪⎪⎩
R1i1 (t) + L1

di1(t)
dt

+ d𝜓(t)
dt

= Us(t)

i1(t) = i2(t) + i
𝜇
(t)

d𝜓(t)
dt

= R2i2(t) + L2

di2(t)
dt

(2.1)
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Figure 2.3 Circuit model for analysing the transient phenomenon when switching on a loaded
transformer

Eliminating i1 and i2, Equation (2.1) can be deduced to be:

(L1 + L2)
d2𝜓(t)

dt2
+ (R1 + R2)

d𝜓(t)
dt

+ L1L2

d2i
𝜇
(t)

dt2
+

(L1R2 + R1L2)
di
𝜇
(t)

dt
+ R1R2i

𝜇
(t) = L2

dUs(t)
dt

+ R2Us(t) (2.2)

Equation (2.2) is difficult to solve due to the existence of the second derivative term of i
𝜇
(t) and the

nonlinear relationship between 𝜓(t) and i
𝜇
(t). There is no harm to set L2 = 0, that is, the load of the

transformer is resistive; therefore:

L1

R2

d2𝜓(t)
dt2

+
(

1 +
R1

R2

)
d𝜓(t)

dt
+ L1

di
𝜇
(t)

dt
+ R1i

𝜇
(t) = Us(t) (2.3)

L1
di𝜇 (t)

dt
+ R1i

𝜇
(t) can be regarded as the equivalent voltage drop, which is produced by the inrush i

𝜇
(t)

and acts on the system impedance. This equivalent voltage should be smaller than the real voltage drop
L1

di1(t)
dt

+ R1i1(t) since i
𝜇
(t) is part of i1(t). Also, L1

di1(t)
dt

+ R1i1(t) is much smaller than d𝜓

dt
. As a conse-

quence, L1
di𝜇 (t)

dt
+ R1i

𝜇
(t) is small enough compared with d𝜓

dt
.

Based on the above analysis, a virtual equivalent constant reactance, L
𝜇v, can be introduced as follows:

i
𝜇
(t) = 𝜓(t)

L
𝜇v

(2.4)

The simplified i
𝜇
(t) depicted by Equation (2.4) is capable of producing the average voltage drop equiv-

alent to L1
di𝜇 (t)

dt
+ R1i

𝜇
(t) in a certain time duration. As analysed above, this simplification will not cause

obvious unbalance of Equation (2.3) according to the comparison between L1
di𝜇 (t)

dt
+ R1i

𝜇
(t) and d𝜓

dt
.

Using Laplace’s transformation and differential theorem, Equation (2.3), can be represented by:

L1

R2

[s2𝜓(s) − s𝜓(0) − 𝜓 ′(0)] +
(

1 +
R1

R2

)
[s𝜓(s) − 𝜓(0)] + L1[sI

𝜇
(s) − I

𝜇
(0)] + R1I

𝜇
(s) = Us(s) (2.5)

𝜓(0) should be equal to the remnant flux 𝜓r. In addition, 𝜓 /(0)= 0, I
𝜇
(0)= 0. Combined with

Equation (2.4):

L1

R2

s2𝜓(s) +
(

1 +
R1

R2

)
s𝜓(s) + L1s

𝜓(s)
L
𝜇v

+ R1

𝜓(s)
L
𝜇v

= Us(s) +
sL1 + R1 + R2

R2

𝜓r (2.6)
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that is:

s2𝜓(s) +
(

R1 + R2

L1

+
R2

L
𝜇v

)
s𝜓(s) +

R1R2

L1L
𝜇v

𝜓(s) =
R2

L1

Us(s) +
(

s +
R1 + R2

L1

)
𝜓r (2.7)

Equation (2.7) can be expressed as:(
s + 1

T1

)(
s + 1

T2

)
𝜓(s) =

KR

T0

Us(s) +
[

s + 1
T0

(
1 + KR

)]
𝜓r (2.8)

among which, KR = R2

R1
, T0 = L1

R1
.

In addition, Equations (2.9) and (2.10) can be given as:

1
T1

= 1
T0

×
1 + KR +

KR

KL

+

√
(1 + KR)2 +

(
KR

KL

)2

−
2KR(1 − KR)

KL

2
(2.9)

1
T2

= 1
T0

×
1 + KR +

KR

KL

−

√
(1 + KR)2 +

(
KR

KL

)2

−
2KR(1 − KR)

KL

2
(2.10)

if letting KL = L𝜇v

L1
.

Suppose the EMF of the source is:
Us(t) = Um sin(𝜔t + 𝛼)u(t) (2.11)

Laplace’s transformation of Equation (2.11) is, therefore, given by:

Us(s) =
s sin 𝛼 + 𝜔 cos 𝛼

s2 + 𝜔2
(2.12)

Substituting Equation (2.12) into Equation (2.8) and performing the inverse Laplace’s transformation,
the time-domain expression of the flux link can be given by:

𝜓(t) = 𝜓0(t) + 𝜓1(t) + 𝜓2(t) = 𝜓0m sin(𝜔t + 𝛼 − 𝛿0) − 𝜓1me−t∕T1 + 𝜓2me−t∕T2 (2.13)

among which,

𝜓0m =
KR

T0

√√√√(
𝜔2 + 1

T2
1

)(
𝜔2 + 1

T2
2

)Um (2.14)

𝛿0 = tg−1 𝜔(T1 + T2)
1 − 𝜔2T1T2

(2.15)

𝜓1m =

𝜓0m

√
𝜔2 + 1

T2
2

sin(𝛿1 − 𝛼) −
[

1
T1

− 1
T0

(
1 + KR

)]
𝜓r(

1
T1

− 1
T2

) (2.16)

𝜓2m =

𝜓0m

√
𝜔2 + 1

T2
1

sin(𝛿2 − 𝛼) −
[

1
T2

− 1
T0

(
1 + KR

)]
𝜓r(

1
T1

− 1
T2

) (2.17)

𝛿1 = tg−1𝜔T1, 𝛿2 = tg−1𝜔T2 (2.18)
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As seen in Equation (2.13), the main flux comprises of a steady-state flux and two exponential decaying
DC fluxes. Among them, a DC offset decays exponentially with time constant T1 whereas the other decays
with time constant T2. Both time constants are related to the parameters of primary side and secondary
side apart from the parameters of transformer core.

As seen in Equations (2.16) and (2.17), 𝜓m1 and 𝜓m2 are all possibly much greater than 𝜓m0 when the
system parameters satisfy certain conditions. Meanwhile, the time constants T1 and T2 are possibly big
but different. In this case, these two transient fluxes may offset each other at the beginning of energizing
if 𝜓m1 has the approximate magnitude and same sign when compared with 𝜓m2. In this moment, the
main flux should be within the linear transforming region and no inrush occurs. Thereafter, the main flux
will experience three successive statuses, that is, nonsaturation only, the alternate occurrence between
nonsaturation and saturation, and ultra-saturation (where the term ‘ultra-saturation’ is used to describe
such a phenomenon that no dead angle occur within a complete cycle of the inrush). The transformer
possibly stays at the ultra-saturation region for a period of time if T2 is quite big. Only if all the DC offsets
decay thoroughly can the core revert to the linear transforming region. The inrush will, however, lose
characteristics such as the dead angle and high percentage of second harmonics ratio during the period
of ultra-saturation. The differential protections that take advantage of the features the inrush waveform
abnormity, for example, the asymmetry, dead angle, harmonic or the flux change between saturation and
nonsaturation, as their blocking schemes will lose the stability.

2.2.1.2 Energizing of the Three-Phase Transformer

In this section the scenarios of the energizing of the three-phase transformer are discussed. Generally,
energizing the transformer mainly originates from two aspects: the clearance of external faults and
switching on the system. As a whole, the external faults of the transformer are mostly single-phase
grounded ones and the voltages of the healthy phases are only subject to a small change during the
external fault or after clearance of the fault. Therefore, most scenarios for mal-operation of the differen-
tial protection due to the clearance of external fault can be explained using the aforementioned theory
with regard to single-phase loaded transformer energizing. Admittedly, most three-phase transformers
adopt Y/Δ-connection so that the differential currents should occur on two of the three phases. Both
inrushes, however, have the same wave-shape characteristic, since they are actually generated by the
same inrush.

The more complicated scenario is the switching on of the loaded three-phase transformer. In general,
the inception angles of the three-phase driving voltages should be balanced if the circuit breakers are
closed reliably in the same time. However, the inception angles may deviate slightly from the balanced
condition due to the diversity of the switching-on scenarios. Taking the universal scenarios into account,
there is no harm to suppose the expected inception time instant be t= 0 and the expected inception angle
be 𝛼, while the inception time instant of reliable connection is t= t0. Hence, the driving voltage during
energizing will be:

Us(t) = Um sin(𝜔t + 𝛼)u(t − t0) (2.19)

Performing the coordinate transformation to the time axis:

t′ = t − t0 (2.20)

The driving voltage can be expressed as:

Us(t′) = Um sin[𝜔t′ + 𝛼 + 𝜔t0]u(t′) (2.21)

The inception angle should be 𝛼 +𝜔t0 actually.
Substituting Equation (2.21) into Equation (2.3) and following the same equation-solving strategy as

above, the main flux can be evaluated by

𝜓(t′) = 𝜓0(t
′) + 𝜓1(t

′) + 𝜓2(t
′) = 𝜓0m sin[𝜔t′ + 𝛼 + 𝜔t0 − 𝛿0]u(t

′)

− 𝜓 ′
1me−t′∕T1 u(t′) + 𝜓 ′

2me−t′∕T2 u(t′) (2.22)
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where T1, T2 and the amplitude of the steady state are still the same as those in Equations (2.9), (2.10),
and (2.14). The peak values of the transient fluxes are given by:

𝜓
′
1m =

𝜓0m

√
𝜔2 + 1

T2
2

sin(𝛿1 − 𝛼 − 𝜔t0) −
[

1
T1

− 1
T0

(
1 + KR

)]
𝜓r(

1
T1

− 1
T2

) (2.23)

𝜓 ′
2m =

𝜓0m

√
𝜔2 + 1

T2
1

sin(𝛿2 − 𝛼 − 𝜔t0) −
[

1
T2

− 1
T0

(
1 + KR

)]
𝜓r(

1
T1

− 1
T2

) (2.24)

where T0 and KR are the same as those in Equations (2.9) and (2.10), and 𝛿1 and 𝛿2 are the same as those
in Equation (2.18). Substituting Equation (2.20) into Equation (2.22) gives:

𝜓(t) = 𝜓0(t) + 𝜓1(t) + 𝜓2(t)

= 𝜓0m sin(𝜔t + 𝛼 − 𝛿0)u(t − t0) − 𝜓
′
1me−(t−t0)∕T1 u(t − t0) + 𝜓

′
2me−(t−t0)∕T2 u(t − t0) (2.25)

On the basis of the above analysis, assume phase A of the transformer closing at t= 0, phase B closing
at t= tb and phase C closing at t= tc. The driving voltages of three phases should be:⎧⎪⎨⎪⎩

Ua (t) = Um sin(𝜔t + 𝛼)u(t)
Ub(t) = Um sin(𝜔t + 𝛼 − 120∘)u(t − tb)
Uc(t) = Um sin(𝜔t + 𝛼 + 120∘)u(t − tc)

(2.26)

With these driving voltages and the same equation-solving strategy, the main fluxes of three phases
can be deduced from Equation (2.27); the amplitudes of the fluxes are shown in Equations (2.28) and
(2.29). Note that the residual fluxes in Equations (2.28) and (2.29) are denoted by the residual flux of
each phase, that is 𝜓ra, 𝜓 rb and 𝜓 rc.⎧⎪⎪⎨⎪⎪⎩

𝜓a (t) = 𝜓0a(t) + 𝜓1a(t) + 𝜓2a(t) = 𝜓0m sin(𝜔t + 𝛼a − 𝛿0)u(t) − 𝜓 ′
1mae−t∕T1 u(t) + 𝜓 ′

2mae−t∕T2 u(t)
𝜓b(t) = 𝜓0b(t) + 𝜓1b(t) + 𝜓2b(t)

= 𝜓0m sin(𝜔t + 𝛼b − 𝛿0)u(t − tb) − 𝜓
′
1mbe−(t−tb)∕T1 u(t − tb) + 𝜓

′
2mbe−(t−tb)∕T2 u(t − tb)

𝜓c(t) = 𝜓0c(t) + 𝜓1c(t) + 𝜓2c(t)
= 𝜓0m sin(𝜔t + 𝛼c − 𝛿0)u(t − tc) − 𝜓

′
1mce−(t−tc)∕T1 u(t − tc) + 𝜓

′
2mce−(t−tc)∕T2 u(t − tc)

(2.27)
where ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝜓 ′
1ma =

𝜓0m

√
𝜔2 + 1

T2
2

sin
(
𝛿1 − 𝛼a

)
−
[

1
T1

− 1
T0

(
1 + KR

)]
𝜓ra(

1
T1

− 1
T2

)

𝜓 ′
1mb =

𝜓0m

√
𝜔2 + 1

T2
2

sin(𝛿1 − 𝛼b − 𝜔tb) −
[

1
T1

− 1
T0

(
1 + KR

)]
𝜓rb(

1
T1

− 1
T2

)

𝜓 ′
1mc =

𝜓0m

√
𝜔2 + 1

T2
2

sin(𝛿1 − 𝛼c − 𝜔tc) −
[

1
T1

− 1
T0

(
1 + KR

)]
𝜓rc(

1
T1

− 1
T2

)

(2.28)
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝜓 ′
2ma =

𝜓0m

√
𝜔2 + 1

T2
1

sin
(
𝛿2 − 𝛼a

)
−
[

1
T2

− 1
T0

(
1 + KR

)]
𝜓ra(

1
T1

− 1
T2

)

𝜓 ′
2mb =

𝜓0m

√
𝜔2 + 1

T2
1

sin(𝛿2 − 𝛼b − 𝜔tb) −
[

1
T2

− 1
T0

(
1 + KR

)]
𝜓rb(

1
T1

− 1
T2

)

𝜓 ′
2mc =

𝜓0m

√
𝜔2 + 1

T2
1

sin(𝛿2 − 𝛼c − 𝜔tc) −
[

1
T2

− 1
T0

(
1 + KR

)]
𝜓rc(

1
T1

− 1
T2

)

(2.29)

𝛼a = 𝛼, 𝛼b = 𝛼 − 2
3
𝜋, 𝛼c = 𝛼 + 2

3
𝜋 (2.30)

With the above flux expressions, the inrush of each phase can be evaluated. Thereafter, the actual
differential current, that is the difference between two phase inrushes in the case of the Y/Δ-connection
of the three-phase transformer windings, are available accordingly.

2.2.2 Preliminary Simulation Studies

The appropriate depiction of the magnetizing curve of the transformer core is crucial for the simula-
tion. The accurate saturation curve should be depicted as a multivalue curve if taking the hysteresis into
account. However, it is believed that the accuracy of saturation curve will not affect the approximate
shape of inrush waveform, for example, the peak value of the surge and the dead angle too much. In
this sense, the magnetization curve can be simplified to be a broken line comprising of three lines, as
illustrated in Figure 2.4. The harmonics content and dead angle of the inrush investigated with this core
model should still be believable.

ψ

ψs

−ψs

Iμ−Iμ0 Iμ0

0

Figure 2.4 Simplified saturation characteristic of the transformer core
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2.2.2.1 Energizing of the Single-Phase Transformer

A variety of simulations have been carried out to investigate the delayed mal-operation of the protec-
tion and the ultra-saturation of the core. Two cases (Scenarios 2.1 and 2.2) are given in terms of the
illustrations. In addition, some typical scenarios are presented in terms of tables.

Scenario 2.1 Protection mal-operation due to ultra-saturation case A
T1 = 0.055 s, T2 = 90 s, 𝜓 s = 1.2 p.u., 𝜓 r = 0.0 per unit (p.u.), inception angle 𝛼 = 82∘. In this case,
𝜓1m = 1.41, 𝜓2m = 2.40.

With this arrangement, the ultra-saturation of the transformer can be retrieved.
The flux waveform within 20 cycles of post-energizing is presented in Figure 2.5 and the corresponding

magnetizing inrush waveform is illustrated in Figure 2.6. As seen in Figure 2.5, the instantaneous main
flux rises from 0 to a quite high offset level in several cycles after the transformer is switched on. As
the energizing time exceeds 0.2 s, the instantaneous flux is completely lifted beyond the saturation point
and stays at the saturation area for several cycles. Accordingly, the surges of the inrush in Figure 2.6 will
occur consecutively but no dead angle exists between two surges anymore.
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Figure 2.5 The changing flux curve with respect to the time after switching on the transformer
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Figure 2.6 The changing inrush curve with respect to the time after switching on the transformer
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Figure 2.7 (a) The changing curve of the ratio between second harmonic and fundamental with respect
to the cycles after switching on the transformer and (b) the response of the relay using 15% second
harmonics restraint

Figure 2.7 shows the ratio change of second harmonic to fundamental of the inrush in Figure 2.6 anal-
ysed with the differential DFT (Discrete Fourier Transform) algorithm. The relay response is presented
as well.

As seen in Figure 2.7a, the second harmonic ratio is at a maximum immediately after energizing. After-
wards, the second harmonic content decreases gradually. Approximately four cycles after switching on,
the ratio of second harmonic becomes lower than 15%. Therefore, differential protection using 15% as the
restraint ratio will trip by mistake. Additionally, the second harmonic content will nearly decrease to zero
10 cycles after energizing. This status is called ‘ultra-saturation’. As seen, both the delayed mal-operation
of differential protection during transformer energizing and ultra-saturation can be explained using this
new model.

Scenario 2.2 Protection mal-operation due to ultra-saturation case B
T1 = 0.055 s, T2 = 0.9 s, 𝜓 s = 1.2 p.u., 𝜓 r =−0.25 p.u, 𝛼 = 82∘. In this case, 𝜓1m = 1.56, 𝜓2m = 2.31.

The flux, inrush waveform and the ratio change of second harmonic to fundamental together with the
response of the relay using 15% restraint ratio within 20 cycles after transformer energizing are illustrated
in Figures 2.8–2.10.
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Figure 2.8 The changing flux curve with respect to the time after switching on the transformer
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Figure 2.9 The changing inrush curve with respect to the time after switching on the transformer

As seen, the protection can be correctly blocked for the first five cycles post-energizing. However, the
flux tends to saturate more deeply during this period of time. Correspondingly, the dead angle and the
ratio of second harmonic to fundamental decrease step by step. By the end of the fifth cycle, the ratio of
I2/I1 becomes lower than 15%, which results in the mal-operation of the protection. The status of I2/I1

lower than 15% continues for six cycles, which is long enough for mal-operation of the protection.

By adjusting each parameter of energizing, a variety of mal-operation scenarios can be simulated.
Some typical delayed mal-operations are listed in Table 2.1. As shown, the occurrence of the delayed
mal-operation of the differential protection depends on a variety of factors, such as T1, T2, knee point
of the saturation curve, residual flux, inception angle and so on. The mal-operations shown in Table 2.1
usually occur at inception angles around ±90∘. However, the universal rule of the mal-operation still
needs to be investigated.

2.2.2.2 Energizing of the Three-Phase Transformer

The switching-on model is a three-phase transformer bank of Y/Δ-11 connection. Various simulations
tests were carried out. Among which, two typical cases below are illustrated for detailed reference. The
first simulation scenario is that three phases of the transformer switch on simultaneously.
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Figure 2.10 The changing curve of the ratio between second harmonic and fundamental with respect to
the cycles after switching on the transformer and the response of the relay using 15% second harmonics
restraint. (a) The ratio of second harmonic to fundamental and (b) the response of the relay

Table 2.1 Some scenarios of typical delayed mal-operations

Case T1 (s) T2 (s) 𝜓 s (p.u.) 𝜓 r (p.u.) 𝛼 (∘) Operation (time/ms)

1 0.055 0.9 1.2 −0.25 −75 47
2 0.055 0.9 1.2 0.25 82 38
3 0.055 0.9 1.4 0.25 82 60
4 0.055 0.5 1.4 0.25 82 78
5 0.07 0.5 1.4 0.25 82 45
6 0.03 0.08 1.4 −0.8 60 38
7 0.03 0.9 1.4 −0.8 85 38
8 0.1 2.0 1.4 −0.8 93 260
9 0.1 2.0 1.4 −0.8 92 128

10 0.055 0.9 1.15 0.5 82 22
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The switching-on parameters are listed in Table 2.2.
For simplicity, only the ratio of second harmonic to fundamental of the inrushes together with the relay

response is demonstrated in Figure 2.11.
The second harmonic contents of the inrushes decrease continuously after the transformer is switched

on (Figure 2.11a). This is because one of the transient fluxes decays much faster than the other.

Table 2.2 The parameters of simulation case I

Parameter T1 (s) T2 (s) 𝜓 ra (p.u.) 𝜓 rb (p.u.) 𝜓 rc (p.u.)

Value 0.01 0.5 −0.8 0.0 −0.2

Parameter 𝜓 s (p.u.) 𝛼 (∘) KL (p.u.) tb (ms) tc (ms)

Value 1.2 20 1.2 0 0
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Figure 2.11 (a) The change of the ratios of second harmonics to fundamentals of three-phase inrush
differences and (b) the relay response of the differential protection using 15% harmonic ratio and
cross-blocking scheme with respect to the cycles post-energizing
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The remnant DC flux with a big decay time constant makes the composition flux rise beyond the satura-
tion point. Accordingly, the second harmonic contents of the inrushes become lower. The characteristics
of the inrushes take over again after an adequate time for the other transient DC flux to decay. Then,
the contents of second harmonics will increase correspondingly. As for the second harmonic restraint
scheme, the time spent below the threshold for several cycles is enough to fail to block the protection
(Figure 2.11b).

The final simulation case is an attempt to retrieve the mal-operation scenario of differential protection
depicted in beginning of this chapter. The unsynchronized switching-on model is utsed for this purpose.
The parameters are listed in Table 2.3.

Phase A of the transformer switches on the system at t= 0 while phase B and phase C close 6.5 and
3.3 ms later, respectively. The changes of three phase main fluxes are shown in Figure 2.12.

Figure 2.13 illustrates the changes of the three phases of inrush. As seen, the ultra-saturation phe-
nomenon occurs on the phase B inrush.

With the Y/Δ-11 transformer type transformation, the differential currents used by the differential
protection are demonstrated in Figure 2.14. As seen, both phase A and phase B lose the characteristics

Table 2.3 The parameters of simulation case II

Parameter T1 (s) T2 (s) 𝜓 ra (p.u.) 𝜓 rb (p.u.) 𝜓 rc (p.u.)

Value 0.05 0.92 −0.26 −0.35 0.0

Parameter 𝜓 s (p.u) 𝛼 (∘) KL (p.u.) tb (ms) tc (ms)

Value 1.35 82 2.06 6.5 3.3
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Figure 2.12 The change of three-phase main fluxes with respect to the time after energizing
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Figure 2.13 The change of three phases of inrush with respect to the time after energizing
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Figure 2.14 The change of three phases of inrush differences with respect to the time after energizing
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of the typical inrushes. Moreover, phase A loses the DC offset. The inrush of phase C has a very small
dead angle, although its DC offset exists, which will make it lose the characteristic of second harmonic
content.

Accordingly, the changes of the ratio of second harmonic to fundamental of the three phases of inrush
in Figure 2.14 are shown in Figure 2.15, together with the response of the relay. As shown, the relay
can be blocked in the first five cycles of energizing. Notwithstanding, the protection mal-operates at the
beginning of the sixth cycle.

With the proposed universal model of three-phase loaded transformer energizing, a variety of
mal-operation scenarios of the differential protection, for example various mal-operation time instants,
various transformer connection types, various restraint schemes and so on can be retrieved.

As analysed above, the possibility of ultra-saturation seems considerable. The differential protection
using the characteristics of the inrush as the restraining scheme will be prone to mal-operate during the
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Figure 2.15 (a) The change of the ratios of second harmonic to fundamental of three phases of
inrush differences and the relay response of the differential protection using 15% harmonic ratio and
cross-blocking scheme with respect to the cycles of post-energizing
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loaded transformer energizing. However, the actual statistics on the mal-operation of transformer protec-
tion is much less than the theoretical cases. Indeed, the risk of the differential protection mal-operation
during the switching on of a loaded transformer is overestimated due to the following simplifications
during the simulations:

• Taking the magnetizing reactance of time-variant characteristic as an equivalent inductance so that the
model of switching on the loaded transformer can be based on the ordinary differential equation.

• The core model of the transformer neglecting the smoothing effect of real magnetization curve and
the local hysteresis loop.

• Without considering the transferring effect of CT to the primary inrush.
• Only the resistive loaded is concerned.

The detailed evaluation of such type of mal-operation is difficult since so many factors are involved.
The probability of ultra-saturation should be much lower than the theoretically expected cases when the
above factors are involved. However, it cannot be denied that ultra-saturation and delayed mal-operation
of the transformer are the real physical phenomena that did possibly occur.

It can be observed as above that the DC component of at least one phase of inrush is considerable during
the ultra-saturation. Therefore, the cross-blocking scheme using the DC component [14] is promising to
improve the stability of the differential protection. The alternative solutions should be the model-based
algorithms [15, 16]. These schemes are independent of the inrush waveform and can operate with high
speed. The existing difficulty of these schemes is to obtain accurate transformer parameters, otherwise
the accuracy of the protection operation is lowered. However, this problem can be solved with other
techniques, for example the adaptive threshold. In this sense, more attention should be paid to schemes
that are independent of the inrush waveform.

In summary, the energizing of a loaded transformer is a peculiar electromagnetic phenomenon that
differentiates to the case of no-load transformer energizing. It causes some mal-operation of the dif-
ferential protection that cannot be explained with the classic theory of the transformer switching-on.
A second order equivalent circuit model is therefore proposed to investigate this phenomenon. With ratio-
nal assumptions, the analytical solution of the main flux is obtained by use of Laplace’s transform. With
the deduced flux expression, a relatively rational explanation of the delayed mal-operation of the differen-
tial protection can be reached. In addition, the ‘ultra-saturation’ phenomenon of the core of the energized
transformer is demonstrated. A variety of simulation tests were carried out to validate the proposed model.
It is proved that delayed mal-operation and ultra-saturation will occur if appropriate conditions are sat-
isfied. This disclosure enhances the system of the transient analysis theory of transformer energizing.
Furthermore, it will possibly advance the research of fast main protection of transformer immune to the
impact of inrush.

2.3 Studies on the Unusual Mal-Operation of Transformer Differential
Protection during the Nonlinear Load Switch-In

2.3.1 Simulation Model of the Nonlinear Load Switch-In

The transient course of the nonlinear load switching-in to the system with a transformer involved can
be illustrated by the equivalent circuit. When a nonlinear load is switched-in to a system with a power
transformer, there are two optional switch-in positions. One is for the switch on the secondary side of the
transformer; the switch position is shown in Figure 2.16a, where the switch K being closed means the
nonlinear load being switched-in. The other case is for the switch on the primary side of transformer;
the switch position is shown as Figure 2.16b. In both cases, the transformer magnetizing branch and the
nonlinear load are illustrated as nonlinear components. For different switch-in positions, the correspond-
ing meanings of the components will be different. To explain this phenomenon with a uniform model, a
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Figure 2.16 The circuit of the nonlinear load switch-in: (a) the switch position when the nonlinear
load is switched-in on the side of transformer load; (b) the switch position when the nonlinear load is
switched-in on the source side of the transformer; (c) the circuit of the nonlinear load switch-in of both
switch-in positions

model consisting of two nonlinear components is established and illustrated in Figure 2.16c. The param-
eters in this figure can be defined in different ways to depict the different switch-in positions of the
nonlinear load, which is detailed in the following.

The system power supply is a sine voltage source u. Other parameters in Figure 2.16c can be explained
as follows depending on the position of load switching-in. When the nonlinear load is switched-in on
the side of transformer load, R1 + j𝜔L1 is the impedance of the source side of transformer combining the
leakage impedance with the source impedance, through which the current flows is i1, and the induced
flux linkage is 𝜓1; the transformer magnetizing branch is supposed to be a pure inductance L

𝜇1, the
magnetizing current is i

𝜇1 and the induced flux linkage is 𝜓
𝜇1; R2 + j𝜔L2 is the equivalent impedance of

the side of transformer load from the transformer to the point of nonlinear load switching-in, through
which the current flows is i2, and the induced flux linkage is 𝜓2; R3 + j𝜔L3 is impedance of the basic
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load of transformer, through which the current flows is i3, and the induced flux linkage is 𝜓3; L
𝜇2 is the

inductance of the nonlinear load (such as furnace), through which the current flows is i
𝜇2, and the induced

flux linkage is 𝜓
𝜇2.

In contrast, when the nonlinear load is switched-in on the source side of transformer, R1 + j𝜔L1 can
be considered as the equivalent impedance from the point load switching-in to the system supply; L

𝜇1

is the inductance of the nonlinear load, through which the current flows is i
𝜇1, and the induced flux

linkage is 𝜓
𝜇1; R2 + j𝜔L2 is the equivalent impedance from the point of load switching-in to the source

side of transformer (including the leakage impedance of transformer primary side); R3 + j𝜔L3 is the total
impedance of the side of transformer load; the transformer magnetizing branch is supposed to be a pure
inductance L

𝜇2, the magnetizing current is i
𝜇2 and the induced flux linkage is 𝜓

𝜇2.
By virtue of the Kirchoff principle, the equations relevant to the equivalent circuit can be given by:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

u =
d𝜓1

dt
+ R1i1 +

d𝜓
𝜇1

dt
d𝜓

𝜇1

dt
= R2i2 +

d𝜓2

dt
+ R3i3 +

d𝜓3

dt
d𝜓

𝜇2

dt
= R3i3 +

d𝜓3

dt
i1 = i

𝜇1 + i2; i2 = i3 + i
𝜇2

(2.31)

As for the linear branch, i1 =
𝜓1

L1
, i2 = 𝜓2

L2
and i3 = 𝜓3

L3
come into existence. With regard to the trans-

former magnetizing branch and the nonlinear load, the relationships between currents and magnetic
linkages are nonlinear. It is no harm to let i

𝜇1 = f1(𝜓𝜇1) and i
𝜇2 = f2(𝜓𝜇2), which means that i

𝜇1 and i
𝜇2 are

functions of 𝜓
𝜇1 and 𝜓

𝜇2, respectively. The accurate curves of 𝜓
𝜇1 – i

𝜇1 and 𝜓
𝜇2 – i

𝜇2 should be depicted
as multivalued curves if taking the saturation factors into account. For the convenience of solving the
differential equations, the transformer magnetizing branch and the nonlinear load can be simplified as
piecewise lines, as illustrated in Figures 2.17 and 2.18, respectively. The saturation points are (𝜓 s1, i

𝜇01)
and (𝜓 s2, i

𝜇02), the inductances in saturation region are Ls1 and Ls2, and the inductances outside saturation
region are L

𝜇1 and L
𝜇2.
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Figure 2.17 The characteristics of the nonlinear component 1
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Figure 2.18 The characteristics of the nonlinear component 2

As a result, the expressions of f1(𝜓𝜇1) and f2(𝜓𝜇2) can be written respectively as:

f1(𝜓𝜇1) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝜓
𝜇1

L
𝜇1

,
|||𝜓𝜇1

||| ≤ 𝜓s1

𝜓
𝜇1 − 𝜓s1

Ls1

+ i
𝜇01, 𝜓𝜇1 > 𝜓s1

𝜓
𝜇1 + 𝜓s1

Ls1

− i
𝜇01, 𝜓𝜇1 < −𝜓s1

(2.32)

f2(𝜓𝜇2) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

𝜓
𝜇2

L
𝜇2

,
|||𝜓𝜇2

||| ≤ 𝜓s2

𝜓
𝜇2 − 𝜓s2

Ls2

+ i
𝜇02, 𝜓𝜇2 > 𝜓s2

𝜓
𝜇2 + 𝜓s2

Ls2

− i
𝜇02, 𝜓𝜇2 < −𝜓s2

(2.33)

By virtue of Equations (2.31)–(2.33) and the relationships between currents, eliminating i1, i2, i3, 𝜓2

and𝜓3, the deduced equations can be expressed in terms of state space matrixes and then the final result of
the mathematic model can be obtained. f1(𝜓𝜇1) and f2(𝜓𝜇2) are divided into three segments respectively.
Therefore, the final result is illustrated in nine cases, given by:

1. |𝜓
𝜇1| ≤ 𝜓s1 and |𝜓

𝜇2| ≤ 𝜓s2;
2. |𝜓

𝜇1| ≤ 𝜓s1 and 𝜓
𝜇2 > 𝜓s2;

3. |𝜓
𝜇1| ≤ 𝜓s1 and 𝜓

𝜇2 < −𝜓s2;
4. 𝜓

𝜇1 > 𝜓s1 and |𝜓
𝜇2| ≤ 𝜓s2;

5. 𝜓𝜇1 > 𝜓s1 and 𝜓𝜇2 > 𝜓s2;
6. 𝜓

𝜇1 > 𝜓s1 and 𝜓
𝜇2 < −𝜓s2;

7. 𝜓
𝜇1 < −𝜓s1 and |𝜓

𝜇2| ≤ 𝜓s2;
8. 𝜓

𝜇1 < −𝜓s1 and 𝜓
𝜇2 > 𝜓s2;

9. 𝜓
𝜇1 < −𝜓s1 and 𝜓

𝜇2 < −𝜓s2.
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According to different cases, state equations can be deduced correspondingly. Taking case a for
instance, the corresponding state equations are:

∙
𝜓1 =

C1 +
R1

L1

B1

A1 − B1
𝜓1 +

D1
A1 − B1

𝜓
𝜇1 +

E1
A1 − B1

𝜓
𝜇2 −

B1
A1 − B1

U (2.34)

∙
𝜓
𝜇1 = −

R1

L1

A1 + C1

A1 − B1
𝜓1 −

D1
A1 − B1

𝜓
𝜇1 −

E1
A1 − B1

𝜓
𝜇2 +

A1
A1 − B1

U (2.35)

∙
𝜓
𝜇2 =

⎡⎢⎢⎢⎢⎣
−

L2

L1

C1 +
R1

L1

B1

A1 − B1
−
(

1 +
L2

L𝜇1

) R1

L1

A1 + C1

A1 − B1
−

R2

L1

⎤⎥⎥⎥⎥⎦
𝜓1

+
[
−

L2

L1

D1
A1 − B1

−
(

1 +
L2

L
𝜇1

)
D1

A1 − B1
+

R2

L
𝜇1

]
𝜓
𝜇1

+
[
−

L2

L1

E1
A1 − B1

−
(

1 +
L2

L
𝜇1

)
E1

A1 − B1

]
𝜓
𝜇2

+
[

L2

L1

B1
A1 − B1

+
(

1 +
L2

L
𝜇1

)
A1

A1 − B1

]
U (2.36)

where

A1 =
−(L

𝜇2 + L3)(L2 + L3) + L3L3

L
𝜇2L1

B1 =
(L

𝜇2 + L3)(L𝜇1 + L2 + L3) − L3L3

L
𝜇1L

𝜇2

C1 =
(L3 + L

𝜇2)(R2 + R3) − R3L3

L1L
𝜇2

D1 =
−(L3 + L𝜇2)(R2 + R3) + R3L3

L
𝜇1L

𝜇2

E1 = −
R3

L
𝜇2

The voltage source is defined as U=Umsin(𝜔t+ 𝜃).
Results corresponding to the other eight cases can be expressed similarly but are not listed here for

lack of space.
The flux linkage of each branch during the nonlinear load switch-in can be obtained by selecting

appropriate parameters and using a four-order Runge–Kutta algorithm to solve the nonlinear differential
equations above. By virtue of the relationships of flux linkages and currents, the current waveforms can
be obtained correspondingly.

It should be pointed out that a nonlinear load being switched-in to a system with a power transformer is
different from a loaded transformer energizing. The difference mainly rests with the initial conditions for
the calculation. For the loaded transformer energizing, the initial magnetizing linkage of each inductive
branch can be dealt with arbitrarily in theory; for example, the magnetizing linkage of the transformer
magnetizing branch is defined as the residual magnetizing linkage, the absolute value of which is less than
0.8 on the basis of per unit system. In contrast, for the nonlinear load being switched-in, the initial value
of the magnetizing linkage of each inductance branch, including the linear inductance on the primary
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side of transformer, must be calculated in virtue of the steady-state equations of the circuit before the
nonlinear load branch is closed. In the event of steady-state calculations, the transformer magnetizing
branch can be regarded as a linear branch with unsaturated high inductance, and hence the corresponding
expressions of the magnetizing current and linkage can be established, and the initial magnetizing linkage
values of the inductance branches for the purpose of nonlinear load being switched-in to a system can be
figured out.

2.3.2 Simulation Results and Analysis of Mal-Operation Mechanism of Differential
Protection

There is no harm in assuming that the nonlinear load is switched-in at 0 s.
Source parameters: Um = 110 kV,𝜔= 100𝜋rad. The rated capacity of the transformer is 315 MVA, ratio

k= 110/35 kV, then the primary rated current of the transformer is 1653 A. Transformer core:𝜓m =Um/𝜔,
the saturation multiple: 𝜓 s/𝜓m ≈ 1.2.

Scenarios of the nonlinear load switch-in on both sides of transformer are discussed here (Scenarios 2.3
and 2.4). In the simulation results, the flux linkages are expressed as the reduced nominal values on the
basis of the primary system. The currents are represented by per unit system taking the primary rated
current of the transformer as the base.

Scenario 2.3 Protection mal-operation case due to nonlinear load being switched-in on the side of
the transformer load
The nonlinear load is switched-in on the side of transformer load; the corresponding simulating param-
eters are:

L1 = 0.06 H, R1 = 15 Ω; L2 = 0.05 H, R2 = 15 Ω; L3 = 1.5 H, R3 = 5 Ω; for the transformer magnetiz-
ing branch: L

𝜇1 = 700 H, 𝜓 s1 = 420 Wb, Ls1 = 0.2 H, i
𝜇01 =𝜓 s1/L

𝜇1; for the nonlinear load: L
𝜇2 = 700 H,

𝜓 s2 = 350 Wb, Ls2 = 0.15 H, i
𝜇02 =𝜓 s2/L

𝜇2.
By virtue of the second-order circuit in Figure 2.16a before K is closed, the steady-state magnetizing

linkages of the inductances on each branch can be calculated. In the simulation, it is assumed that the
nonlinear load is switched-in when the magnetizing linkage of the transformer magnetizing branch is
just crossing zero; this time is regarded as 0 s. Correspondingly, the initial angle of the voltage source
is 𝜃 =−90∘ and the initial value of the magnetizing linkage of L1 is 0.53 Wb. The initial magnetizing
linkages of other branches can be evaluated correspondingly. Based on the initial value and Figure 2.16a,
the case of the nonlinear load being switched-in on the side of transformer load is investigated.
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Figure 2.19 The waveform of the flux linkage of the nonlinear load of phase A
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The waveform of the flux linkage of the nonlinear load of phase A is shown in Figure 2.19. In the
initial stage of the nonlinear load switch-in, the nonlinear load is within the unsaturated state, which
means that the corresponding inductance is relatively high. Therefore, the current flowing through the
nonlinear load is low. However, the flux linkage of the nonlinear load probably contains a high aperiodic
component because of some factors, such as inception angle, while the voltage source has relatively high
amplitude. Therefore, the flux linkage enters the saturated portion of the nonlinear characteristic and,
correspondingly, the inductance decreases rapidly in a certain half cycle. However, the voltage source,
which is a periodic component, reduces the flux linkage to the normal operating value in the opposite
half cycle, leading to an increase of equivalent impedance in the nonlinear branch.

Consequently, the high aperiodic component in the flux linkage of the nonlinear load means the flux
linkage of transformer magnetizing branch is superimposed with a corresponding aperiodic component.
After a while, as the flux linkage enters the saturated portion of the magnetizing characteristic, the induc-
tance of the transformer core decreases rapidly and considerable current at the source side of transformer
flows through the magnetizing branch. While, the flux linkage is reduced to the normal operating value
during the successive half cycle, the value of the voltage source is opposite to the aperiodic component
(Figure 2.20). Then the inrush fades rapidly. To illustrate this case, the complete course of inrush i

𝜇1A is
shown in Figure 2.21.
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Figure 2.20 The waveform of the flux linkage of the transformer magnetizing branch of phase A
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Figure 2.21 The waveform of the current of the transformer magnetizing branch (differential current)
of phase A
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Figure 2.22 The waveform of the current at the source side of the transformer of phase A
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Figure 2.23 The waveform of the current at the side of transformer load of phase A

The current waveforms of phase A of both sides of the transformer are shown in Figures 2.22 and
2.23. As considerable current at the source side of transformer flows through the magnetizing branch
because of the flux linkage entering the saturation state, and the magnetizing current deviates to one side
of the horizontal axis, the current at the side of transformer load is distorted and deviates to the other
side of the horizontal axis. It can be seen as well that the currents at both sides of the transformer are
lower than the rated current; therefore, CTs on both sides of the transformer can transform the current
linearly. Regardless of the transforming error of the CT, the magnetizing current i

𝜇1A can be regarded as
the differential current (idA) in Figure 2.21.

Figure 2.24 shows the changes of the magnitude of the fundamental component of idA in Figure 2.21,
which is evaluated with the DFT algorithm. The steady-state magnitude of idA stabilizes above 0.3 p.u.
after the nonlinear load switch-in exists for 0.1 s. If the setting of operating threshold is below 0.3,
mal-operation of phase A differential protection will occur. Certainly, the mal-operation cannot occur
unless the ratio of second harmonic to fundamental of the differential current of phase A is lower than
the threshold, which is generally set at 15–20%. Figure 2.25 shows the ratio change of second harmonic
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Figure 2.24 The magnitude of the fundamental component of the differential current of phase A
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Figure 2.25 The ratio of second harmonic to fundamental of the differential current of phase A

to fundamental of the differential current of phase A after the nonlinear load switch-in. As the switch-in
time exceeds 0.15 s, the ratio of the second harmonic to fundamental of phase A stabilizes below 15%.

Generally, in China, if the second harmonic component of any phase differential current rises over
threshold, the differential protection that uses such a blocking scheme will be blocked. Therefore, the
scenarios of phases B and C must be investigated as well. The transformer differential currents of phases
B and C, as well as the analyses of the characteristics of the fundamental component and the second
harmonic of the differential currents, are shown in Figures 2.26–2.31, respectively.

As seen in Figures 2.27 and 2.30, the steady state magnitudes of idB and idC both stabilize above 0.3 p.u.
after the nonlinear load switches in and this state lasts for 0.12 s. Analysing the ratio changes of second
harmonic to fundamental of the differential current of phases B and C (Figures 2.27 and 2.31), it can be
seen that the ratios stabilize below 15% as the state of post-switch-in lasts for 0.25 and 0.27 s, respec-
tively. Together with the above analyses of phase A, as the switch-in time exceeds 0.27 s the differential
protections of the three phases will all operate and the second harmonic restraint criteria of three phases
will all fail to block. Therefore, mal-operation of the transformer differential protection is inevitable.
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Figure 2.26 The waveform of the differential current of phase B
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Figure 2.27 The magnitude of the fundamental component of the differential current of phase B
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Figure 2.28 The ratio of second harmonic to fundamental of the differential current of phase B
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Figure 2.29 The waveform of the differential current of phase C
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Figure 2.30 The magnitude of the fundamental component of the differential current of phase C
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Figure 2.31 The ratio of second harmonic to fundamental of the differential current of phase C
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Scenario 2.4 Protection mal-operation case due to nonlinear load being switched-in on the source
side of the transformer
The nonlinear load is switched-in on the source side of transformer, the corresponding simulating param-
eters are:

L1 = 0.05 H, R1 = 5 Ω; L2 = 0.01 H, R2 = 10 Ω; L3 = 1.55 H, R3 = 7.5 Ω; for the nonlinear load:
L
𝜇1 = 1000 H, 𝜓 s1 = 350 Wb, Ls1 = 0.3 H, i

𝜇01 =𝜓 s1/L
𝜇1; for the transformer magnetizing branch:

L
𝜇2 = 700 H, 𝜓 s2 = 420 Wb, Ls2 = 0.2 H, i

𝜇02 =𝜓 s2/L
𝜇2;

Similar to Scenario 2.3, according to the second-order circuit in Figure 2.16b before K is closed, the
steady-state magnetizing linkages of the inductances on each branch can be calculated. Still assume that
the nonlinear load is switched-in when the magnetizing linkage of the transformer magnetizing branch is
just crossing zero and this time is regarded as 0 s. Correspondingly, the initial angle of the voltage source
is 𝜃 =−90∘ and the initial value of the magnetizing linkage of L1 is 0.035 Wb. The initial magnetizing
linkages of other branches can be evaluated correspondingly. Based on the initial value and Figure 2.16b,
the case of the nonlinear load being switched-in on the source side of transformer is investigated.

As the nonlinear simplifications adopted for the transformer core and the nonlinear load are similar,
the transient course of the nonlinear load switch-in on the source side of transformer is similar to that
of the nonlinear load switch-in on the side of transformer load. The changes of the magnitude of the
fundamental component and second harmonic ratio results of the differential currents of the three phases
are illustrated in Figures 2.32–2.37.
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Figure 2.32 The magnitude of the fundamental component of the differential current of phase A
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Figure 2.33 The ratio of second harmonic to fundamental of the differential current of phase A
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Figure 2.34 The magnitude of the fundamental component of the differential current of phase B
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Figure 2.35 The ratio of second harmonic to fundamental of the differential current of phase B

0

0.2

0.02 0.12 0.22 0.32 0.42 0.52 0.62

0.4

0.6

1

0.8

Time (s)

M
ag

ni
tu

de
 o

f 
i d

C
, (

p.
u.

)

Figure 2.36 The magnitude of the fundamental component of the differential current of phase C

www.EngineeringBooksPDF.com



70 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

0

20 15%

0.02 0.12 0.22 0.32 0.42 0.52 0.62

40

R
at

io
 (

ph
as

e 
C

),
 %

60

100

80

Time (s)

Figure 2.37 The ratio of second harmonic to fundamental of the differential current of phase C

For phase A, the magnitude of the fundamental component of the differential current stabilizes above
0.3 p.u. after approximately 0.1 s post-switch-in (Figure 2.32), while the ratio of the second harmonic
to fundamental stabilizes below 15% as the switch-in time exceeds 0.15 s (Figure 2.33); For phase B,
the magnitude of the fundamental component of the differential current stabilizes above 0.3 p.u. after
nearly 0.15 s post-switch-in (Figure 2.34), while the ratio of the second harmonic to fundamental stabi-
lizes below 15% as the switch-in time exceeds 0.27 s (Figure 2.35). For phase C, the magnitude of the
fundamental component of the differential current stabilizes above 0.3 p.u. after 0.17 s post-switch-in
(Figure 2.36), while the ratio of second harmonic to fundamental stabilizes below 15% as the switch-in
time exceeds 0.28 s (Figure 2.37). Therefore, the transformer differential protection, which is based on
the second harmonic restraint criterion with the threshold as 15%, will mal-operate as the switch-in time
exceeds 0.28 s.

By virtue of the above analyses, in the cases of two different switch-in positions of the nonlinear
load, the second harmonic restraint criteria of the three phases will all fail to block and, as a result, the
transformer differential protection mal-operates.

In summary, the mechanism of a type of abnormal mal-operation of the differential protection dur-
ing the nonlinear load switch-in to the transformer involved system has been analysed in this section.
It is concluded that the extreme saturation state may occur because of the mutual enhancement effects
between the transformer core and the nonlinear load. In this case, the degree of saturation of the trans-
former core becomes greater and, finally, the flux linkage stays within the area near the saturation point
for several or dozens of cycles. Therefore, the current at transformer magnetizing branch (differential
current) is relatively high and with a relatively smooth waveform. In this case, the differential current of
the protection possibly exceeds the threshold and the ratio of second harmonic to fundamental is low,
which leads to the mal-operation of the differential protection.

2.4 Analysis of a Sort of Unusual Mal-operation of Transformer Differential
Protection due to Removal of External Fault

2.4.1 Modelling of the External Fault Inception and Removal and Current
Transformer

2.4.1.1 Model of the External Fault Inception and Removal

The model of external fault inception and removal is illustrated by Figure 2.38. T means the ideal trans-
former. R1 and L1 are the resistance and the inductance of the primary side, respectively, and R2 and L2
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Figure 2.38 The circuit model of external fault inception and removal

are the resistance and the inductance of the secondary side; Rg means the fault resistance of the external
fault. CT1 and CT2 are the current transformers on both sides of the transformer, respectively.

K denotes the switch that is used to simulate the occurrence and isolation of the external fault. Inception
of the fault is simulated by closing the switch K, while the removal of fault is simulated by opening the
switch K.

The voltage source is defined in Equation (2.37):

us = Um sin(𝜔t + 𝜃) (2.37)

Selecting appropriate parameters and simulating the above model by means of applying the ATP
software, the through current of external fault inception and removal can be obtained.

2.4.1.2 CT Modelling

An accurate model of a CT suitable for transient analysis is necessary apart from the above primary
model of power transformer. The equivalent circuit of the CT model is shown in Figure 2.39, in which i1

and i2 are the currents through the primary side and the secondary side of the CT, respectively, i
𝜇

is the
current of the CT magnetizing branch and 𝜓

𝜇
is the induced magnetic linkage corresponding to i

𝜇
.

By virtue of the Kirchoff principle, the equations relevant to the equivalent circuit can be given by:

i1 = i2 + i
𝜇

(2.38)

iμ

i1

L

R

i2

ψμ

Figure 2.39 The equivalent circuit of the CT model
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d𝜓
𝜇

dt
= Ri2 + L

di2

dt
(2.39)

Equation (2.38) can be changed into:
i2 = i1 − i

𝜇
(2.40)

Substituting Equation (2.40) into Equation (2.39), Equation (2.41) is obtained:(d𝜓
𝜇

dt
+ L

) di
𝜇

dt
+ Ri

𝜇
= Ri1 + L

di1

dt
(2.41)

It is no harm letting 𝜓
𝜇
= f (i

𝜇
) express the relationship between 𝜓

𝜇
and i

𝜇
.

The main difficulty in illustrating the magnetizing curve rests with the simulation of the hysteresis
loop. A proposed multivalued curve of 𝜓 –I is adopted in modelling the CT.

The modified arc tangent function is adopted to fit the limit hysteresis loop, which can describe the
basic contour of the hysteresis. Pro rata compression of the limit hysteresis loop allows the rising and
falling loci of the dynamic hysteresis loop to be simulated approximately (Figure 2.40).

Then, a four-order Runge–Kutta algorithm is used to solve the differential equations. The arithmetic
solutions of the magnetizing current, the secondary current and the magnetic linkage can be obtained by
means of applying the iterative computation. Figure 2.41 shows a simulated dynamic magnetizing course
of the CT core caused by an external fault.

By virtue of the model of external fault inception and removal, the currents injected into the CTs
located on the primary and secondary sides of the power transformer can be obtained. Then, using the
above CT model, the secondary currents for both sides of the transformer differential protection zone
can be obtained as well allowing analysis of the protection.

2.4.2 Analysis of Low Current Mal-operation of Differential Protection

In this section, it is preferred to reproduce the mal-operation of differential protection due to low differ-
ential current by virtue of simulation tests. If successful, the mechanism of this sort of mal-operation can
be disclosed.
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Figure 2.40 Dynamic magnetizing curve of the CT core
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Figure 2.41 A simulated dynamic magnetizing curve of the CT core

With respect to the simulation model illustrated in Figure 2.38, the source parameters can be given by:

Um = 110 kV, 𝜔 = 100 𝜋rad, inception angle 𝜃 = 20∘.

The parameters for the primary circuit in Figure 2.38 can be given by:

Ratio of the transformer k = 110∕35 kV; L1 = 0.04 H, R1 = 2.5 Ω,

L2 = 0.12 H, R2 = 12.5 Ω, Rg = 0.1 Ω.

Parameters for the CT1 on the high voltage side of the transformer can be given by:

Transforming ratio k = 600∕5 A, l = 0.68 m, S = 23.2 cm2, R = 1 Ω,

saturation flux densities of the magnetizing branch Bs = 1.5 T;

Parameters for the CT2 on the low voltage side of the transformer can be given by:

Transforming ratio k = 2000∕5 A, l = 0.5 m, S = 44.2 cm2, R = 1 Ω, Bs = 1.5 T.

The saturation points of the magnetizing branch of CTs for both sides are determined by Ψs/Ψm = 3.9.
It can be assumed that the fault occurs at t= 0.057 s and is removed at t= 0.215 s.
The fault current is much higher than the load current when a serious external short-circuit fault occurs.

Sometimes the fault current is 10–20 times as high as the rated current. In the initial stage of the external
fault occurrence, the fault current probably contains high aperiodic component because of factors such
as inception angle. After a while, with the decay of the aperiodic component, the current presents a
symmetrical waveform. Provided that the fault is removed, the fault current decreases suddenly to the
level of load current (Figure 2.42).

Taking i1 as the input of the CT model, we can obtain the transforming characteristic (Figure 2.43) and
the dynamic magnetizing course (Figure 2.44) of CT1. As shown in Figure 2.43, i11, i12 and i1𝜇 are the
primary, secondary and magnetizing currents of CT1, respectively.

As seen in Figure 2.43, before the fault occurs the primary current is within normal range and the core
of CT1 works at the linear region. It means that the corresponding magnetizing inductance is relatively
high. Therefore, the magnetizing current is almost zero.
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Figure 2.42 The current waveform of the primary side of the transformer of external fault inception
and removal

However, during the existence of external fault, the amplitude of i11 far exceeds its steady-state level
and contains a high aperiodic component. The flux densities of the magnetizing branch of CTs during
the existence of external fault can be calculated according to Equation (2.42):

B = Br + Bm[C𝜔T1(1 − e−t∕T1 ) − sin𝜔t] (2.42)

where Bm = RIm
′

𝜔kS
. Among them, Im

′ is the amplitude of the primary current during the existence of exter-
nal fault, Br is the remnant flux density of CT, T1 is the time constant of the primary system and C is
the coefficient expressing ratio of aperiodic component to periodic component of fault current at the
beginning of the fault occurrence.

By virtue of Equation (2.42) it is found that about 0.025 s after the fault occurs, the flux density of
CT1 turns into the saturated state for the first time. However, the flux density will be pulled back to the
unsaturated region owing to the presence of the periodic component. Due to the accumulation effect of
the aperiodic component, the saturation degree of flux density is growing. However, owing to the relative
high periodic component, the flux density will be pulled back to the unsaturated region periodically. In
this case, the waveform of the magnetizing current becomes irregular, as shown in Figure 2.43. After CT1
turns into the saturated state, 𝜓1𝜇 and i1𝜇 vary with the route of the hysteresis loop, that is, the rise and
fall of the flux linkage is governed by the physical law mentioned in Section 2.2, as seen in Figure 2.44.

After the fault is removed, the amplitude of i11 is restored suddenly to its steady state. Note that at this
time the magnetic linkage of the CT1 core has been pushed into the region near to the saturation point by
the previous high fault current. In contrast, the magnetic linkage resulting from the low load current has
relatively low amplitude. Therefore,𝜓1𝜇 probably stays within the limit hysteresis loop and cannot return
to the normal operation region immediately. As a consequence, the inductance of the magnetizing branch
may maintain a relatively low value during an entire period of power frequency. And this phenomenon
may last for a period of time. Consequently, considerable primary current will be forced to pass through
the magnetizing branch, causing serious measuring error. This case is shown clearly in Figure 2.44.

The same CT model is used to analyse behaviour of CT2. Based on Equation (2.42) as mentioned
previously, it is found that the maximum of B of CT2 is 0.79 T during the period of the external fault,
which is lower than the saturation flux density. Therefore, the flux density of the magnetizing branch
of CT2 always stays within the linear operation region throughout the entire process, which means the
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Figure 2.43 The transforming characteristic of CT1: (a) the primary current i11; (b) the secondary
current i12; (c) the magnetizing current i1𝜇
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Figure 2.44 The dynamic magnetizing curve of CT1

corresponding inductance of the magnetizing branch may maintain a relatively high value. As a result,
the secondary current of CT2 is nearly equal to the primary current. The secondary current of the CT i22

can be obtained, as seen in Figure 2.45.
By virtue of i12 and i22 (Figures 2.43b and 2.45b, respectively), the differential current can be obtained

(Figure 2.46). As analysed above, CT1 works in the nonlinear region for most of the time after a given
period of time post-fault, while CT2 can always transform the current linearly. Therefore, the false dif-
ferential current basically results from the nonlinear transformation of CT1.

As seen in Figure 2.46, it can be noticed that the differential current is noticeably distorted during the
period the external fault exists. This distortion, resulting in the high second harmonic content of false
differential current, is due to the nonlinear transforming caused by the saturation state of the CT1 core.
After the fault is removed, the phenomenon of CT local transient saturation leads to a big angle error and
amplitude error of CT1, resulting in a false differential current that exhibits a relatively smooth wave-
form lacking in second harmonic content. This point of view can be verified by the following harmonic
analysis.

According to the setting parameters and Figure 2.42, the rated value of the steady-state current of CT1
is 600 A, and the ratio of CT1 is 600/5 A. There is no loss of generality in assuming that the primary
rating current of this side is 600 A, the secondary rating current is 5 A.

Figure 2.47 shows the changes of the magnitude of the fundamental component of id, which is evaluated
with the DFT algorithm. Applying the per unit system to denote the differential current and bias current
and taking 5 A as the base, the steady-state magnitude of id stabilizes above 0.25 after fault inception
(Figure 2.47). If the setting of operating threshold is below 0.25, the mal-operation possibly occurs.
Certainly, the mal-operation cannot occur unless the ratio of second harmonic to fundamental of the
differential current is lower than the threshold, which is generally set at 15–20%. Figure 2.48 shows
the ratio change of second harmonic to fundamental of the differential current after fault occurs. During
the existing period of external fault, the ratio of the second harmonic is quite high, far exceeding the
threshold. Therefore, mal-operation cannot occur although the magnitude of the fundamental component
is high. However, after the fault is removed, the ratio of the second harmonic stabilizes below 15% and
the magnitude of the fundamental component stabilizes above 0.25. Provided the differential protection
uses 0.25 as the operating threshold and 15% as the second harmonic restraint ratio, mal-operation will
definitely occur. The tripping signal of the differential protection will be issued accordingly (Figure 2.49).
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Figure 2.45 The transforming characteristic of the CT2: (a) the primary current i21; (b) the secondary
current i22; (c) the magnetizing current i2𝜇
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Figure 2.50 The state locus of the mal-operation of the differential protection

Furthermore, Figure 2.50 shows the state locus of the mal-operation of the differential protection.
The second harmonic of the differential current is high during the period of the fault. Therefore, the
differential protection is blocked reliably. As the fault is removed, the operating point of the CT of one
side enters into the region of local transient saturation. In this case, both the amplitude of the differential
current and the ratio of its second harmonic component to fundamental component possibly satisfy the
tripping conditions of the differential protection, which makes the protection mal-operate.

As seen in Figure 2.49, the differential protection outputs tripping signal continuously less than 0.04 s
(two cycles) after the fault is removed.

In summary, a preliminary explanation of one type of unusual mal-operations of the differential protec-
tion after the removal of external fault is proposed in this section. The reason is that the saturation states of
the CTs on each side of the transformer are different after an external fault occurs. The concept of ‘local
transient saturation of the CT’ is put forward to explain such strange phenomenon. According to this
concept, the CT on the primary side of the transformer has entered the saturated state sometime before
the fault is removed. The high fault current with aperiodic component pushes the magnetic linkage of the
CT into the saturation region. As the fault is removed, due to the dynamic magnetizing characteristic and
load current with low amplitude, the CT enters into local transient saturation. In this case, considerable
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current will flow through the magnetizing branch of this CT, which leads to significant measuring error.
On the other hand, the CT on the secondary side of the transformer never enters the saturated state due
to different parameters of the CT and, hence, can basically transform linearly throughout the entire pro-
cess. The secondary currents of both side CTs will form a false differential current with relatively smooth
waveform. In this case, the differential current may exceed the minimum operation threshold together
with low second harmonic content, leading to the above-mentioned unusual mal-operation of the dif-
ferential protection. Engineers in the field of protective relaying should recognize this phenomenon and
propose corresponding solutions.

2.5 Analysis and Countermeasure of Abnormal Operation Behaviours
of the Differential Protection of the Converter Transformer

2.5.1 Recurrence and Analysis of the Reported Abnormal Operation
of the Differential Protection of the Converter Transformer

2.5.1.1 Simulation Model of the HVDC System

The magnetizing currents and internal fault currents of the converter transformer in the HVDC system
are investigated by virtue of HVDC benchmark test system I of CIGRE (namely Benchmark I). This
model was put forward by the DC Links Committee of CIGRE in 1991 and is the first standard model
applied to the research of the HVDC control system.

The main circuit structure of the model is shown in Figure 2.51; the values labelled in the figure are
all nominal values, the units of which are respectively Ω, H, and F. The whole HVDC system mainly
consists of two DC converting stations, DC transmission lines and basic valve control systems. Both
sides of the system are connected with AC power systems and the inverting side is a weak system. The
short-circuit ratios of rectifiers and inverters are all 2.5 and the basic pulse count is 12. The rated voltage
and current of the DC line are 500 kV and 2 kA, respectively. The resistance of the DC line is 2.5Ω
and the converting reactance of the inverter and converter are, respectively, 9.522 and 21.4245 Ω. The
reactive power compensation device is a fixed capacitor and the filter is a damping filter.

The Y0/Δ-1 connected transformer on the converting side is investigated and the parameters of the
transformer are:

The rated power is 603.73 MVA and the rated voltages on both sides are 345 kV/213.4557 kV. The
positive sequence leakage reactance and the air-gap reactance are respectively 0.18 and 0.2 p.u. The sat-
uration point is 1.25 p.u. and the magnetizing current is 1%. Following the conventional setting criterion,
the operation threshold of the differential protection is set as 0.25 p.u., and the ratio of second harmonic
restraint is set as 15%.

Adopting the usual operating mode of differential protection in China, the protection will not operate
unless the protection elements of three phases are capable of issuing the tripping signal. Unloaded trans-
former energizing, single-phase-to-earth faults, two-phase(to earth) short-circuit faults and three-phase
(to earth) short-circuit faults on the secondary side of the converter transformer are simulated by virtue of
the PSCAD/EMTDC software. DC current sources are adopted to simulate the remanence of the trans-
former core in the case of simulations of magnetizing inrushes; various internal faults on the secondary
side of the transformer are simulated by means of adding fault modules.

2.5.1.2 Analysis of Mal-operation of Differential Protection during Unloaded Energizing
of the Converter Transformer

Unloaded transformer energizing with various inception angles and remanences are simulated in this
part. In view of the length limit, only one of the scenarios of the second harmonic restraint criterion
fail-to-block is illustrated.
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Figure 2.51 Simulation model of the HVDC system
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Suppose that the simulation lasts for 0.6 s and the transformer is energized at t= 0.2617 s, which means
the inception angle of phase A is 30∘. The remanences of three phases of transformer core are 0.7 , 0
and −0.7 p.u., respectively. The waveforms, magnitudes of the fundamental components, percentages
of second harmonic of the differential currents and the tripping signals of the differential protections
of three phases are shown in Figures 2.52–2.55, in which the currents are denoted in terms of per-unit
system.

As seen in Figure 2.53, the steady-state magnitudes of differential currents of the three phases all
are above 0.25 stably after energizing, which possibly enables the differential protections of the three
phases to trip. Furthermore, the percentages of second harmonic to fundamental of differential currents
are analysed, as seen in Figure 2.54. It can be seen that percentages of second harmonic to fundamental
of differential currents of the three phases are below 15% at, respectively, 0.01, 0.015 and 0.02 s after
energizing, and the state of the three percentages simultaneously below 15% lasts for 3/4 cycle. Together
with the above analyses of the magnitudes of the fundamental components of differential currents, the
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Figure 2.52 Waveforms of differential currents during the energizing of the unloaded transformer
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Figure 2.54 Percentages of second harmonic to fundamental of differential currents
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Figure 2.55 Tripping signals of the differential protections of the three phases

tripping of differential protections of three phases is inevitable, as shown in Figure 2.55. It means that
the differential protections of three phases will all operate and second harmonic restraint criteria of three
phases will all fail to block after about one cycle of the unloaded transformer energizing. Therefore,
mal-operation of the transformer differential protection cannot be avoided.

2.5.1.3 Analysis of the Fail-to-Trip of Differential Protection during Internal Faults
of the Converter Transformer

The internal fault on the secondary side of the converter transformer actually leads to the short-circuit
fault of the converting valves. In this case, the fault current is high during one half cycle, while it is
small during the other half cycle owing to the unilateral conduction of the valves, which results in the

www.EngineeringBooksPDF.com



84 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

differential current containing a relatively high second harmonic component. In this case, the differ-
ential protection of the converter transformer may fail to trip because of the increase of the second
harmonic component in the differential current. For the purpose of investigating the influence of the
second harmonic restraint criterion on internal faults of the converter transformer, single-phase-to-earth
faults, two-phase short circuit (to earth) faults and three-phases short-circuit (to earth) faults on the sec-
ondary side of converter transformer are simulated respectively. Each of simulations lasts for 0.6 s and
each fault occurs at 0.2 s. Some scenarios of unnecessarily blocking of the second harmonic restraint
criterion are illustrated here, in which the currents are denoted in terms of per-unit system (Scenarios 2.5
and 2.6).

Scenario 2.5 Single phase to earth fault (phase A)
The waveform, magnitude of the fundamental component and the percentage of second harmonic of the
differential current of phase A in the case of phase A-to-earth fault on the secondary side of the converter
transformer are shown in Figures 2.56 and 2.57, respectively.

It can be seen from Figure 2.57 that the percentage of the second harmonic of the differential current
of phase A is always above the restraint threshold after the fault occurs, although the magnitude of the
differential current exceeds the operation threshold as well. In this case, the differential protection is
unnecessarily blocked and the fault cannot be removed in time.
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Figure 2.56 Waveform of the differential current of phase A
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Figure 2.57 Magnitude of the fundamental component and percentage of second harmonic to funda-
mental of differential current of phase A
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Scenario 2.6 Two phase to earth fault (phases A and B)
The waveforms, magnitudes of the fundamental component and the percentages of second harmonic of
the differential currents of phases A and B in the case of a A-B-G fault occurring on the secondary side
of converter transformer are respectively shown in Figures 2.58–2.61.

As seen in Figures 2.59 and 2.61, the magnitudes of the differential currents of both phases A and B
exceed the operation threshold after the fault occurrence, which should lead to the operation of the dif-
ferential protections of these two phases. However, the percentage of second harmonic of the differential
current of phase B is stably above the restraint threshold. As a result, even though the protection of phase
A can operate correctly, the differential protection of the converter transformer is still wrongly blocked
by the second harmonic restraint criterion of phase B.

It is proven with the above analyses that the decrease of second harmonic component in the differen-
tial current due to the impacts of inception angle and remanence may result in the mal-operation of the
differential protection during energizing of the unloaded converter transformer. On the other hand, the
increase of second harmonic component in the differential current may lead to the wrong blocking of
the differential protection in the case of some internal faults on the secondary side of the converter trans-
former. Consequently, the second harmonic restraint criterion is not completely appropriate when it is
applied to discriminating between magnetizing inrushes and fault currents of the converter transformer.
Therefore, it is necessary to find a novel criterion that is immune to the impacts of the core saturation
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Figure 2.58 Waveform of differential current of phase A
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Figure 2.59 Magnitude of fundamental component, percentage of second harmonic to fundamental of
differential current and tripping signal of differential protection of phase A
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Figure 2.61 Magnitude of fundamental component and percentage of second harmonic to fundamental
of differential current of phase B

and harmonic characteristics to discriminate between internal faults and magnetizing inrushes of the
converter transformer.

As it must take a certain time for the transformer core to enter saturation in the case of unloaded trans-
former energizing, the appearance of the differential current caused by the magnetizing inrush always
lags behind the occurrence of the disturbance for a time difference. For internal faults, the occurrences
of the differential current and the fault are theoretically simultaneous, which means that such a time
difference does not exist. Therefore, if the time difference can be located by means of an effective method,
it can be applied to discriminate between internal faults and magnetizing inrushes at the beginning
of disturbances.

2.5.2 Time-Difference Criterion to Discriminate between Faults and Magnetizing
Inrushes of the Converter Transformer

2.5.2.1 Existing Time-Difference Methods and their Limitation Applied to Discriminating
between Faults and Magnetizing Inrushes of the Converter Transformer

For the purpose of simplifying protection schemes, most of the existing time-difference methods are
based on the time difference between the change of line current of one side of the transformer and the
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occurrence of differential current to avoid introducing voltage quantity. In this case, a method to locate
the time difference between the fault occurrence and the appearance of the differential current imple-
mented with mathematical morphology was presented as reference. The time difference can be used to
identify the external fault from internal faults in the case of CT saturation. A method to identify the syn-
chronization of the change of line current and differential current was proposed in reference. Based on
the method, the sympathetic inrush and the internal and external faults during sympathetic inrush occur-
ring can be identified. The line current on the Y-side of the transformer and the differential current are
adopted as the reference quantities for both of the two time-difference methods mentioned above.

However, the methods cannot be applied to identify unloaded transformer energizing. This is because
the differential current is exactly the line current on the energizing side of the transformer in the case of
unloaded transformer energizing. Therefore, the time difference impossibly exists between the change
of line current and the appearance of differential current.

When the transformer experiences various disturbances, the voltage always changes relatively instan-
taneously at the time the disturbance occurs. As it takes a certain length of time to enter saturation of
the transformer core in the case of unloaded transformer energizaing, the appearance of the differential
current caused by the magnetizing inrush consequentially lags behind the voltage change for a time differ-
ence. Therefore, the phase voltage and the differential current can be used to form a novel time-difference
method in order to discriminate between magnetizing inrushes and internal faults. In this case, the short-
age of the exiting time-difference methods mentioned above can be overcome.

2.5.2.2 The Novel Criterion Using the Time Difference between Superimposed Phase Voltage
and Differential Current to Discriminate between Internal Faults and Transformer
Energizing

Actually, the differential current is the magnetizing inrush caused by the transformer core saturation in
the event of unloaded transformer energizing and the emergence of the magnetizing inrush lags behind
the change of the phase voltage. On the other hand, the differential current is the fault current in the case
of internal faults of the transformer and the change of the phase voltage is theoretically simultaneous
with that of the differential current. The time difference between the change of the phase voltage and
that of the differential current can be identified. If the time difference is greater than a certain threshold,
the differential current should be the normal magnetizing inrush and the protection will be blocked.
According to the field experience and results of extensive simulation tests, the threshold of the time
difference can be set as 3 ms.

The superimposed components of the phase voltage and differential current are used as the refer-
ence quantities for the criterion to locate the times of sudden changes of phase voltage and differential
current. In theory, if there is no disturbance in the system, the superimposed components of the phase
voltage and the differential current are always zero, or they are quantities with quite small random fluc-
tuant values. However, the captured superimposed component will appear as a waveform of a one-cycle
power-frequency component containing some harmonic components once a disturbance occurs. This
waveform always emerges from zero value to a nonzero series. This phenomenon always exists no mat-
ter how the inception angle of the disturbance changes. Therefore, the detection of the emergence time
of this series should be quite easy. A detailed description of the time locating method is given here.

Firstly, the superimposed components of the phase voltage and the differential current are extracted
by means of the real-time calculation of the superimposed quantity that is relative to the corresponding
point of the previous cycle. Then, the differential calculation is performed on these two superimposed
components and two difference sequences relating to the superimposed components of the phase voltage
and the differential current are obtained; these are stored in the circulatory buffer. On this basis, the
floating threshold used to locate the change times of the difference sequences, described as: the maximum
of the absolute values of the sequence within a one-cycle time window, whose end is one-cycle leading
to the current point, is extracted. The absolute value of the current point and the extracted maximum are
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Figure 2.62 Superimposed components of the voltage and the differential current of phase A
(Scenario 2.7)

compared. If the former exceeds a specified multiple of the latter, the first extremum after the current
point should be captured. This multiple is temporarily set as 5 and it can be adjusted according to actual
operating conditions. After that, the time corresponding to the point having the value of 30% of the
captured extremum is back traced, and this time is regarded as the time that the sudden change of the
phase voltage or differential current occurs.

The criterion is enabled when the differential current exceeds the threshold, and then the time difference
between the sudden changes of the phase voltage and the differential current is located. If this time
difference exceeds 3 ms, the differential protection is blocked. Otherwise, it is unblocked. In this case,
the disturbance can be identified as a fault or an energizing.

2.5.2.3 Simulation Tests of the Time-Difference Criterion

The simulation model is shown in Figure 2.51; unloaded energizing and various internal faults of the
converter transformer are simulated to validate the proposed time-difference criterion. The simulation
results of several representative scenarios are illustrated here (Scenarios 2.7–2.13), in which the super-
imposed components of the phase voltage and the differential current are denoted in terms of per-unit
system.

Scenario 2.7 Transformer energizing with phase A 0∘ inception angle and all phases with zero
remanence
The simulation duration is 0.6 s and the transformer is energized at t= 0.26 s, which means the inception
angle of phase A is 0∘. The remanences of three phases of transformer core are all 0.

The waveforms and located occurrence times of superimposed components of phase voltages and dif-
ferential currents of three phases are shown in Figures 2.62–2.67 respectively.

As seen in Figures 2.63, 2.65 and 2.67, the time differences between the superimposed components
of phase voltages and differential currents of three phases are 5.2, 4.2 and 4.6 ms, respectively, all of
which exceed the restraint threshold of 3 ms. Therefore, the disturbance is identified as the one due to
magnetizing inrush and the differential protections of the three phases are all reliably blocked.
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Figure 2.63 Occurrence times of superimposed components of the voltage and the differential current
of phase A (Scenario 2.7)
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Figure 2.64 Superimposed components of the voltage and the differential current of phase B
(Scenario 2.7)
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Figure 2.65 Occurrence times of superimposed components of the voltage and the differential current
of phase B (Scenario 2.7)
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Figure 2.66 Superimposed components of the voltage and the differential current of phase C
(Scenario 2.7)
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Figure 2.67 Occurrence times of superimposed components of voltage and differential current of
phase C (Scenario 2.7)

Scenario 2.8 Transformer Energizing with phase A 30∘ inception angle and remanences of
phases A, B and C being 0.7, 0 and –0.7 p.u., respectively
The simulation duration is 0.6 s and the transformer is energized at t= 0.2617 s, which means the incep-
tion angle of phase A is 30∘. The remanences of three phases of the transformer core are 0.7, 0 and
−0.7 p.u. respectively.

According to the analyses in Section 2.2, the second harmonic restraint based differential protection
mal-operates for this scenario. The occurrence times of superimposed components of phase voltages and
differential currents of three phases, which are located by means of the proposed method, are shown in
Figures 2.68–2.70, respectively.

It can be seen that the sudden changes of the three differential currents lag behind those of three phase
voltages for 3.8, 5.0 and 4.2 ms, respectively. The three time differences all exceed the restraint threshold
and, hence, the differential protections of three phases can be reliably blocked. Therefore, it is proven
that the application of the proposed time-difference criterion can prevent the differential protection from
the mal-operations analysed in Section 2.2.

The effectiveness of the proposed criterion in the case of internal faults of the converter transformer
is validated by means of the simulation tests of Scenarios 2.9–2.13. The fault conditions are similar to
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Figure 2.68 Occurrence times of superimposed components of the voltage and the differential current
of phase A (Scenario 2.8)
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Figure 2.69 Occurrence times of superimposed components of the voltage and the differential current
of phase B (Scenario 2.8)
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Figure 2.70 Occurrence times of superimposed components of the voltage and the differential current
of phase C (Scenario 2.8)
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those in Section 2.2, that is, the simulation duration of each case lasts for 0.6 s and each fault occurs
at 0.2 s.

Scenario 2.9 Fail-to-trip case due to Phase A to earth fault on the secondary side of the converter
transformer
The fail-to-trip case due to phase A to earth fault on the secondary side of the converter transformer, that
is, Scenario 2.1 in Section 2.1.

The waveforms and located occurrence times of superimposed components of phase voltage and differ-
ential current of phase A are shown in Figures 2.71 and 2.72, respectively. It can be seen that the detected
change times of the phase voltage and the differential current are 0.2014 and 0.2016 s, respectively. As
seen, the time difference is only 0.2 ms. In this case, the disturbance is identified as an internal fault by
means of the proposed criterion and the protection can operate correctly.

Scenario 2.10 Fail-to-trip case due to Phases A and B to earth fault on the secondary side of the
converter transformer
The fail-to-trip case due to phases A and B to earth fault on the secondary side of converter transformer
that is, Scenario 2.2 in Section 2.1.
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Figure 2.71 Superimposed components of voltage and the differential current of the phase A
(Scenario 2.9)
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Figure 2.72 Occurrence times of superimposed components of voltage and differential current of phase
A (Scenario 2.9)
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The waveforms and the location of the occurrence times of superimposed components of phase voltages
and differential currents of phases A and B are shown in Figures 2.73 and 2.74 and Figures 2.75 and 2.76
respectively.

According to Figures 2.74 and 2.76, the time differences between the sudden changes of phase voltages
and differential currents of phases A and B are 0.4 and 1.0 ms, respectively, both of which are less than
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Figure 2.73 Superimposed components of the voltage and the differential current of phase A
(Scenario 2.10)
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Figure 2.74 Occurrence times of superimposed components of the voltage and the differential current
of phase A (Scenario 2.10)
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Figure 2.75 Superimposed components of the voltage and the differential current of phase B
mbox(Scenario 2.10)
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Figure 2.76 Occurrence times of superimposed components of the voltage and the differential current
of phase B (Scenario 2.10)

the restraint threshold. As a result, the disturbance is identified as an internal fault and both protections
of phases A and B can operate correctly.

In virtue of the analyses in Section 2.2, the second harmonic restraint based differential protection
are unnecessarily blocked for the above two scenarios. In contrast, the application of the proposed time-
difference criterion can prevent the differential protection from being wrongly blocked in these cases.

Simulation results of the time differences between sudden changes of phase voltages and differential
currents for Scenarios 2.11–2.13 are presented in Table 2.4. The descriptions of Scenarios 2.11–2.13 are:

Scenario 2.11 Protection response to a phase to phase (AB) short-circuit fault occurring on the
secondary side of the converter transformer

Scenario 2.12 Protection response to a three-phase short-circuit fault occurring on the secondary
side of the converter transformer

Scenario 2.13 Protection response to a three-phase to earth fault on the secondary side of the
converter transformer

Table 2.4 Simulation results of the time differences between sudden changes of phase voltages and
differential currents for Scenarios 2.11–2.13

Scenario
number

Faulty
phase

Occurrence time of superimposed components Time difference
(ms)

Operation of
the protection

Voltage Current

2.11 A 0.2012 0.2020 0.8 Operates
B 0.2014 0.2020 0.6 Operates

2.12 A 0.2014 0.2020 0.6 Operates
B 0.2016 0.2024 0.8 Operates
C 0.2020 0.2022 0.2 Operates

2.13 A 0.2014 0.2016 0.2 Operates
B 0.2012 0.2020 0.8 Operates
C 0.2016 0.2020 0.4 Operates
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As seen in Table 2.4, in the case of these faults the time difference between sudden changes of the phase
voltage and the differential current of each phase is less than the restraint threshold of 3 ms. Consequently,
the faults are all identified as internal faults and the protections can all operate correctly.

It has been proven in hundreds of simulation tests that the criterion using the time difference between
the superimposed phase voltage and differential current is effective when identifying unloaded energizing
from internal faults of the converter transformer under various conditions.

In summary, the operation performance of the second harmonic restraint based differential protection
in the case of unloaded energizing and internal faults of the converter transformer has been investigated.
It is demonstrated that the second harmonic restraint criterion may result in both mal-operation and
fail-to-trip when it is applied in the differential protection for converter transformers. Therefore, it has
been required to design a novel criterion to discriminate between the internal faults and the magnetizing
inrushes of the converter transformer. According to the characteristic of transformer core, there exists a
time difference between the sudden change of the phase voltage and the emergence of the differential
current in the event of unloaded transformer energizing. Based on this phenomenon, a novel criterion
using the time difference between the superimposed phase voltage and differential current to discriminate
between internal faults and energizing of the converter transformer is proposed. The effectiveness of
the proposed criterion in the case of various unloaded energizing and internal faults of the converter
transformer is validated by virtue of EMTDC-based simulation tests. Furthermore, the principle of the
criterion is quite simple and it is immune to the impacts of any harmonic. This proposed criterion is
applicable to not only converter transformers but for common transformers in terms of discriminating
between unloaded energizing and internal faults.

2.6 Summary

Several cases of abnormal mal-operation of transformer differential protection have been reported in
recent years. This chapter is an attempt to study the unusual mal-operation of the differential protection
of the transformer and reinforce the theory system of transformer transient analysis. Based on the non-
linearity of transformer core, mathematical models are put forward for analysing the transient course
of external fault inception and removal, together with the CT model involving the magnetic hysteresis
effect. The effectiveness of model is validated with extensive simulation tests.
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3
Novel Analysis Tools on Operating
Characteristics of Transformer
Differential Protection

3.1 Introduction

Due to the nonlinearity of the transformer core, a magnetizing inrush possibly occurs when a transformer
is energized. In this case, the security of the differential protection will be challenged [1]. To solve this
problem, many criteria have been proposed [2–4] to prevent differential protection from mal-operation
due to inrush. Among these, the second harmonic restraint criterion is the most prevalent. The effec-
tiveness of this criterion has been verified with a considerable number of industrial applications in past
decades. However, some differential protections equipped with second harmonic restraint mal-operate
under some abnormal disturbances or operations. For instance, some mal-operations of the transformer
differential protection during loaded transformer energizing have been reported recently [5]. A concept
called ‘ultra-saturation state’ has been put forward to explain this phenomenon. According to the existing
analysis, the amplitude of the magnetizing inrush should be very high when the transformer experiences
the ‘ultra-saturation state’. In this case, the protection will detect a quite high bias current, a high oper-
ating current and a low second harmonic of differential current; therefore, it mal-operates at the biased
operation region, since the percentage bias characteristic is employed by most differential protection.
However, the data from the field fault recorder show that some mal-operation cases occurred at the non-
restraint region in the percentage bias characteristic plane, and the operating current was only somewhat
higher than the threshold. Of course, the second harmonic restraint criterion failed to block the differential
protection as well in these cases. Obviously, the ultra-saturation model of the transformer is not suitable
for explaining such scenarios. Furthermore, the loaded transformer energizing model needs to improve,
in that the nonlinear magnetizing inductance of transformer is simplified as an average inductance being
a constant, which does not coincide with the real situation. Therefore, a novel model for analysing the
transient course of the loaded transformer energizing is proposed. Together with the existing CT (current
transformer) models, the waveform characteristics of the primary and secondary inrushes are analysed.
On basis of above models, the reported mal-operations can be explained rationally.

The performance of the differential protection is an issue of concern in the field of theoretical analy-
ses of the relay protection. By means of these studies, researchers always try to exploit the potential of
the existing criteria, or provide some qualitative and quantitative conclusions for the adoption of certain
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criterion as the theoretical bases. In fact, observing the differential protection, which seems uncompli-
cated, from different angles, some new discoveries can be obtained. In this section, an attempt is made
to find out the appropriate theoretical bases for the existing method in the engineering field of relay pro-
tection according to the comparative studies on the phase current percentage differential criterion and
phase current difference based percentage differential criterion.

There is no doubt that current differential protection has been one of the most popular main protections
to secure electrical equipment [6, 7]. The core philosophy of its principle has never changed since it was
firstly proposed by C.H. Merz and B. Price in 1904, although the implementations, especially the restraint
quantities or bias current, may have different forms [8].

As for the percentage differential criterion, the dependability will be the main concern in the case of
isolating an internal fault. Thereby, the restraint current needs to be reduced as much as possible. How-
ever, it is preferable to increase the restraint quantity (RQ) when an external fault occurs because the
security, in turn, becomes the subject. To resolve the contradiction, a so-called “Complex Percentage
Differential” (CPD) criterion has been proposed, which compensates the restraint current with the minus
differential current. It is declared that both the reliability and selectivity of protection can be enhanced.
Nevertheless, this point of view has to be confirmed by convincing comparative analyses. It is thus nec-
essary to compare the CPD criterion with the Normal Percentage Differential (NPD) criterion. In the
classical theory of comparators, there exists a representation of a differential characteristic in the com-
plex plane defined as the alpha or beta plane. With this plane, a certain percentage differential criterion
can be investigated with a complex variable that is precisely the ratio of the outgoing current over the
incoming current. However, it is not suitable for comparing the overall performances among various cri-
teria, since each criterion has own restraint coefficient settings. It should be determined how the restraint
coefficients should be configured for the compared criteria and then the comparison can be based on a
rational premise. At present, no applicable baseline is available for such a purpose. A novel reliability
evaluation criterion is therefore proposed to compare the performances among various differential pro-
tections; this is referred to as ‘consistent security’ in this chapter. CPD criterion is proved to be better
than NPD criterion using the criterion.

It has been proven with the history and progress of protective relaying of power systems, that the use
of the superimposed components enhances the performance of protection devices to a great extent. The
distinct examples are the applications of superimposed component based distance protection and direc-
tional protection of transmission lines. However, there are still some arguments on the applications of
superimposed currents to the current differential protections. The discussions on this issue will help to
advance the research in this aspect and improve the operating reliability of current differential protec-
tions. Although the principles and operating problems of the superimposed current based differential
protection have been studied and presented in quite a few textbooks and references, most of them origi-
nate from the viewpoint of the protection of specific equipment, such as a generator or transformer, and
hence cannot provide sufficient theoretical fundamentals of differential protection for generic electric
components. Especially, the literature about comparative studies on differential protection criteria using
between phase current directly and superimposed phase current has not come into existence until now.
Indeed, comparative study is the most convincing method to testify a novel criterion. Nevertheless, as tak-
ing the load current into account complicates the analyses of the phase current based criterion, researchers
sometimes consciously or unconsciously avoid investigations of this aspect. However, a determinative
conclusion of the performances of the two criteria in various operating modes cannot be obtained without
quantitative comparisons.

Therefore, preliminary comparative studies between the phase current based and the superimposed
current based differential criteria are conducted in this chapter. Furthermore, on the basis of the compar-
ative studies, an attempt is made to try to find some results that can be used as a guide of the application
of percentage differential protections.
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3.2 Studies on the Operation Behaviour of Differential Protection during a
Loaded Transformer Energizing

3.2.1 Simulation Models of Loaded Transformer Switch-On and CT

3.2.1.1 Model of Loaded Transformer Energizing

Loaded transformer energizing can be illustrated by the equivalent circuit, as shown in Figure 3.1.
In Figure 3.1, the side of the transformer where power is provided is the primary side (also the side

of the transformer switch-on) and the side with load connected is the secondary side. R1 and L1 are the
resistance and the inductance of the primary side, respectively, and R2 and L2 are the resistance and the
inductance of the secondary side; L

𝜇
means the nonlinear inductance of the magnetizing branch of the

transformer.
By virtue of Kirchoff’s principle, the equations relevant to the equivalent circuit can be given by:

⎧⎪⎪⎨⎪⎪⎩

d𝜓1

dt
+ R1i1 +

d𝜓
𝜇

dt
= U1

i1 = i
𝜇
+ i2

d𝜓
𝜇

dt
=

d𝜓2

dt
+ R2i2

(3.1)

among which i1 and i2 are the currents through the primary side and the secondary side, respectively.
𝜓1 and 𝜓2 are the induced magnetic linkage corresponding to i1 and i2. i

𝜇
is the current of transformer

magnetizing branch and 𝜓
𝜇

is induced magnetic linkage corresponding to i
𝜇
.

As for the linear branch, i1 = 𝜓1

L1
and i2 = 𝜓2

L2
come into existence. With regard to the magnetizing

branch, the relationship between current and magnetic linkage is nonlinear. It is acceptable to let i
𝜇
=

f (𝜓
𝜇
).

The second equation of Equation (3.1) can be changed into:

i2 = i1 − i
𝜇

(3.2)

Substituting i1 =
𝜓1

L1
, i2 = 𝜓2

L2
, and i

𝜇
= f (𝜓

𝜇
) into Equation (3.2) gives:

𝜓2

L2

=
𝜓1

L1

− f (𝜓
𝜇
) → 𝜓2 =

L2

L1

𝜓1 − L2f (𝜓
𝜇
) (3.3)

Substituting i1 =
𝜓1

L1
into the first equation of Equation (3.1) gives:

d𝜓1

dt
+ R1

𝜓1

L1

+
d𝜓

𝜇

dt
= U1 (3.4)

L1

U1

L2R1

i1 i2

iμ Lμ

R2

+
–

Figure 3.1 The circuit of loaded transformer energizing
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Figure 3.2 The magnetizing characteristics of the transformer core

Substituting Equations (3.2) and (3.3) into the third equation of Equation (3.1) gives:

d𝜓
𝜇

dt
=

L2

L1

d𝜓1

dt
− L2

df (𝜓
𝜇
)

dt
+ R2

𝜓1

L1

− R2f (𝜓
𝜇
) (3.5)

Equations (3.4) and (3.5) can be expressed as:

⎧⎪⎪⎨⎪⎪⎩

d𝜓1

dt
+ R1

𝜓1

L1

+
d𝜓𝜇
dt

= U1

d𝜓
𝜇

dt
=

L2

L1

d𝜓1

dt
− L2

df (𝜓
𝜇
)

dt
+ R2

𝜓1

L1

− R2f (𝜓
𝜇
)

(3.6)

In Equation (3.6), i
𝜇

is a function of 𝜓
𝜇
. The accurate curve of 𝜓

𝜇
–i
𝜇

should be depicted as a multival-
ued curve if the hysteresis is taken into account. For the convenience of solving the differential equation,
the magnetization curve can be simplified to be a stepwise line, as illustrated in Figure 3.2. It can be sup-
posed that the saturation point is (𝜓 s, i

𝜇0), the inductance in saturation region is Ls and the inductance
outside saturation region is L

𝜇
. It should be emphasized that the inductance of the magnetizing branch

of transformer is still nonlinear even if above-mentioned simplification is employed.
As a result, the expression of f (𝜓

𝜇
) can be written as:

f (𝜓
𝜇
) =

⎧⎪⎨⎪⎩
𝜓
𝜇
∕L

𝜇
,

|||𝜓𝜇||| ≤ 𝜓s

(𝜓
𝜇
− 𝜓s)∕Ls + i

𝜇0, 𝜓
𝜇
> 𝜓s

(𝜓𝜇 + 𝜓s)∕Ls − i𝜇0, 𝜓𝜇 < −𝜓s

(3.7)

Substituting Equation (3.7) into Equation (3.6), the differential equation for 𝜓 can be expressed in
terms of the matrix: ∙

𝝍 =B−𝟏A𝝍 +B−1U (3.8)

where 𝝍 =
(𝜓1
𝜓𝜇

)
,

∙
𝝍 =

(
d𝜓1
dt

d𝜓𝜇
dt

)
.
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Among which

A =
(

R2∕L1 +
(
1 + L2∕L

𝜇

)
R1∕L1 R2∕L

𝜇

R2∕L1 − L2R1∕L2
1 −R2∕L

𝜇

)
(3.9)

B =
(

1 + L2∕L1 + L2∕L
𝜇

0
0 1 + L2∕L1 + L2∕L

𝜇

)
(3.10)

U =
((

1 + L2∕L
𝜇

)
U1

(L2∕L1)U1

)
(3.11)

if |𝜓
𝜇
| < 𝜓s. Whereas

A =
(

R2∕L1 +
(
1 + L2∕LS

)
R1∕L1 R2∕LS

R2∕L1 − L2R1∕L2
1 −R2∕LS

)
(3.12)

B =
(

1 + L2∕L1 + L2∕LS 0
0 1 + L2∕L1 + L2∕LS

)
(3.13)

U =
((

1 + L2∕LS

)
U1 − (R2∕LS)𝜓S + R2i𝜇0

(L2∕L1)U1 + (R2∕LS)𝜓S − R2i
𝜇0

)
(3.14)

if 𝜓
𝜇
> 𝜓s. Whereas

A =
(

R2∕L1 +
(
1 + L2∕LS

)
R1∕L1 R2∕LS

R2∕L1 − L2R1∕L2
1 −R2∕LS

)
(3.15)

B =
(

1 + L2∕L1 + L2∕LS 0
0 1 + L2∕L1 + L2∕LS

)
(3.16)

U =
((

1 + L2∕LS

)
U1 + (R2∕LS)𝜓S − R2i

𝜇0

(L2∕L1)U1 − (R2∕LS)𝜓S + R2i
𝜇0

)
(3.17)

if 𝜓
𝜇
< −𝜓s.

The voltage source is defined as:
U1∕Um sin(𝜔t + 𝜃) (3.18)

The current waveform during loaded transformer energizing can be obtained by selecting proper
parameters and using a four-order Runge–Kutta algorithm to solve the nonlinear differential equations
above.

3.2.1.2 CT Modelling

As supported by the following simulation test results, the loaded transformer energizing model prop-
erly satisfies both conditions of differential current in the nonrestraint region and the second harmonic
restraint criterion failing to block. An obvious assumption is that the problem with the failure to block
stems from the different CT transforming characteristics subjected to primary currents with different
aperiodic components. To substantiate this assumption, it is necessary to build an accurate model of a
CT suitable for transient analysis. The main difficulty in CT modelling in this frequency range lies in the
simulation of the hysteresis loop. Then, a four-order Runge–Kutta algorithm is used to solve the differ-
ential equations. The arithmetic solutions of the inrush, the secondary current and the magnetic linkage
can be obtained by means of applying the iterative computation.
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The through inrush events simulated with the loaded transformer energizing model provide the primary
current inputs to the CTs located on the primary and secondary sides of the power transformer. Thus, the
secondary current for both sides of the transformer differential protection zone can be arrived at allowing
analysis of the protection.

3.2.2 Analysis of the Mal-operation Mechanism of Differential Protection

It can be assumed that the transformer has load connected and is energized from the high voltage side at
t= 0 s.

Scenario 3.1
Source parameters: Um= 110 kV, 𝜔= 100𝜋rad, inception angle 𝜃 = 20∘, where 𝜃 means the phase angle
of phase A at the moment that the transformer is connected to the voltage source.

Transformer parameters are:

The windings of both sides: ratio k= 110/35 kV, L1 = 0.06 H, R1 = 15Ω, L2 = 0.035 H, R2 = 115Ω
The core: Ψm =Um/𝜔, saturation point Ψs/Ψm = 1.2, L

𝜇
= 500 H, Ls = 0.01 H, i

𝜇0 =Ψs/L𝜇;
Parameters for the CT on the high voltage side of the transformer: k= 600/5 A, l= 0.7 m, S= 23.2 cm2,

R= 0.05Ω; for the CT on the transformer’s secondary side: k= 2400/5 A, l= 0.5 m, S= 51.2 cm2,
R= 0.15Ω; saturation points of the magnetizing branch of the CTs for both sides are determined by
Ψs/Ψm = 3.9.

In the initial stage of transformer energizing with load, the core of the transformer is in the unsaturated
state, which means that the corresponding magnetizing inductance is relatively high. Therefore, basically
the current flows through the primary and secondary windings. However, the magnetic linkage in the core
probably contains high aperiodic component because of factors such as inception angle (Figure 3.3).

After a while, as the magnetic linkage enters the highly saturated portion of the magnetizing char-
acteristic, the inductance of the core falls rapidly and considerable current at the primary side of the
transformer flows through the magnetizing branch. The voltage source, which is a periodic component
with relatively high amplitude, reduces the magnetic linkage to the normal operating value at the opposite
half cycle. The inrush then diminishes rapidly. Therefore, i is an offset current as shown in Figure 3.4.
This is similar to the scenario of the unloaded transformer energizing.

However, i1, the current at transformer primary side, is the sum of i
𝜇

and i2. This is the difference from
the situation of energizing an unloaded transformer. When the amplitude of i

𝜇
is similar to the amplitude

of i2, there will be no obvious discontinuity in the waveform of current i1. The current waveform of i1 is
shown in Figure 3.5 and, accordingly, the current waveform of i2 is shown in Figure 3.6.

–300

–200

–100

0

100

200

300

400

500

0 0.02 0.04 0.06 0.08 0.1 0.12

Time (s)

0.14 0.16 0.18 0.2

ψ μ
/W

b

Figure 3.3 The waveform of the magnetic linkage of transformer core
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Figure 3.4 The waveform of the current of transformer magnetizing branch
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Figure 3.5 The current waveform of the primary side of the transformer
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Figure 3.6 The current waveform of the secondary side of the transformer
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Regardless of the existing transforming error of the CTs (as evidenced by their i
𝜇

and the resulting
differential current in the protection circuit), when the transformer core significantly enters saturation the
ratio of second harmonic to fundamental greatly exceeds the typical 15%, allowing the blocking criterion
to take effect and prevent differential operation. When the magnetic linkage of the transformer core
returns to the linear operation region, the inrush is too small to exceed the minimum operating threshold
of the differential protection. It should be noted that the ratio of the second harmonic to fundamental
in i

𝜇
greatly exceeds 15%, the common setting of restraint ratio, during the whole process of energizing.

In this regard, the mal-operation of the differential protection cannot be explained only with the loaded
transformer energizing model.

Note that most of the aperiodic component of i1 flows through the transformer core because of
the inductive character of the core during the transient course of transformer energizing. This results in
prominent differences between the aperiodic components of currents at both sides. Comparing Figures 3.5
and 3.6 shows that the aperiodic component of the through current is mainly manifested in the current
i1, while it is hardly noticeable in i2. In this case, the CTs of both sides differ greatly in the transforming
behaviour. It can be shown that the false differential current with significant amplitude and relatively
low harmonic contents will likely be formed because of the transforming difference of the CTs. In this
scenario, the conditions necessary for mal-operation of the differential protection (differential current
exceeding minimum operate threshold and second harmonic content below restraint threshold) can
both be satisfied simultaneously. Therefore, the occasional mal-operation of the differential protection
under loaded transformer energizing is inevitable. This perspective is substantiated with the following
simulation tests.

Taking i1 as the input of the CT model, the dynamic magnetizing course (Figure 3.7) and the trans-
forming characteristic (Figure 3.8) of the CT on the primary side of transformer can be obtained. As
shown in Figure 3.8, i11, i12 and i1𝜇 are the primary, secondary and magnetizing currents of the CT on
the primary side of the transformer respectively.

It can be seen from Figures 3.7 and 3.8 that the amplitude of the aperiodic component of i11 far exceeds
its steady-state level in the first few cycles of energizing. This results in the magnetic linkage of the
core being lifted beyond the saturation point; accordingly, a considerable portion of the primary current
flows through the magnetizing branch. After CT enters into saturation, 𝜓

𝜇
and i1𝜇 vary with the route

of the hysteresis loop. As seen in Figure 3.8, due to the resistive load of CT, the aperiodic components
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Figure 3.7 The dynamic magnetizing course of the CT on the primary side of the transformer
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Figure 3.8 The transforming characteristic of the CT on the primary side of the transformer

of all currents decay rapidly during the transforming course. After several cycles, the residual current
is mainly composed of the periodic component. Note that at this time the magnetic linkage of the CT
core has been pushed into the region near to the saturation point by the previous aperiodic components.
In contrast, the periodic component of 𝜓

𝜇
resulting from the periodic component of i11 has relatively

low amplitude. Therefore, 𝜓
𝜇

probably stays within the hysteresis loop limit and cannot return to the
normal operation region immediately. As a consequence, the inductance of the magnetizing branch may
maintain a relatively low value during an entire period of power frequency with this phenomenon lasting
for a period of time. Consequently, considerable primary current will be allowed to pass through the
magnetizing branch and cause serious measuring error. This case is shown clearly in Figure 3.8.

The same CT model is used to analyse behaviour of the CT on the secondary side of the transformer.
The waveform of i2 does not contain an aperiodic component and the amplitude of its periodic component
is basically equal to the rated value of the CT. As a result, the CT can transform linearly. The secondary
current of the CT i22 can be obtained.

By virtue of i12 and i22, the differential current can be obtained; this is shown in Figure 3.9, from which
it can be seen that it is noticeably distorted during the first few cycles of energizing. This distortion is
due to the aperiodic component of the current on the primary side of the transformer not having fully
decayed yet. After a while, the decay of the aperiodic component is almost complete. However, in this
time the magnetic linkage of the CT core has been pushed into the region near to the saturation point
(point M in Figure 3.7). Meanwhile, the magnetic linkage formed by the periodic component of the
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Figure 3.9 The waveforms of the secondary currents of both side CTs and corresponding differential
current
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current with low amplitude is not enough to pull the operating point of the magnetic linkage back to the
linear region. Therefore, this phenomenon of CT local transient saturation leads to the obvious angle
error and amplitude error of the CT. The result of the CT local transient saturation is a false differential
current that exhibits a relatively smooth waveform lacking in second harmonic content. According to the
setting parameters and Figure 3.5, the rated value of the steady-state current of the primary side of the
transformer is 600 A, and the ratio of the CT on this side is 600/5 A. It can be assumed that the primary
rating current of this side is 600 A, the secondary rating current is 5 A. Figure 3.10 shows the changes
of the magnitude of the fundamental component of id in Figure 3.9, which is evaluated with the Discrete
Fourier Transform (DFT) algorithm. Applying the per unit system to denote the differential current and
bias current and taking 5 A as the base, the steady-state magnitude of id stabilizes above 0.25 after five
cycles after energizing (Figure 3.10). If the setting of operating threshold is below 0.25, mal-operation
will occur. Certainly, the mal-operation cannot occur unless the ratio of second harmonic to fundamental
of the differential current is lower than the threshold, which is generally set at 15–20%. Figure 3.11
shows the ratio change of second harmonic to fundamental of the differential current after energizing.
As the energizing time exceeds 0.13 s, the ratio of the second harmonic stabilizes below 15% and the
magnitude of the fundamental component stabilizes above 0.25. If the differential protection uses 0.25
as the operating threshold and 15% as the second harmonic restraint ratio, mal-operation occurs. The
tripping signal of the differential protection is shown in Figure 3.12.

In addition, Figure 3.13 shows the state locus of the mal-operation of the differential protection. The
second harmonic of the differential current is high during the initial period of the energizing. Therefore,
the differential protection is blocked reliably. As time goes on, the operating point of the CT enters into
the region of local transient saturation. In this case, both the amplitude of the differential current and
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Figure 3.10 The magnitude of the fundamental component of the differential current
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Figure 3.11 The ratio of second harmonic to fundamental of the differential current
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Figure 3.12 The tripping signal of the differential protection
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Figure 3.13 The state locus of the mal-operation of the differential protection

the content of the harmonic component possibly satisfy the tripping conditions of the differential protec-
tion, which makes the protection mal-operate. Compared with this phenomenon, the above conditions
can hardly be satisfied during the unloaded transformer energizing. Because the load is disconnected the
current from the CT on the secondary side is always zero, thus the differential current is always equal
to the current from the CT on the primary side. In this case, the differential current is always equal to
the winding inrush or the linear combination of the winding inrushes depending on the style of winding
connection of transformer. In other words, no matter how saturated the CT is, it only results in the distor-
tion of the waveform of differential current when the compensation of the current at the secondary side
of transformer cannot be involved. The ratio of second harmonic to fundamental will remain at a high
level and the mal-operation can hardly occur in this case.

The different parameters of the primary system lead to a different time of CT initial saturation and then
a different time of mal-operation of protection. The following provides a scenario of the mal-operation
with a long time delay of the differential protection during the loaded transformer energizing.

Scenario 3.2
Transformer parameters: L1 = 0.1 H, R1 = 8.5Ω, L2 = 0.06 H, R2 = 115Ω, Ψm =Um/𝜔, Ψs/Ψm =1.3,
L
𝜇 = 500 H, Ls = 0.01 H, 𝜃 = 0 rad, i𝜇0 =Ψs/L𝜇 .
CT parameters and the operating threshold of protection are the same as Scenario 3.1.
The simulation results are illustrated in Figures 3.14 to 3.17. Among them, Figure 3.14 shows the

waveforms of the secondary currents of both side CTs and corresponding differential current. Figure 3.15
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Figure 3.14 The waveforms of the secondary currents of both side CTs and corresponding differential
current
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Figure 3.15 The magnitude of the fundamental component of the differential current
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Figure 3.16 The ratio of second harmonic to fundamental of the differential current

shows the magnitude change of the fundamental component of the differential current. Figure 3.16 shows
the ratio change of second harmonic to fundamental of the differential current. Figure 3.17 shows the
tripping signal of the differential protection.

As seen in Figure 3.17, the differential protection outputs tripping signal continuously as the energizing
time exceeds 0.26 s (13 cycles).
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Figure 3.17 The tripping signal of the differential protection

In summary, the mechanism of the mal-operation of the differential protection caused by the low
through inrush during the loaded transformer energizing has been studied in this section. The reason is
that ratios of the aperiodic components of the currents on each side of the transformer are different during
the transient of energizing. The current at the primary side of the transformer contains a much greater
aperiodic component, which pushes the magnetic linkage of the CT into the saturation region. Due to the
dynamic magnetizing characteristic and the small periodic component of current, the CT enters into local
transient saturation after the aperiodic component fully decays. Thus, considerable periodic component
current will flow through the magnetizing branch of the CT, which leads to significant measuring error.
On the other hand, the aperiodic component of current at the secondary side of the transformer is very
low and the CT, therefore, can basically transform linearly. The secondary currents of both side CTs will
form the false differential current with a relatively smooth waveform. In this case, the differential current
may exceed the minimum operation threshold while also having low second harmonic content, leading
to the mal-operation of the differential protection. Researchers in the field of protective relaying should
recognize this phenomenon and propose reasonable solutions.

3.3 Comparative Investigation on Current Differential Criteria between One
Using Phase Current and One Using Phase–Phase Current Difference
for the Transformer using Y-Delta Connection

3.3.1 Analyses of Applying the Phase Current Differential to the Power
Transformer with Y/Δ Connection and its Existing Bases

For the differential protection of the power transformer with Y/Δ connection, the secondary currents
forming the differential currents are usually revised on amplitudes and phase angles by means of CTs or
digital angle changing in order to adapt to the Y/Δ transformation of the primary side of the transformer.
In this way, the differential currents are 0 in the cases of normal operating conditions and external faults.
At the same time, the sensitivities of the differential protection during internal faults are unaffected. Take
the case of Y0/Δ-11 connection, which is wildly used in China, analyses of this method were conducted
as follows (Figure 3.18).

Supposed that the high voltage side and the low voltage side of the transformer adopt Y0 connection
and Δ connection, respectively, the currents in the windings on the high-voltage side are İA, İB and İC,
respectively, and the corresponding phase currents are İmL1 = İA, İmL2 = İB and İmL3 = İC respectively.
Similarly, the currents in the windings on the low-voltage side are İa, İb and İc, respectively, and the
corresponding phase current differences are İnL1 = İa − İb, İnL2 = İb − İc and İnL3 = İc − İa, respectively.
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Figure 3.18 The currents of the power transformer with Y0/Δ-11 connection

In China, the method of setting up the differential protection is as follows: the phase current differences
on the low voltage side are directly introduced as the inputs of one side of the differential relay, the phase
current differences on the high voltage side are revised in terms of the formation of the phase current
differences on the low voltage side, that is:

İ′mL1 = İA − İB, İ′mL2 = İB − İC, İ′mL3 = İC − İA

The simplest current differential criterion, for example, for phase A, is given by:

I′dA = |İ′mL1 + İnL1| > I0 (3.19)

Of course, varied percentage differential criteria can be set up. Some relative detailed discussion is
conducted in the following sections.

For the sake of clear expression, the revised current differential criterion mentioned above is called
phase current difference based differential criterion in this section.

Some manufacturers claim that the zero-sequence current is removed in the phase current difference
based differential criterion and the sensitivity of the protection in the event of single-phase earth fault
or inter-turn fault is lowered. Therefore, protections specially responding to earth faults are introduced,
for example the zero-sequence current differential criterion. Another method is to revise the two currents
forming the differential current in order to enable the influence of the zero-sequence current to be covered.

It should be pointed out that the above conclusion is correct. In other words, comparing with the phase
current differential protection, the sensitivity of the phase current difference based differential protection
is lowered in the case of an earth fault. However, the argument saying that the sensitivity is lowered
because of the zero-sequence current being removed in the phase current difference based differential
criterion, is not proper. The analyses are as follows.

For the simple current differential protection for phase A, the corresponding criterion is given by:

IdA = |İA + İa| > I0 (3.20)

This criterion is called phase current differential criterion in this section.
Figure 3.19 is used to analyse the instance in the event of internal fault.
An internal fault can be described as the pre-fault network and superimposed fault network by means

of the superposition method, as seen in Figure 3.19.
The superimposed fault network can be regarded as a passive network from the fault port. Furthermore,

the superimposed fault network in Figure 3.19 can be decomposed to positive, negative and zero-sequence
systems according to symmetrical component method, as seen in Figure 3.20. In the figure, the equivalent
electric potential sources of the fault port are replaced by equivalent current sources.
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Figure 3.20 Decomposition of the superimposed fault network to positive, negative and zero-sequence
systems

By virtue of Figure 3.20, in the superimposed fault network the phase currents on the high voltage side
of the transformer are expressed in terms of symmetrical components:

⎧⎪⎨⎪⎩
ΔİA = ΔİA1 + İA2 + İA0

ΔİB = a2ΔİA1 + aİA2 + İA0

ΔİC = aΔİA1 + a2 İA2 + İA0

(3.21)
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Similarly, the phase currents on the low voltage side are given by:

⎧⎪⎨⎪⎩
Δİa = Δİa1 + İa2 + İa0

Δİb = a2Δİa1 + aİa2 + İa0

Δİc = aΔİa1 + a2 İa2 + İa0

(3.22)

In the case of adopting the phase current differential criterion, the differential current of phase A is
expressed as:

İdA = ΔİA + Δİa = (ΔİA1 + Δİa1) + (İA2 + İa2) + (İA0 + İa0) (3.23)

While for the phase current difference based differential criterion, the differential current of phase A
is given by:

İ′dA = ΔİAB + Δİab (3.24)

With respect to Equations (3.21) and (3.22), Equation (3.25) comes into existence.{
ΔİAB =

(
1 − a2

)
ΔİA1 + (1 − a)ΔİA2

Δİab = (1 − a2)Δİa1 + (1 − a)Δİa2

(3.25)

Substituting Equation (3.25) into Equation (3.24), the differential current of phase A in the case of
adopting the phase current difference based differential criterion can be expressed by:

İ′dA = (1 − a2)(ΔİA1 + Δİa1) + (1 − a)(İA2 + İa2) (3.26)

It can be seen by comparing Equation (3.23) with Equation (3.26) that İdA contains the zero-sequence
component but İ′dA does not. It seems that the former is greater than the latter. However, this is not exact
actually. The illustration is as follows.

For any internal fault, Equation (3.27) comes into existence:

⎧⎪⎨⎪⎩
İF1 = ΔİA1 + Δİa1

İF2 = İA2 + İa2

İF0 = İA0 + İa0

(3.27)

Substituting Equation (3.27) into Equations (3.23) and (3.26) respectively, the differential currents for
the two criteria are given by:

İdA = İF1 + İF2 + İF0 (3.28)

İ′dA = (1 − a2)İF1 + (1 − a)İF2 (3.29)

Taking the single-phase earth fault, for example, assume that an internal earth fault of phase A occurs;
Equation (3.30) comes into existence:

İF1 = İF2 = İF0 (3.30)

Substituting this into Equations (3.28) and (3.29), it follows that:

İdA = İ′dA = 3İF1 (3.31)

On the surface, the differential current for the phase current differential criterion contains the
zero-sequence component, but the coefficients of three sequence components are all one in the event
of single-phase short-circuit fault. Although the differential current for the phase current difference
based differential criterion does not contain the zero-sequence component, the positive-sequence and
negative-sequence components are magnified (1 − a2) and (1 − a) times, respectively. In this instance,
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the composite differential currents for the two criteria are identical. Obviously, the argument that the
sensitivity of the differential protection is lowered due to the zero-sequence current being removed in
the phase current difference based differential criterion, is not tenable. In fact, the zero-sequence current
assists the phase current differential current via apparent action whereas it assists the phase current
difference based differential current via latent action.

Actually, Equation (3.32) comes into existence:

İAB + İab = (İA + İa) − (İB + İb) (3.32)

When an internal fault of phase A occurs, only the through current flows through phase B, İB + İb = 0,
it follows that: İAB + İab = İA + İa (3.33)

Consequently, the opinion that the effect of the zero-sequence current is not taken into account in the
phase current difference based differential criterion, is not tenable in theory.

3.3.2 Rationality Analyses of Applying the Phase Current Differential Criterion to
the Power Transformer with Y/Δ Connection

Based on the above analyses, it is hoped to comprehend whether the effects of the two current differential
criteria are identical. If adopting simple differential protection, the effects are identical in the case of same
settings. However, if adopting the percentage differential criterion, the result is different. The analyses
are shown here.

By virtue of the distribution of the currents in Figure 3.20, for the high voltage side:⎧⎪⎨⎪⎩
ΔİA = c1AΔİF1 + c2AİF2 + c0AİF0

ΔİB = c1Aa2ΔİF1 + c2AaİF2 + c0AİF0

ΔİC = c1AaΔİF1 + c2Aa2 İF2 + c0AİF0

(3.34)

For the low voltage side: ⎧⎪⎨⎪⎩
Δİa = c1aΔİF1 + c2aİF2 + c0aİF0

Δİb = c1aa2ΔİF1 + c2aaİF2 + c0aİF0

Δİc = c1aaΔİF1 + c2aa2İF2 + c0aİF0

(3.35)

where, c1A, c2A, c0A, c1a, c2a and c0a are the distribution coefficients of the positive, negative and
zero-sequence currents on both sides; strictly speaking, they are all complex numbers.

Under common conditions, the ratio of the resistance to the system impedance is quite low. For the
convenience of analysing, the resistance can be ignored and, hence, the distribution coefficients of the
currents can all be regarded as real numbers. For the analyses of protections, the structures and the param-
eters of positive and negative sequence networks are generally considered to be equal, that is c1A= c2A

and c1a = c2a.
Here the comparative analyses are conducted by means of researching two forms of restraint criteria.

For the sake of clear depiction, ABC and abc are used to denote the phase sequences of CTs on both
sides of the protection.

Take the protection of phase A for instance. For the phase current differential criterion:

IdP > KresPIHP (3.36)

where
IdP = |İA + İa| (3.37)

and
IHP = |İA − İa| (3.38)

www.EngineeringBooksPDF.com



114 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

For the phase current difference based differential criterion:

IdL > KresLIHL (3.39)

where
IdL = |İAB + İab| (3.40)

and
IHP = |İAB − İab| (3.41)

For the protections of other phases, similar analyses can be conducted on the basis of rotating the phase
sequences. In the following section only the operating behaviours in the event of short-circuit fault of
phase A are discussed.

A uniform reference is necessary to compare the two criteria and the reference is the consistent security
[9, 10]. It means that in the case of the two criteria having consistent securities during an external fault
with CT saturation, the proportion factors of the two criteria to be compared can be determined. On this
basis, the comparison of the sensitivities of two criteria during the internal fault can be conducted.

Figure 3.21 illustrates the situation of the differential protection experiencing the external short-circuit
fault of phase A.

When a single-phase short-circuit fault occurs, the CT on one side of the faulty phase may saturate and
give rise to a false differential current. It may result in the mal-operation of the differential protection.
Even though the currents on the sound phases contain the currents induced from the faulty phase, they
are relatively low and may not lead to the CT saturation. Therefore, the through currents on phase A (the
faulty phase) and phase B (the sound phase) can be supposed to be İthA and İthB, respectively. The CT on
phase A saturates and the transformation ratio is 𝛿̇; CTs on phase B, C, a, b and c all transform linearly.
According to the assumed positive direction, Equation (3.42) comes into existence:{

İA = İthA

İa = −𝛿̇İthA

(3.42)

It is proven by the above analyses that the differential currents of the two criteria are equal for the
percentage differential protection. Therefore, the corresponding bias coefficients of the two criteria used
for comparison can be determined just by means of investigating the bias currents.

For the phase current differential criterion, the bias current is given by IHP = |İA − İa| = |(1 + 𝛿̇)İthA|.
For the phase current difference based differential criterion, the bias current is given by IHL = |İAB −

İab| = |(1 + 𝛿̇)İthA − 2İthB|.
The next thing to do is to solve the expressions of İthA and İthB quantitatively. Similar to the analyses of

the internal fault, the superimposed fault network and its positive, negative and zero-sequence systems
in relation to the fault in Figure 3.21 are shown in Figure 3.22. There is no loss of generality in assuming
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Figure 3.21 The CT saturation due to the external fault
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Figure 3.22 Superimposed fault network and its positive, negative and zero-sequence systems in rela-
tion to the fault in Figure 3.21

that the current on the faulty branch is İF, the corresponding positive sequence current is İF1 = İF∕3. In
the positive and negative sequence systems, the distribution coefficients of the currents on the side with
the differential protection are c1, c2 and c0, where c1 = c2.

For the sake of simplifying the analyses, the branch with the protection is considered to be unloaded
before the fault occurs, the fault components of positive, negative and zero-sequence currents in
Figure 3.22 can directly compose the through currents of three phases. It follows that İthA = (2c1 + c0)İF1

and İthB = (c0 − c1)İF1, where İF1 = İF∕3.
It is obvious that the phase angle relationship between İthA and İthB rests with the values of c0 and c1. If

c0 > c1, the two currents are in-phase, the bias current for the phase current difference based differential
criterion is lower. In order to ensure that the bias current for the phase current difference based differential
criterion is the same as that for the phase current differential criterion, the bias coefficient for the phase
current difference based differential criterion should be greater. If c0 < c1, the bias coefficient for the
phase current difference based differential criterion should be smaller to ensure that the two criteria both
have the consistent security. In practical systems, probabilities of the two instances above are identical.
Therefore, from the statistical point of view, the amplitudes of the bias currents for the two criteria are
identical during CT saturation.

If the branch with the protection is loaded before the fault occurs, the directions of the load current
and the fault component current are random in theory. From the statistical point of view, its effects on
the bias currents for the two criteria are also identical. As a consequence, the two criteria should adopt
the same bias coefficients to ensure that the two criteria both have the consistent security

The situation during the internal fault of phase A is analysed according to Figure 3.19. Supposing that
the distribution coefficients of the currents on side M are c1A, c2A and c0A, and the distribution coefficients
of the currents on side N are c1a, c2a and c0a. Discussed firstly is the unloaded case of the fault; here the
two criteria actually become the percentage differential criteria based on fault component.

With the above analyses, it is disclosed that the differential currents of the two criteria are identical and
the bias coefficients are also identical. The sensitivities can be evaluated just by means of investigating
the bias currents during the internal fault.

Assuming the current on the faulty branch is İF, the corresponding positive sequence current is
İF1 = İF∕3.
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In this way, Equations (3.43)–(3.48) come into existence on the basis of the assumed positive direction
of the current:

İA = (2c1A + c0A)İF1 (3.43)

İa = (2c1a + c0a)İF1 (3.44)

İB = (İ0A − c1A)İF1 (3.45)

İb = (c0a − c1a)İF1 (3.46)

and
İHP = |İA − İa| = |2Δc1 + Δc0|IF1 (3.47)

IHL = |İAB − İab| = |3Δc1|IF1 (3.48)

where
Δc1 = c1A − c1a (3.49)

Δc0 = c0A − c0a (3.50)

Owing to c1A, c1a, c0A, c0a ∈ [0, 1], it follows that Δc1,Δc0 ∈ [−1, 1].
Obviously, when Equation (3.51) comes into existence, the sensitivity of the phase current difference

based differential criterion is superior to that of the phase current differential criterion. The result is just
the reverse under other conditions. |2Δc1 + Δc0| > 3|Δc1| (3.51)

As Δc1 and Δc0 both vary within the range of [−1,1], it is actually a problem to calculate the area sat-
isfying Equation (3.51) in the (Δc1, Δc0) plane. The result is shown as the shadow region in Figure 3.23,
the area of which is 2× 1.2× 0.5= 1.2, and the area that the sample space covers is 2× 2= 4. Therefore,
the probability satisfying Equation (3.51) is 1.2× 100%/4= 30%.

In other words, under varied possible operating conditions, the probability of which the sensitivity of
the phase current differential criterion is lower than that of the phase current difference based differen-
tial criterion is 30%. Under the other 70% of possible conditions, the sensitivity of the phase current
differential criterion is higher than that of the phase current difference based differential criterion.

Δc0

Δc1

(−1,1) (−0.2,1)

(0.2,−1)

(−1,−1)

(1,1)

0

(1,−1)

Figure 3.23 The probability of which the sensitivity of phase current difference based differential
criterion is higher than that of the phase current differential criterion in the event of a single-phase earth
fault
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In the case of the load current existing before the fault occurs, as the phase angle of the load current
is random relative to the fault component, its effects on the bias currents for the two criteria are also
identical from the statistical point of view. These are not analysed in detail here.

In summary, it can be seen from the analyses in this section that, when applying the percentage dif-
ferential criterion, the integrated sensitivity of the phase current difference based differential criterion
is lowered relative to the phase current differential criterion in the case of the earth fault especially
the single-phase earth fault. Therefore, adopting some compensation methods, for example the zero-
sequence current differential criterion, is reasonable. However, the effect of the phase current difference
based differential criterion on the sensitivity of the protection does not rest with the differential current
but the bias current. It is quite obvious in the field of applying the differential protection based on fault
component.

3.4 Comparative Analysis on Current Percentage Differential Protections
Using a Novel Reliability Evaluation Criterion

3.4.1 Introduction to CPD and NPD

The currents related to the differential protection can be always summarized as the incoming current İin

and outgoing current İout as shown in Figure 3.24, which is applicable to all kinds of protected objects.
In theory, İin and İout will be 180∘ out of phase with the same magnitudes in the case of an external

fault if the direction of positive current flow is assumed to flow toward the protected object. On the other
hand, they will be nearly in phase, or all flow toward the protected object, when an internal fault occurs.
In this regard, the identification of an internal fault from an external fault is quite easy and the current
differential protection will be adequate. However, the above circumstance is rarely tenable in reality due
to many complicated factors. That is why the percentage differential protection was proposed. In order to
refine of the following discussion, the general expression of percentage differential protection criterion
should be presented at first.

The NPD criterion can be illustrated as the comparison between the differential current and the bias
current. |İin + İout| is usually taken as the differential current while the bias current has various constitu-
tions, among which |İin| + |İout| is one of the common designs. In this circumstance, the NPD criterion
can be expressed as:

Id1 > Kr1Ibias1 (3.52)

where, Id1 = |İin + İout|, Ibias1 = |İin| + |İout| and Kr1 is the restraint coefficient.
For the CPD criterion, the differential current Id2 is also designed as |İin + İout| whereas the restraint

current Ibias2 is defined as the compensation quantity Ibias1 –I. The criterion can, therefore, be shown as:

Id2 > Kr2Ibias2 (3.53)

where, Id2 = Id1, Ibias2 = Ibias1 − Id2.
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Figure 3.24 General description of current differential protection
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Note that the restraint coefficient Kr1 in Equation (3.52) is different from Kr2 in Equation (3.53).
Both above-mentioned criteria have the satisfactory reliability, where the reliability is specified to be

the dependency and security in terms of protective relaying applications, if the following conditions
are satisfied: firstly, all components of a protective relay are sound; secondly, all CTs can transform
the primary currents entirely accurately in any case; thirdly, İin and İout all flow toward the protected
object in the occurrence of internal fault. However, the differential criteria rarely achieve their optimal
performances in real operation due to many adverse factors, for instance, CT saturation or the current
of the shunt branch within the protected zone cannot be measured. Truly, many supplementary criteria
[11–13] are available to enhance the stability of differential protection in the condition of CT saturation.
It will be, however, the other subject irrespective of the purpose of this section, since the aim is to discuss
the reliability, including the stability of the percentage differential criteria themselves.

The investigations will be based on the differential protection of a two-terminal object in accordance
with the criteria described in Equations (3.52) and (3.53). Parameter 𝛿̇ = 𝛿∠𝛼 is introduced for the pur-
pose of clarifying the following demonstrations: it can be considered as a transferring ratio of the CT
when evaluating the protective criterion of the relay subject to an external fault. In the case of an internal
fault, it can then be regarded as the complex ratio between outgoing current and incoming current.

3.4.2 Performance Comparison between CPD and NPD in the Case
of CT Saturation

Suppose that the CT at outgoing current side saturates with the transferring ratio 𝛿̇ = 𝛿∠𝛼 while the CT
at incoming current side can completely transform the primary current during an external fault.

To prevent the protection from mal-operation in this case, the following inequality should naturally be
satisfied:

NPD criterion ∶ Id1 < Kr1Ibias1 (3.54)

CPD criterion ∶ Id1 < Kr2(Ibias1 − Id1) (3.55)

According to the above-mentioned assumed direction of positive current flow, the outgoing current and
incoming current should satisfy Equation (3.56) from the point of view of the CTs secondary side:

İout = −𝛿̇İin (3.56)

It has been indicated in the Appendix that the 𝛿 will be approximately equal to cos 𝛼 in the case of CT
saturation. In this condition the differential current can be given by:

Id =
√

1 − 𝛿2Iin (3.57)
and the bias current can be given by:

Ibias1 = (1 + 𝛿)Iin (3.58)

Substituting Id1(Id), Ibias1 and Equation (3.56) into Equation (3.54) gives:

𝛿 >
1 − K2

r1

1 + K2
r1

= 𝛿01 (3.59)

It is shown in Equation (3.59) that the NPD criterion having a certain restraint coefficient Kr1 will block
the protection correctly during an external fault even though the CT saturates, as long as the transferring
ratio of the saturated CT 𝛿 is greater than 𝛿01. In this sense 𝛿01 can be called the CT critical transferring
ratio of NPD criterion.

For CPD criterion, substitute Id2(Id), Ir2 and Equation (3.56) into Equation (3.55):

𝛿 >
1 + 2Kr2

1 + Kr2 + K2
r2

= 𝛿02 (3.60)
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Similarly, 𝛿02 can be called the CT critical transferring ratio of CPD criterion.
Comparing Equation (3.59) with Equation (3.60), both criteria have the same restraint effect when

the CTs on the outgoing current side have the same transferring ratio 𝛿0 (𝛿0 = 𝛿01 = 𝛿02). In this case,
Equation (3.61) can thus be deduced:

Kr2 =
Kr1

1 − Kr1

(3.61)

The condition illustrated by Equation (3.61) can be defined that NPD and CPD have the ‘consistent
security’, that is, the CTs on the outgoing current sides have the same critical transferring ratio 𝛿0 and
Equation (3.61) is satisfied with the restraint coefficient pair, Kr1 of NPD and Kr2 of CPD.

The concept of consistent security can be explained further as follows.
The protections implemented with NPD or CPD, whose restraint coefficients meet Equation (3.61),

will both mal-operate when experiencing such an external fault that the current transferring ratio 𝛿 at the
outgoing current side is less than 𝛿0 while the CT at the incoming side can completely transform primary
current. Otherwise, the protections can both be blocked reliably.

According to Equation (3.59), the restraint coefficient can be expressed with the critical transferring
ratio:

Kr1 =

√
1 − 𝛿0

1 + 𝛿0

(3.62)

To ease the analysis, assume that Iin is the base of current per unit. In this way, the differential cur-
rent can be rewritten as the operation quantity (OQ) of the protection. Thus, Equation (3.57) can be
rewritten as:

OQ =
√

1 − 𝛿2 (3.63)

Combining Equations (3.54), (3.58) with Equation (3.62), the RQ of the NPD can be given by:

RQ1 =

√
1 − 𝛿0

1 + 𝛿0

(1 + 𝛿) (3.64)

Combining Equations (3.55)–(3.58) and (3.61) with Equation (3.62), the RQ of the CPD can be
given by:

RQ2 =
√

1 − 𝛿0√
1 + 𝛿0 −

√
1 − 𝛿0

(1 + 𝛿 −
√

1 − 𝛿2) (3.65)

With Equations (3.63)–(3.65), the operation region and the stabilizing area can be illustrated by
Figure 3.25.

The X-axis of Figure 3.25 represents the value of 𝛿 and Y-axis is labelled with the OQ or RQ calculated
by Equations (3.63)–(3.65) (in per unit values). In fact, OQ and RQ are the normalized expressions of
differential and restraint currents with 𝛿 as their variables. As indicated in Equations (3.54) and (3.55),
the OQ of both criteria are equal. It is only necessary to investigate the RQs. In Figure 3.25 the restraint
quantities of NPD and CPD are signified as RQ1 and RQ2, respectively. It can be seen from Figure 3.25
that both RQ1 and RQ2 pass across the point (𝛿0, 1 − 𝛿0) and are all in proportion to 𝛿.

To assess the security of both criteria a term “security margin” can be defined as:

Ksecu =
RQmin

OQmax

(3.66)

where OQmax is defined to be the maximum OQ and RQmin accordingly is defined to be the minimum RQ
in the occurrence of any possible external faults or disturbances. Obviously, the relay is stable if Ksecu

is greater than 1. Otherwise the protection will mal-operate. To clearly evaluate the security margins of
CPD and NPD, suppose that 𝛿1 is the minimum transferring ratio during all possible external faults, and
it is greater than 𝛿0, as seen in Figure 3.25. In this case both CPD and NPD will be within the stabilizing
area. Theoretically the relay can be stabilized no matter with NPD or CPD since the Ksecu of both criteria
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Figure 3.25 The performance comparison between CPD and NPD in accordance with consistent
security

will be greater than 1. However, many uncertain factors may result in the accuracy loss of extraction
of OQ and RQ. For example, the digital relay usually uses DFT, extracting the fundamental component
to evaluate the OQ and RQ. However, the exponential DC offset due to fault transient will bring some
measuring error. In this case, the greater the Ksecu, the higher the redundancy of the criterion immune to
any reverse interference. According to Equation (3.54) and the above descriptions, the security margin
of NPD can be given by:

Ksec u−n =
Kr1(1 + 𝛿1)√

1 − 𝛿2
1

(3.67)

Similarly the security margin of CPD can be given by:

Ksec u−c =
Kr2(1 + 𝛿1 −

√
1 − 𝛿2

1)√
1 − 𝛿2

1

(3.68)

Combining Equations (3.61), (3.62), (3.67) and (3.68), comparing expression of the criteria is given by:

Ksec u−c

Ksec u−n

=

1 −

√
1 − 𝛿1

1 + 𝛿1

1 −

√
1 − 𝛿0

1 + 𝛿0

(3.69)

Ksec u−c

Ksec u−n
should be greater than 1 because of 𝛿1 > 𝛿0, that is, the security margin of CPD is higher than NPD,

which implies that CPD has more redundancy to withstand CT saturation. For example, in the case of
𝛿1 ≈ 𝛿0 CPD is more likely capable of blocking the differential protection correctly even though the
ability of filter algorithms, such as DFT, to accurately extract the fundamentals is possibly degraded due
to fault transient and DC exponential offset.
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It is in vain to discuss the security margin in the condition of 𝛿 < 𝛿0 because both criteria cannot prevent
the protection from mal-operation in this case, as indicated in Figure 3.25 (𝛿 = 𝛿2 <𝛿0).

The impacts of the change of the restraint coefficients on the above two criteria in the condition of
external fault accompanied by CT saturation can be investigated with two scenarios as below. 0.3 and 0.7
are taken as two restraint coefficients of NPD. In terms of consistent security, the Kr2 should be selected
as 0.43 and 2.33.

The characteristics of NPD and CPD are referred as to Figure 3.26, where the restraint quantities of
NPD and CPD are simply replaced by the notation ‘NPD’ and ‘CPD’, which is used later. Besides,
‘T-Area’ in the figure means ‘Tripping Area’ and ‘S-Area’ means ‘Stabilizing Area’.

The critical transferring ratio, 𝛿0, will be equal to 0.83 for the case in Figure 3.26a in line with the
restraint coefficients. Both criteria will restrain the protection correctly if transforming error of the satu-
rated CT is below 17% and no other errors introduced. In this case, it can be seen from Figure 3.26a that
the RQ of CPD is always greater than that of NPD in the stabilizing area, which means higher security for
CPD, as discussed above. On the other hand, both criteria will fail to block the protection when 𝛿 < 𝛿0.
Therefore, it is meaningless to discuss and compare the security of the protection between CPD and NPD
in this case.

The impacts of restraint coefficients of CPD and NPD are given in Figure 3.26b, where the restraint
coefficient pair is selected as (0.7, 2.33). As shown, the change of OQ, RQ1, and RQ2 in Figure 3.26b
is similar to Figure 3.26a, except that the critical point, 𝛿0, moves from 0.83 to 0.34. In this scenario,
the CT error allowed can be larger, which coincides with the theory of current percentage differential
protection.

As a consequence, the security of CPD is higher than NPD in terms of consistent security.

3.4.3 Performance Comparison between CPD and NPD in the Case
of Internal Fault

To further investigate the performance of CPD and NPD, the scenarios of internal faults should be
investigated as well. The outgoing current can be still represented with the incoming current, as shown
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Figure 3.26 The differential or restraint value with the change of the ratio of outgoing current to incom-
ing current for comparing the performance of CPD with NPD during external fault accompanied by CT
saturation
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in Equation (3.70):
İout = 𝛿̇İin = 𝛿∠𝛽 İin (3.70)

where the magnitude ratio of outgoing current to incoming current is independent of the phase angle
between the incoming current and outgoing current, which differs from the condition of CT saturation.
It is feasible to let 𝛿 < 1. But the phase angle 𝛽 possibly changes from −180∘ to 180∘ depending on the
fault conditions.

In this case, with the definition of differential current and Equation (3.19), the OQ can be given by:

OQ =
√

1 + 2𝛿 cos 𝛽 + 𝛿2 (3.71)

Similarly, the restraint quantity RQ1 and RQ2 should be given as:

RQ1 = 1 + 𝛿 (3.72)

RQ2 = 1 + 𝛿 − OQ (3.73)

As shown in Equations (3.71)–(3.73) the situations of 𝛽 locating at [−180∘, 0∘] are identical to those
of 𝛽 locating at [0∘, 180∘]. Thus, only the range of [0∘, 180∘] is investigated. It should be noted that the
choice of restraint coefficients of CPD and NPD still should be in accordance with Equation (3.62) to
meet the ‘consistent security’, so that they can be compared reasonably.

In contrast to the discussions of the external fault accompanied by CT saturation, Kr1 and Kr2 are still
supposed to be 0.3 and 0.43 respectively. Theoretically, to completely compare the performance of CPD
and NPD, the comparison should be developed in a 3D space of axis OQ (RQ), 𝛿 and 𝛽 since 𝛿 and 𝛽
are variables. Nevertheless, it will result in unclear illustrations. It is feasible to let 𝛽 be a constant. 30∘
and 150∘ will be two typical scenarios when the protected object is subject to the internal fault. 𝛽 = 30∘
indicates all fault currents flow toward the protected object, and the phase difference is induced by the
angle difference of the equivalent sources’ electromotive force (EMF). On the other hand, there must be
a shunt current branch of current not being measured when 𝛽 = 150∘. The illustrations of these two cases
are shown in Figure 3.27, where, ‘T-Area’ means ‘Tripping Area’ and ‘F-Area” means ‘Fail-to-trip Area’.

In the scenario of 𝛽 = 150∘, the tripping areas of NPD and CPD are all 72% when 𝛿, the outgoing current
ratio, changes from 0 to 1. However, the RQ of CPD is less than NPD in the tripping area, denoting higher
sensitivity of CPD. Furthermore, Figure 3.27b shows the case of 𝛽 = 30∘. In this scenario, the protections
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Figure 3.27 The differential or restraint value with the change of the ratio of outgoing current to incom-
ing current for comparing the performance of CPD with NPD during internal faults
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Figure 3.28 The differential or restraint value with the change of the angle difference between the
outgoing and incoming current for comparing the performance of CPD with NPD in the occasion of
internal faults

implemented with NPD or CPD can always trip irrespective of how 𝛿 changes. But there is the difference
in terms of the operation sensitivity. As seen in Figure 3.27b, the RQ of CPD is nearly 0 over all variables
𝛿. In contrast, the RQ of NPD is comparable to the OQ although it is smaller. Meanwhile, it is always
greater than that of CPD. In this regard, CPD have higher sensitivity.

On the other hand the outgoing current ratio 𝛿 can be set to a vector at a fixed magnitude to investigate
the influence of phase difference between incoming current and outgoing current. 𝛿 = 1 and 0.5 are two
of the scenarios presented in Figure 3.28. In this moment 𝛽 will be the variable changing from 0∘ to 180∘.

As seen in Figure 3.28a the tripping areas of CPD and NPD are all within 0<𝛽 < 150∘. In the tripping
area, the RQ of CPD is always less than that of NPD, which means CPD has higher sensitivity. The
situation is confirmed by Figure 3.28b. The only difference between them is that there is no fail-to-trip
area when 𝛿 is equal to 0.5.

Based on the above discussions, CPD certainly has higher reliability than NPD in any fault conditions.
In summary, a rational criterion for the comparative reliability analyses among any percentage dif-

ferential protection criteria will be valuable, although there have been various criteria for evaluating the
performance of a certain and individual percentage differential criterion. To clarify the impacts of restraint
coefficient and the bias current design, the comparison shall follow a reasonable premise. Such premise
is thus proposed in terms of ‘consistent security’ in this section. Based on this premise, the potential
advantages of CPD criterion have been disclosed in contrast to NPD criterion. In addition, any normal
differential criteria can also be compared following the ‘consistent security’. This novel reliability eval-
uation criterion will reinforce the evaluation system of differential protection characteristics and provide
a benchmark for designing reasonable bias current and, further, a better percentage differential criterion.

3.5 Comparative Studies on Percentage Differential Criteria Using Phase
Current and Superimposed Phase Current

3.5.1 The Dynamic Locus of 𝝆̇− 1
𝝆̇+ 1

in the Case of CT Saturation

The scenario of CT saturation can be analysed based on a simplified CT model shown in Figure 3.29. As
the resistance of the CT core is very small with respect to the magnetizing reactance, it can be neglected
here. Further, the secondary leakage reactance of the CT can be combined to the CT load.
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Imag

Ipri
Ibur

Xmag
Xbur

Rbur

Zbur

Figure 3.29 Simplified CT model

Normally, the CT load is inductive and, therefore, can be supposed to be Zbur = |Z|bur∠𝜃b, where 𝜃b

ranges from 0∘ to 90∘.
The ratio of the current flowing through the CT load relative to the primary current can be expressed as:

𝜌̇ =
İbur

İpri

=
jXmag

Zbur + jXmag

= 1

1 − j
Zbur

Xmag

(3.74)

and

𝜌̇′ = 𝜌̇ − 1
𝜌̇ + 1

=
j

Zbur

Xmag

2 − j
Zbur

Xmag

= A + kB
C + kD

(3.75)

where
A = 0

B = ej𝜃b+90∘

C = 2

D = ej𝜃b−90∘ and k =
|Zbur|
Xmag

When the impedance of the CT load is determined and the magnetizing reactance varies due to the
saturation, A, B, C and D are all constants, while k is a variable real number.

Equation (3.75) denotes a circle, the centre together with the semi-radius of which are expressed as
Equations (3.76) and (3.77), respectively:

Ȯ = Ḃ

Ḋ
+
(

Ȧ

Ċ
− Ḃ

Ḋ

)
ej(90∘−𝜙D+𝜙C)

2 sin(𝜙D − 𝜙C)
(3.76)

R =
|||| Ȧ

Ċ
− Ḃ

Ḋ

|||| 1
2| sin(𝜙D − 𝜙C)| (3.77)

Substituting the expressions of A, B, C and D into Equations (3.76) and (3.77), it is possible to obtain
the expressions of the centre and semi-radius of the circle as:

Ȯ = −1
2
− j

1
2

tg𝜃b (3.78)

R = 1
2 cos 𝜃b

(3.79)
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Figure 3.30 The locus of 𝜌̇′ in the phase plane
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Figure 3.31 The vector chart for studying the phase of 𝜌̇′

When 𝜃b varies, the locus of 𝜌̇′ form a family of circles with the vector −1+ 0× j as a chord
(Figure 3.30).

The locus of 𝜌̇′ that may occur in practice can now be investigated. By virtue of Equation (3.75), the
phase angle of 𝜌̇′ is equivalent to the phase angle of j Zbur

Xmag
leading 2 − j Zbur

Xmag
. Using the vector graph in

Figure 3.31, further analyses can be conducted.
According to the vector triangle, the phase angle of j Zbur

Xmag
leading 2 − j Zbur

Xmag
should be smaller than 180∘.

Further, it also can be seen that the phase angle j Zbur

Xmag
leading 2 − j Zbur

Xmag
should be larger than 90∘ in that

j Zbur

Xmag
is always within the quadrant II while 2 − j Zbur

Xmag
is always within quadrant IV. As a consequence,

the phase angle of 𝜌̇′ should be in quadrant II, that is, the locus of 𝜌̇′ should be the circular arc in quadrant
II in Figure 3.30. When 𝜃b is varying, the locus of 𝜌̇′ always lies within a semicircle which is in quadrant
II and takes the vector −1+ 0× j as its diameter. As a result, the module of 𝜌̇′ is less than 1.
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3.5.2 Sensitivity Comparison between the Phase Current Based
and the Superimposed Current Based Differential Criteria

The sensitivity of the aforesaid criteria can be contrasted based on the system shown in Figure 3.32. It is
acceptable to suppose that the protections are equipped at end S and end R, and the fault occurs at point F.
Suppose that the phase-separated differential protection is applied in the system and the protection of each
phase can be illustrated by virtue of Figure 3.32.

İs and İr are supposed to be the incoming current and outgoing current, respectively, at fault point
and the corresponding directions of these currents are shown as Figure 3.32. The differential current is
usually defined as |İs − İr|. In contrast, the design of the restraint current is more flexible, such as |İs|+|İr|

2
,|İs+İr |

2
and so on, depending on the different requirements on the sensitivity of the differential protections.

For the convenient of discussions, the restraint currents all adopt the type of |İs+İr |
2

irrespective of the
conventional phase current based differential protection or of the superimposed current based differential
protection. In this case, the phase current based percentage differential criterion can be described by:

|İs − İr| > Kres

|İs + İr|
2

(3.80)

Equation (3.80) is denoted as criterion 1 for the convenience of description.
Correspondingly, the percentage differential criterion based on the superimposed current can be

given by: |İsg − İrg| > Kresg

|İsg + İrg|
2

(3.81)

Compared with Equation (3.80), the subscripts of currents in Equation (3.81) are supplemented with
‘g’, which indicates superimposed components. In this case, criterion 2 can be distinguished from
criterion 1.

The sensitivity of the two criteria responding to internal faults from criterion 1 can be discussed first.
With a view to facilitating comparison, the restraint coefficients of both criteria are supposed to be 1.
The selection and the influence of the restraint coefficient is discussed later.

According to the superposition principle, the faulty power system shown in Figure 3.32 can be decom-
posed into two conditions – normal load condition and short-circuit additional condition.

The relationships of the phase current, superimposed phase current and the load current of both sides
are given by:

İs = İL + İsg İr = İL + İrg (3.82)

where İL is the load current, İsg and İrg are the superimposed phase currents on end S and end R respec-
tively. In this case, the differential currents can be expressed as:

İs − İr = İf = İrg − İsg = İfg (3.83)
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Figure 3.32 Faulty power system equivalent decomposition in the event of an internal fault
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It is obvious that the differential current with respect to the phase current is equal to that based on the
superimposed phase currents.

In virtue of Figure 3.32, supposing that the parameters in end R are described as Zr = 𝛼Zs and Ėr = 𝛽Ės,
the load current can be expressed as:

İL =
Ės − Ėr

Zs + Zr

=
Ės(1 − 𝛽)
Zs(1 + 𝛼)

(3.84)

The current through the faulty branch is given by:

İf =
U̇F0

Rf + Zs∕∕Zr

=
Ės(𝛼 + 𝛽)

Rf (1 + 𝛼) + 𝛼Zs

(3.85)

The superimposed currents through the relay points can be given as:⎧⎪⎪⎨⎪⎪⎩
İsg =

Zr

Zs + Zr

İf =
𝛼Ės (𝛼 + 𝛽)

[Rf (1 + 𝛼) + 𝛼Zs](1 + 𝛼)

İrg = −
Zs

Zs + Zr

İf = −
Ės(𝛼 + 𝛽)

[Rf (1 + 𝛼) + 𝛼Zs](1 + 𝛼)

(3.86)

Firstly, the impact of transition resistance on the sensitivity of the protections is discussed.
Equation (3.87) is used to express the sensitivity of the protections:

Ksen =
İf

İres

(3.87)

According to Equation (3.80), the restraint current of criterion 1 is given by:

İres =
İs + İr

2
= İL +

İsg + İrg

2
(3.88)

With respect to Equation (3.88), the restraint current of criterion 1 contains not only the superimposed
phase currents but also the load current, which will lead to the impacts on the security and the sensitivity
of differential protection.

Substituting Equations (3.84)–(3.86) and (3.88) into Equation (3.87), the sensitivity can be
expressed by:

Ksen =
2

2

(Rf

Zs

+ 𝛼

1 + 𝛼

)
1 − 𝛽
𝛼 + 𝛽

+ 𝛼 − 1
1 + 𝛽

(3.89)

When the operating mode of power systems and the fault point are determined, the parameters in
Equation (3.89) are all constants. It is easy to understand that the sensitivity becomes lower as Rf

increases.
Comparatively, the restraint current of criterion 2 is given by:

İresg =
İsg + İrg

2
(3.90)

The expression of sensitivity can be deduced similarly, given by:

Kseng =
2(𝛼 + 1)

1 − 𝛼
(3.91)

The sensitivity of criterion 2 is not subject to transition resistance and the system EMFs of both sides.
As the system impedances of both sides are inductive, the locus of 𝛼 lies within quadrants I and IV.
By virtue of the relationship of the vectors, the sensitivity of criterion 2 will always exceeds 2. Further,
the sensitivity of criterion 2 becomes infinite if 𝛼 = 1. In this case, the sensitivity of criterion 1 is expressed
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as following:

Ksen =
2(2Rf

Zs

+ 1

)
1 − 𝛽
𝛽 + 1

(3.92)

It can be seen from Equation (3.92) that the sensitivity of phase current based differential criterion is
a finite value subject to the transition resistance.

It can also be perceived from Equation (3.89) that the unequal system EMFs of both ends have adverse
influences on the sensitivity of criterion 1. In the event of 𝛽 ≠ 1, the sensitivity of criterion 1 is probably
low, even for the solid-grounded faults under some conditions, such as power swings. The analytical
process is described here.

It is acceptable to suppose that the magnitudes of the system EMFs of both sides are equal, and a
solid-grounded fault occurs in the case of the phase angle between two sources reaching 180∘. In this
case, 𝛽 =−1 and Rf = 0. Substituting 𝛽 =−1 and Rf = 0 into Equation (3.89), it follows that:

Ksen =
2

4𝛼
𝛼2 − 1

+ 1 − 𝛼
1 + 𝛼

(3.93)

The sensitivity of criterion 1 will be very low when Zr is close to Zs. Especially, the sensitivity drops to
zero when 𝛼 = 1. In this case, the protection cannot operate unless the phase angle returns to a relatively
small angle. Therefore, if internal faults occur during power swings, the phase current based differential
protection may fail to operate for a long time, which may lead to the delayed removal of faults.

As a matter of fact, the maximum restraint coefficient is usually 0.15 when criterion 1 is applied to the
differential protections of generators, while the slope of the ascending line in the percentage bias charac-
teristic plane is around 0.3–0.7 when criterion 1 is applied to the differential protections of transformers.
Nevertheless, the maximum restraint coefficient of criterion 1 will not exceed 0.7, while the restraint
coefficient of criterion 2 is usually adopted as 0.8–1.0. As seen, the restraint coefficient of criterion 1
is obviously smaller than that of criterion 2, which makes the gap of the performances between the two
criteria not distinct as analysed above. However, it will not upset the above conclusions and the influ-
ences of transition resistance and system EMFs on criterion 1 always exist. For this reason, in the case
of common internal faults, the sensitivity of criterion 2 will exceed that of criterion 1.

3.5.3 Security Comparison between the Phase Current Based
and the Superimposed Current Based Differential Criteria

Following the below analysis, it will be found that the security of criterion 1 in the case of external faults
is not as satisfactory as criterion 2.

Figure 3.33 can be applied for the purpose of discussions on the security of the two criteria in the case
of external faults. The distribution of the current on the faulty branch and system ends is the same as that
in Figure 3.32, except that the protection on side R is now assumed to be located on side S′.

İs and İs′ are both through currents from the viewpoint of the protection in the case of an external
fault. Hence, in theory the protection should be stable due to the zero differential current. However, it
is a different situation when the CT, especially only the CT on single end of the protected equipment,
saturates. Suppose that the through current is İth, the CT on side S can transform linearly, while the CT
on side S′ transforms partly and the transforming ratio is 𝜌̇. Then, Equations (3.94)–(3.96) come into
existence:

İs = İth = İsg + İL (3.94)

İs′ = 𝜌̇İth (3.95)

İs′g = İs′ − İL = 𝜌̇İsg + (𝜌̇ − 1)İL (3.96)
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Figure 3.33 System specification of the external fault

The differential currents of criterion 1 and criterion 2 can be given by Equations (3.97) and (3.98),
respectively:

İf = İs − İs′ = (1 − 𝜌̇)İth = (1 − 𝜌̇)(İsg + İL) (3.97)

İfg = İsg − İs′g = (1 − 𝜌̇)(İsg + İL) (3.98)

As seen, the differential currents of criterion 1 and criterion 2 are still equal. In this case, a reasonable
evaluation of these two criteria can be obtained just by comparing the restraint currents of them. The
restraint current of criterion 1 is given by:

İres =
İs + İr

2
= (1 + 𝜌̇)

2
(İsg + İL) (3.99)

It follows that:

Ires =
|1 + 𝜌̇|IL

2

|||||
İsg

İL

+ 1
||||| (3.100)

Correspondingly, the restraint current of criterion 2 is expressed as:

Iresg =
|1 + 𝜌̇|IL

2

|||||
İsg

İL

+ 𝜌̇ − 1
𝜌̇ + 1

||||| (3.101)

It can be seen from Equations (3.100) and (3.101) that the restraint performances of these two cri-

teria can be distinguished just by comparing the magnitudes of vectors between
İsg

İL
+ 𝜌̇−1

𝜌̇+1
and

İsg

İL
+ 1.

Equation (3.101) can be derived by virtue of Equations (3.84) and (3.86) as below:

İsg

İL

= 𝛼 + 𝛽̇[Rf

Zs

( 1
𝛼
+ 1

)
+ 1

]
(1 − 𝛽̇)

(3.102)

Generally, the saturation of the CT results from the heavy through current of external faults, which
is probable only when 𝛼 is quite large (𝛼≫ 1) and the transition resistance is quite small. In this sce-
nario, as Rf is a pure resistance and the impedance angle of Zs is near to 90∘, the argument of vector[

Rf

Zs

(
1

𝛼
+ 1

)
+ 1

]
ranges from −90∘ to 0∘. According to these hypotheses, the magnitude and the argu-

ment of vector
[

Rf

Zs

(
1

𝛼
+ 1

)
+ 1

]
should approach 1∘ and 0∘, respectively. The magnitude of vector 𝛽̇ is

near to 1 and the corresponding argument ranges from −60∘ to 60∘ when a fault occurs under normal
operating conditions. When the argument varies within the above range, the difference between restraint
currents of the two criteria is not quite apparent, especially for the case of a fault occurring in the event of
a small phase angle difference between two sources. For instance, if supposing 𝛽 = 1, the conditions of
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𝛼 + 𝛽̇ ≈ 𝛼 >> 1 and 1 − 𝛽̇ = 0.52∠75∘ come into existence when 𝛽̇ = 1∠30∘. Furthermore, according
to the condition of

[
Rf

Zs

(
1

𝛼
+ 1

)
+ 1

]
≈ 1, Equation (3.103) can be obtained:

|||||
İsg

İL

||||| ≈ 2𝛼 (3.103)

In this case, the magnitude of
İsg

İL
will far exceed 1. As analysed in the Section 3.5.1, the actual locus

of 𝜌̇−1

𝜌̇+1
varies in a semi-circle, which is in quadrant II taking vector −1+ 0× j as its diameter, and hence

the magnitude of 𝜌̇−1

𝜌̇+1
is smaller than 1. Therefore, both 𝜌̇−1

𝜌̇+1
and 1∠0∘ can be regarded as trivial factors

resulting in the saturation of CT compared with
İsg

İL
. In this circumstance, the basic restraint currents of

the two criteria are approximately equal.
It is clear that the abilities of being immune to CT saturation are similar if the restraint coefficients of

the two criteria are equal. In practice, as the restraint coefficient of criterion 2 is apparently greater than
that of criterion 1, the stability of criterion 2 in the case of external faults will surpass that of criterion 1
by far.

It is a complex scenario when the magnitude of the superimposed current is near to that of the load

current under some fault conditions, which means the magnitude of
İsg

İL
is close to, even less than, 1,

accompanied by the argument changing from 0∘ to 360∘. It can be seen from Equations (3.100)–(3.102)
that there are too many variable factors. Besides, after taking the restraint coefficients into account, it
is difficult to determine whether the restraint current of criterion 1 is greater than that of criterion 2.
However, qualitatively, based on the fact that the direction of 𝜌̇−1

𝜌̇+1
, which is the additional component of

the superimposed current based criterion, is basically opposite to the direction of 1∠0∘, which denotes
the additional component of the phase current based criterion, the operation stability of criterion 1 is
higher when the superimposed current is in phase with the load current. On the contrary, criterion 2 has
higher stability when the superimposed current is 180∘ out of phase with the load current. As for other
scenarios, a determinative conclusion cannot be drawn until all the factors are available.

3.5.4 Simulation Analyses

Adopting the system configuration of Figure 3.32, the ATP based simulations are carried out. The internal
fault shown in Figure 3.32 and the external fault shown in Figure 3.33 are simulated respectively. In order
to discuss the situation during CT saturation in the case of an external fault, the CT is modelled based
on ATP considering the characteristic of the core. When the CT enters the saturation state in the case of
an external fault, the currents on side S and S′ are shown in Figure 3.34. Furthermore, the differential
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Figure 3.34 CT saturation on only one side during an external fault
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currents and restraint currents of criteria 1 and 2 can be obtained. In this case, the operation points of the
two criteria in the percentage bias characteristic plane can be investigated (Figure 3.34).

Usually, criterion 1 adopts a bias characteristic with two different slopes. The first section should be
a flat line and the threshold is often set as 0.15In, while the slope of the second section is usually 0.3.
As for criterion 2, a bias characteristic with a single straight line passing through the original point is
adopted, whose slope is usually set to be 1.

It can be seen from Figure 3.35 that the operation points of the two criteria are very close. However,
as the characteristics of the two criteria are different, the operation point of criterion 2 keeps away from
its operation region and, hence, the protection is stable. In contrast, the operation point of criterion 1
enters its operation region and, hence, the protection mal-operates. Further, the performances of the two
criteria in the case of an internal fault are investigated. The fault conditions are supposed to be 𝛼 = 0.2,
𝛽 = 1∠ − 60∘, Rf = 300Ω, and Zs = 20Ω. The operation points of the two criteria in the percentage bias
characteristic plane are shown in Figure 3.36. It is obvious that the protection with criterion 2 can operate
correctly and the sensitivity is 3 accordingly. However, the protection with criterion 1 fails to trip.

In summary, the comparative sensitivity and the security of the percentage differential criteria using
the phase current and the superimposed phase current have been studied in this section. On the basis
of quantitative analyses, it is found that the sensitivity of the superimposed current based differential
criterion exceeds that of the phase current based differential criterion in the case of internal faults. In terms
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of Criterion 1
K1 = 0.5

Operation points of
Criterion 1

Operation points
of Criterion 2
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Figure 3.35 Operation points of criteria 1 and 2 during an external fault

Characteristic of
Criterion 2
K2 = 1.0

Characteristic
of Criterion 1
K1 = 0.5

Operation points of
Criterion 1

Operation points
of Criterion 2

1.0

0.2

I d
 (

p.
u.

) 

Ires (p.u.) 

Figure 3.36 Operation points of criteria 1 and 2 during an internal fault with high fault resistance
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of the security analysis and based on the existing setting principles, the superimposed current based
differential protection is also better than the phase current based differential protection in most cases.
Nevertheless, it should also be pointed out that as the system frequency will change after fault occurs,
it is difficult to capture the superimposed currents accurately. Generally, the operating correctness of the
superimposed current based protection cannot be guaranteed if the fault exists for a long period of time.
Under this condition, the phase current based differential criterion is capable of taking over the task of
the protection independently. Therefore, these two criteria can complement each other and should not
replace each other.

3.6 A Novel Analysis Methodology of Differential Protection Operation
Behaviour

3.6.1 The Relationship between Transforming Rate and the Angular Change Rate
under CT Saturation

The exact model of the CT is shown in Figure 3.37.
The resistance Rloss representing the active power loss of the magnetizing branch is very small com-

pared to the magnetizing reactance. The secondary leakage reactance can be combined into the load of
CT. It is convenient if iron loss is neglected when investigating CT saturation.

As shown in Figure 3.37a, the load of the CT is normally inductive. Therefore, suppose Za = |Zb|∠ p,
0∘ <𝛽 < 90∘. It can be demonstrated that the saturated CT will produce maximum false differential cur-
rent when load is purely resistant (𝛽 = 0∘).

When discussing the influences due to angular error, suppose |Zb| is constant. For the differential pro-
tection, the current through the CT magnetizing branch is the false differential current if the CT on the
other side transforms correctly.

Strictly speaking, CT saturation is due to the decaying DC component within the through current. The
magnetizing current should be solved by a nonlinear differential equation because of the nonlinearity of

Ibur

Ibur

Lbur

Rbur

R′bur

Xmag

Xmag

Imag

Imag

Ipri

Ipri

Lsec Rsec

Rloss

(a)

(b)

Figure 3.37 Current transformer model: (a) precise model; (b) simplified model
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magnetizing reactance. However, no exact analytic expression is available. If the magnetizing reactance
is replaced by average reactance, it is possible to evaluate the magnitude and the phase of magnetizing
current (differential current) to some extent. This is because that the fundamental frequency compo-
nent is the primary one within the differential current. An interesting law will be disclosed although the
above processing is not very strict; for this purpose, the magnetizing reactance is replaced by the average
reactance in the following discussion.

According to Figure 3.37a (ignoring the magnetizing resistance), the current in magnetizing branch is
expressed as:

İmag =
|Zb|(cos 𝛽 + j sin 𝛽)|Zb|(cos 𝛽 + j sin 𝛽) + jXmag

İpri (3.104)

The magnitude of the magnetizing current is given by:

Imag =
|Zb|Ipri√|Zb|2 + 2|Zb| sin 𝛽Xmag + X2

mag

(3.105)

When |Zb| and Xmag are constant, it can easily be understood that Equation (3.105) approaches the
maximum value as 𝛽 = 0∘. In this sense, pure resistance load has the strictest influence in CT saturation.
On the premise of CT load being pure resistance, the relationship between transforming rate and angular
error can be formed. The model of CT can be simplified in Figure 3.37b. The current through the CT
load is expressed as:

İmag = İpri

jXmag

R′
bur + jXmag

= sİpri∠𝛼 (3.106)

where s represents variable rates and 𝛼 stands for angular error during the process of current transforming.
According to Equation (3.106):

s =
Xmag√

(R′
bur)2 + X2

mag

(3.107)

𝛼 = arccos
Xmag√

(R′
bur)2 + X2

mag

(3.108)

As shown in Equations (3.107) and (3.108), s and 𝛼 satisfy the following equation:

s = cos 𝛼 (3.109)

3.6.2 Principles of Novel Percentage Restraint Criteria

As the earliest and the most widely used method of power system protection, the excellent performance of
differential protection is universally accepted. Generally, assuming differential current as IΔ and restraint
current as IH , the protection criterion is usually described in terms of the (IΔ, IH) plane. Actually, due to
various alternatives on restraint current, the operating behaviour of the protection criteria under various
practical operation conditions is hardly evaluated in the (IΔ, IH) plane. Therefore, different analysis meth-
ods are proposed by means of coordinate transformation. As for any percentage differential criterion, with
multiple parameters to be set in the (IΔ, IH) plane, it needs to be observed under a multidimensional space
to obtain the global characteristics. The selection method of coordinate axis of the multidimensional
space is directly related to human intuition when evaluating a certain index of the percentage differential
criterion. After selecting the coordinate system of multidimensional space, global evaluation can be done
by means of it. In fact, existing methods for evaluating the operation behaviour of the criterion only inter-
cept a sectional view in view of limiting conditions in a multidimensional space. Although incomplete,
these analysis methods can indeed effectively investigate the criterion of operation behaviour from a
certain aspect. The following novel analysis methodology is actually plane-based as well.
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3.6.2.1 The Analysis Methodology of Differential Protection Operating Behaviour Based
on through Current and Current Transformer Transferring Ratio Plane

There are two main aspects when evaluating the performance of percentage differential protection cri-
terion: (i) the mal-operation probability when the current transformer saturates due to an external fault
and (ii) the operation sensitivity when high outgoing current exists on the occasion of a slight internal
fault. As the following analysis shows, evaluating the performance of differential protection criteria by
analysing the operation behaviour with the relationship of the through current with respect to the ratio
difference between bilateral currents is an effective method.

For the percentage differential protection, the protected object can always be equivalent to a
two-terminal network, irrespective of whether it is a real two-terminal network (mostly it would be
generator, transformer or transmission line) or a multiport network (mostly it will be a transformer with
three or more windings, T-connection transmission line, bus). Assume that the incoming current is İ1

and the outgoing current is İ2, the positive direction is shown in Figure 3.38.
Generally, the differential quantity can be formed by IΔ = |İ1 + İ2|. Assuming that the CT saturates

on the occasion of through fault. In this case, İp = pIn∠0∘, where p is the through current multiple. The
worst scenario rests when one side of the CT saturates accompanied by the other side of the CT fully
transferring. Assume the incoming current fully transferring, that is, İ1 = İp. When the outgoing side
of the CT saturates, the ratio difference and angle difference occur. Assuming the transferring ratio is s,
the ratio difference will be 1−s. Actually, s can be regarded as the outgoing current ratio when analysing
the sensitivity of the criteria with respect to the internal fault. Let the angle difference be 𝛼. According
to the positive direction shown in Figure 3.38, the relationship between outgoing current and through
current is given by:

İ2 = −sİp∠𝛼 (3.110)

The simple criterion of differential protection is:

IΔ > I0 = gIn (3.111)

To illustrate the effectiveness of the method, in view of the anti-CT saturation performance from
Equation (3.105), İ1 and İ2 are substituted into Equation (3.105) and the relationship given by
Equation (3.112) is acquired: √

1 − 2s cos 𝛼 + s2 >
g

p
(3.112)

From Section 3.6.1, the corresponding false differential current reaches its highest point when the CT
load is purely resistive. On this basis, the CT angular difference and transferring ratio should satisfy
Equation (3.109). Substituting them into Equation (3.112) gives:

s <

√
1 −

(
g

p

)2

(3.113)

The operating behaviour of the relay in the p–s plane is shown below.
Figure 3.39 illustrates the protection operation region when Ip varies from 0 to ∞. In the p–s plane

the shadowed area shows the operation region. Assume the critical action equation, which means the

İ1 İ2Protected
Object

Figure 3.38 Principle illustration of current differential protection
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Operation
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p

1: s = 1− g/p

Figure 3.39 Mal-operation region of criterion given by Equation (3.111) in the condition of current
transformer saturation

boundary line of the shadowed area is s = f (g). If (p0, s0) satisfies this function, a wrong tripping com-
mand will be issued while s< s0 and p= p0. Call 1 − s0 the CT admissible error of p0 times through
current. As seen in Figure 3.39, there will exist a large mal-operation region if Equation (3.111) is adopted
as the single criterion. In particular, the CT admissible error 1 − s0 will approach 0 rapidly as Ip grows
and it is inevitable that great error comes with high current, which indicates that this criterion may hardly
work when Ip is very high.

A new type of restraint criterion outlined below is evaluated to highlight the effectiveness of this
method. In fact, this method can be used to analyse various percentage differential criteria.

3.6.2.2 Analysis for Three Product Restrain Criteria Employing the p–s Plane

As mentioned above, the operating quantity of the differential protection is usually IΔ = |İ1 + İ2| but
different constructions of the restrained quantity form various percentage differential protection criteria.
In the a novel criterion design proposed by the ABB Company, the differential quantity adopts I2

Δ =|İ1 + İ2|2 and the restraining quantity is I2
H = |İ1||İ2| cos 𝛼, where 𝛼 is the included angle of İ1 and −İ2.

The protection criterion is given by:
I2
Δ > Kres

′I2
H (3.114)

where Kres
′ is the restrained coefficient, which theoretically has wide value-taking area because of dif-

ferent setting principles in different applications.
In the ideal scenario, İ1 = İ2 = İp and 𝛼 = 00 if the fault current is the through current. In this case, I2

Δ on
the left-hand side of Equation (3.114) will be zero. On the right-hand side of Equation (3.114), Kres

′I2
p.

As long as IP reaches a certain level, the restrained effect can be achieved. When an internal fault occurs,
the scenario 90∘ <𝛼 < 270∘ exists with both sides injected by power supplies and the right-hand side
of Equation (3.114) I2

H = −K′
resI1I2|cos 𝛼| is negative. The restrained quantity presents as the operating

quantity. The operating quantity of the left-hand side is larger than I2
1 + I2

2 , which leads to the sensitive
action of the relay. Even though only a single power supply is provided (assume İ2 = 0), as the restrained
quantity is 0 and the operating quantity is İ1, protection would still take action as long as I1 can be
measured within its detectable range.

All sorts of percentage differential protections of the ABB Company employ the criteria based on
this product RQ. The alternative is to ignore the transferring from the restraining quantity to the oper-
ating quantity when internal faults occur and setting the RQ as 0 when it turns negative. Therefore, the
restrained current can be set as:

IH =

{√||İ1
|| |İ2| cos 𝛼 cos 𝛼 ≥ 0

0 cos 𝛼 < 0
(3.115)
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Figure 3.40 Percentage differential characteristics of novel current comparison criteria. g is the fixed
threshold and v is the gradient of slope

Assume that the restrained current is still IΔ = |İ1 + İ2|. Figure 3.40 shows the action condition of the
percentage differential protection, which is called as current phase comparison differential protection.

The most significant difference of this criterion compared to the NPD protection criterion is that the
operation region is divided at a certain fixed threshold (usually 1.5 times rated current). The left-hand side
is the unconditional operation region. When the restrained current is under the threshold, the protection
will take action as long as it meets the requirements of percentage differential action. The right-hand
side stands for conditional operation region or restrained region. One choice is at least one side current
is under the threshold for protection tripping apart from satisfying percentage differential protection
conditions when the restrained current is higher than the threshold; this is criterion 1. Another choice
is that the protection will be blocked as long as the restrained current exceeds the threshold and the
operation region narrows down to the left area of the division line; this is criterion 2. Obviously, the
action performance of criterion 1 or 2 cannot be directly evaluated according to Figure 3.40. However,
when changing the coordinate system from (IΔ, IH) to (p, s), some interesting phenomenon of the criteria
are found. The protection operation behaviour in Figure 3.40 is discussed in the next sections, firstly
when there is no vertical limiting condition (conventional product restraint criterion), and based on it the
actual performances of two new criteria are correspondingly analysed.

Conventional Product Restraint Criterion
From Figure 3.40, the operation region of conventional product restraint criterion could be solved by the
following inequality simultaneously:{

IΔ = |İ1 + İ2| > gIn

IΔ = |İ1 + İ2| > vIH = v
√

̇|I1||İ2| cos 𝛼
(3.116)

The coefficients of the inequality are shown in Figure 3.40.
Substituting İ1, İ2 and Equation (3.110) into Equation (3.116) gives:{√

1 − 2s cos 𝛼 + s2Ip > gIn√
1 − 2s cos 𝛼 + s2 > v

√
s cos 𝛼

(3.117)

Firstly, the ability of the above criterion to resist CT saturation can be analysed. In the case of a through
fault, the angular difference due to CT saturation will fit the definition of this product restraint criterion
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to 𝛼. Similarly, according to Equation (3.109), Equation (3.117) can be transformed as follows:

⎧⎪⎨⎪⎩
s <

√
1 −

(
g

p

)2

s <
1√

1 + v2

(3.118)

From Equation (3.118), the mal-operation region can be formed when the CT is saturated (Figure 3.41).
Point (p1, p2), the intersection of the two curves, is given by:

⎧⎪⎨⎪⎩
p12 =

g

v

√
1 + v2

s12 = 1√
1 + v2

(3.119)

Figure 3.41 can be analysed as below. The protection will not mal-operate theoretically whether the CT
is saturated or not if p < g due to no solution for s. The mal-operation region changes as one covered by
the curve s =

√
1 − (g∕p)2 when g < p < p12. The value of s changes from 0 up to s12. Correspondingly,

the permissible error reduces from 100% to (1 − s12) × 100%. When p > p12, the permissible error will
remain (1 − s12) × 100%. For the convenience of description, s12 is called the minimum CT transferring
ratio against mal-operation, noting it as s0. To ensure that mal-operation of criterion never occurs what-
ever the value of through current, the transferring ratio must be more than this value. Accordingly, call
1 − s0 the global most easy mal-operation CT error E0. Meanwhile, p12 is critical through current multi-
ple and identified as p0. Compared with Equation (3.111), E0 increases from 0 to 1 − 1∕

√
1 + v2. In this

case, security has been improved. From Equation (3.119) it is known that s0 is invariant when the slope
v of the percentage restrained straight line is at constant value but p0 and the low action threshold value
g is proportional. When g increases, the critical through current multiple p0 that leads to mal-operation
will increase. Correspondingly, both the possibility of mal-operation and the mal-operation region will
decrease. It is thus clear that increasing the value of g will help to improve the security of the protection.
From Figure 3.41 and Equation (3.119), the possibility of mal-operation is quite high when the values of
v and g are small if there is no other limiting condition. For example, adopting v= 0.2 and g= 0.15, E0

cannot exceed 2% in order to ensure protection does not mal-operate when the through current multiple
is equal to or more than 0.76 times of the rated current. In the case of a large through current caused
by the external short-circuit fault, it is difficult to ensure that the above condition is satisfied. Therefore,
additional constraints are needed.

p (p.u.)

s 
(p

.u
.)

1 + v2

1 + v2

1 1

vp1 =

s1 =

gg0

1–(    )2
ps =
g 1 + v2

1s =

Operation
region

Figure 3.41 Mal-operation region of previous current comparison criterion under the condition of
current transformer saturation
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New Product Restraint Criterion
1. Analysis of criterion 1

(a) CT saturated
Substituting the condition Equation (3.109) of saturation into Equations (3.110) and (3.115), the
incoming current is equal to the restrained current at this time. This means that the condition of
the operation region is invalid in the case when CT is saturated because it is clearly impossible to
meet the condition:

I1 ≥ I2, I2 = IH , I1 or I2 < b, IH ≥ b

The boundary conditions of the criterion are showed in the (p, s) plane with the following
straight line or curve:

s =

√
1 −

(
g

p

)2

(3.120)

s = 1√
1 + 𝜐2

(3.121)

s = b
p

(3.122)

The criterion of operation (mal-operation actually) region is surrounded by the three curved
(straight) lines and the p axis. Due to the different values of b, g and 𝜐, the shape of the
mal-operation region is slightly different. The operation region may be surrounded by two curves
and the axis (case 1), that is the region surrounded by Equation (3.120), Equation (3.122) and
the p axis (Figure 3.42). It is or surrounded by three curves and the p axis (case 2), that is the
region surrounded by the equations from Equation (3.120)–(3.122) and the p axis, as shown in
Figure 3.43.

Compared with Figure 3.41, in Figures 3.42 or 3.43 the mal-operation region of the criterion
has been limited to some extent. Particularly, in the case of large through current, the allowable
CT transferring ratio can be smaller, which allows the CT’s transferring error to increase. This is
obviously ideal.

(b) Internal fault:
The outgoing current and differential current are no longer equal under this condition. Now, s
represents the ratio of the outgoing current with respect to the incoming current. In addition, 𝛼
represents the angle offset of the outgoing current with respect to incoming current. When 𝛼 = 0,
not only does outgoing current exists but the outgoing current is in phase with the incoming
current according to the positive current direction defined by the current comparison criterion.

Operation
region
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.)
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Figure 3.42 Mal-operation region of criterion 1 under the condition of current transformer saturation
(case 1)
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Figure 3.43 Mal-operation region of criterion 1 under the condition of current transformer saturation
(case 2)

Under the premise of keeping the same amplitude of the outgoing current, the differential current
caused by this case is the least, and the corresponding sensitivity is the lowest. When assessing
the sensitivity of the internal fault, the scenario of 𝛼 = 0 can be assessed; this scenario is referred
to as the slight internal fault. In this case I1 = p, I2 = ps and IH = p

√
s. I1 < b is still impossible

since s ≤ 1 when IH > b. I2 < b is possible when IH < b because now I2 ≤ IH . The criterion can
be expressed as the union of Equations (3.123) and (3.124) in the p − s plane.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

s < 1 −
g

p

s <
1

1 + v2

2
+
√

v4

4
+ v2

s <

(
b
p

)2

(3.123)

⎧⎪⎨⎪⎩
s <

b
p

s ≥
(

b
p

)2 (3.124)

Inequalities in Equations (3.123) and (3.124) can be solved as:

s < 1 −
g

p
(3.125)

s <
1

f (v)
(3.126)

s <
b
p

(3.127)

where

f (v) = 1 + v2

2
+
√

v4

4
+ v2 (3.128)

Taking equal signs in inequalities Equations (3.125)–(3.127), the boundary of the operation
region can be obtained.

The operation region of the criterion is the area surrounded by the three curves and p
axis together. The shape of the operation region is similar to the shape of mal-operation
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Figure 3.44 Operation area of criterion 1 under the condition of light internal fault (curves defined by
Equations (3.119)–(3.121) and the p axis)

region in the condition of CT saturation. The operation region is surrounded by the curves
defined by Equations (3.119)–(3.121) and the p axis (Figure 3.44) or by the curves defined by
Equations (3.125), (3.127) and the p axis (Figure 3.45).

The operation regions in Figures 3.44 and 3.45 will be the operation regions of the conven-
tional product restraint criterion if the limitations of Equation (3.127) are not taken into account.
Apparently, the operation region of the criterion will be reduced with additional conditions. How-
ever, the reduced operation region corresponds to a rare fault, the probability of which occurring
is very small (e.g. a slight internal fault accompanied by an external fault occurring on the same
phase). Taking into account the significant increase in security, this compromise is reasonable and
necessary.

2. Analysis of criterion 2
(a) CT saturation

The conditional operation region is unavailable when the CT is saturated. On that occasion, the cri-
terion is equal to criterion 1. The mal-operation region can be represented as shown in Figures 3.42
and 3.43.

(b) Slight internal fault
When a slight internal fault occurs, the criterion condition can be expressed by Equation (3.123).
It is clear in Figure 3.46 that the operation region is confined by Equation (3.123) and the p axis,
or by the first curve, the third curve and the p axis as shown in Figure 3.47. Meanwhile, the limited
conditions of criterion 1 as reference, s= b/p, are marked by the dotted line.

Under the above analysis, the operation region and optimum sensitivity (vertex of the operation
region) in Figures 3.46 and 3.47 decrease compared to criterion 1. Therefore, it is questionable
on cancelling the conditional operation region.

Next, the sensitivity and the security of these two criteria are investigated by adjusting the propor-
tionality coefficient of the percentage differential criterion and configuring the operation region and
mal-operation region.

In summary, by using the relationships between through fault current and the transforming rate of the
CT or the rate of outflow current, a new methodology for analysing the operation behaviour of the dif-
ferential protection is designed in this section, which can be used to evaluate any percentage differential
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Figure 3.45 Operation area of criterion 1 under the condition of light internal fault (curves defined by
Equations (3.125), (3.127) and the p axis)
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Figure 3.46 Operation area of criterion 2 under the condition of light internal fault (case 1)
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Figure 3.47 Operation region of criterion 2 in the condition of light internal fault (case 2)
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criterion in any conditions. The method is helpful in analysing the impacts of CT saturation on protec-
tion security when an external fault occurs. The change of CT transforming rate is clear as the through
fault current changes. In the same way, when there is an external fault, the protection sensitivity changes
according to the severity of fault (especially slight internal fault). Preliminary assessments of three per-
centage differential protections have been made by this method. As a matter of fact, this method includes
but is not limited to assessment of product restraint criterion. Any percentage restrained characteris-
tics could be converted to this plane. It is necessary to replenish and consummate the current differential
protection system as the important role of current differential protection in power system relaying system.

3.6.3 Analysis of Novel Percentage Differential Criteria

According to the analysis of Section 3.6.2, the evaluation of the criteria proceeds with a plane with the
through current and CT transforming ratio (or the ratio of outgoing current with respect to incoming
current) as its coordinate axis. The operation characteristics of above two novel product restraint criteria
proposed by ABB Company in the case of the CT saturation and slight internal fault case can be assessed
intuitively. In the following sections, the changes of criterion performance when the parameters of the
criterion take different values are discussed.

3.6.3.1 The Two Criteria on the p–s Coordinate Plane

Firstly, the characteristics of the two criteria discussed in Section 3.6.2 in the case of CT saturation
and operating conditions and the operation region in the p–s plane under a slight fault case are briefly
summarized. The specific details can be found in Section 3.6.2. The percentage differential characteristics
of novel current comparison are shown in Figure 3.40.

Criterion 1
Taking a certain point, b, of the restraint current as a dividing line in the plane of percentage restraint
characteristics, the left-hand side is for the unconditional operation region and the right-hand side is the
conditional operation region. In the conditional operation region, protection can take action when at least
one of the currents on both sides is greater than the setting value.

Criterion 2
The conditional operation region of the criterion 1 is changed to be the restraint region. When the restraint
current is greater than the cut-off point, the protection will be always blocked.

1. Representations of criterion 1
(a) The scenario of CT saturation

The boundary conditions of the criterion in the case of the CT saturation are given by:

s =

√
1 −

(
g

p

)2

(3.129)

s = 1√
1 + v2

(3.130)

s = b
p

(3.131)

The operation region (or mal-operation region) of the criterion is surrounded with the three
curved (straight) line and the p axis. According to the different value of the b, g and v, there is a
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slight difference for the shape of mal-operation regions. It is better to get the expression of the
boundary intersection point firstly. Among them, the intersection of the Equations (3.129) and
(3.130) are given by: ⎧⎪⎨⎪⎩

p12 =
√

g2 +
(g

v

)2

s12 =
1√

v2 + 1

(3.132)

The intersection of Equations (3.129) and (3.132) is given by:

⎧⎪⎪⎨⎪⎪⎩
p13 =

√
b2 + g2

s13 = 1√(g

b

)2
+ 1

(3.133)

The intersection of Equations (3.130) and (3.131) is given by:

⎧⎪⎨⎪⎩
p23 =

√
(bv)2 + b2

s23 =
1√

v2 + 1
= s12

(3.134)

It can be determined that the shape of the operation region depends on the location of the
minimum vertex. s13 < s12 = s23 when g∕b < v. The operation region is surrounded by two curves
with the p axis (case 1), namely, the area surrounded by Equations (3.129), (3.131) and the p axis
(Figure 3.48); the vertex is shown by Equation (3.132).

The vertex means that the protection’s ability to withstand the CT saturation becomes the weak-
est in the case of

√
b2 + g2 times through current. To avoid protection mal-operation, there exists

the highest requirement for the CT transforming. This transforming ratio is called global biggest
anti-malfunction CT transforming ratio s0. Correspondingly, there exists a CT allowable error
1 − s0. In order to guarantee the protection operation correctly, the CT error cannot exceed the
value that is called the most easily global malfunction CT error, E0. In addition, there is a multiple
p0 of through current, which is called the most easily global malfunction through current multiple
corresponding to s0.

Operation
region

p (p.u.)

s 
(p

.u
.)

3

P23 P13 P12

S23 S13 S12

2

1

0

Figure 3.48 Mal-operation region of criterion 1 under the condition of CT saturation (case 1)
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Figure 3.49 Mal-operation region of criterion 1 under the condition of CT saturation (case 2)

The expression s13 > s12 = s23 will be tenable when g∕b ≤ v0. The operation region is sur-
rounded by three curves with the p axis (case 2), namely, the area surrounded by the curves defined
by Equations (3.129)–(3.131) and the p axis (Figure 3.49). Correspondingly, the vertex is shown
by Equations (3.132) and (3.134). In this case, s0 = s12 = s23. Meanwhile, the most easily global
malfunction through current multiple is expanded into an interval [p01, p02], and the upper and
lower boundaries are p01 = p12, p02 = p23, respectively. When the through current multiple lies
within the interval, the protection will mal-operate very easily.

(b) Internal fault condition
According to Section 3.6.2, assessment on the internal fault condition can be expressed based on
Equations (3.135)–(3.137).

s < 1 −
g

p
(3.135)

s <
1

f (v)
(3.136)

s <
b
p

(3.137)

where,

f (v) = 1 + v2

2
+
√

v4

4
+ v2 (3.138)

The boundary of the operation region can be obtained through changing the inequalities of
Equations (3.135)–(3.137) into equalities. The operation region of the criterion is enclosed by
three such curves (straight line) with the p axis (Figure 3.50)

Now the shape of operation region resembles the CT saturation’s mal-operation region. Thus,
the intersection of the curve is found first, given by:⎧⎪⎪⎨⎪⎪⎩

p′
12 =

(
1
2
+
√

1
4
+ 1

v2

)
g

s′12 = 1
f (v)

(3.139)

⎧⎪⎨⎪⎩
p′

13 = b + g

s′13 =
1

1 +
g

b

(3.140)
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⎧⎪⎨⎪⎩
p′

23 = bf (v)

s′23 =
1

f (v)
= s12

(3.141)

The operation region is still surrounded by the above curves. The shape of the operation
region can be determined depending on the location of the minimum vertex. s′13 > s′12 = s′23

when g

b
≤ v2

2
+
√

v4

4
+ v2

. The operation region is enclosed by the curves defined by
Equations (3.135)–(3.137) and the p axis (Figure 3.50); the vertex is shown by the curves
defined by Equations (3.139) and (3.141). Correspondingly, s′0 = s′12 = s′23, where s′0 is the global
optimal sensitivity of the criterion when a slight internal fault occurs. Correspondingly, there
exists a through current multiple interval [p′

01, p′
02], called the through current multiple, that

satisfies the global optimal sensitivity. The upper and lower bounds are p′
01 = p′

12, p′
02 = p′

23,
respectively. The protection will be the most sensitive when responding to the slight internal
fault if the through current is within the above interval.

Without taking the limit given by Equation (3.137) into account, the criterion will turn to the
conventional scalar product restrained one, and the operation region will increase, which can
be reflected by the increasing sensitivity of the protection in the case of a large incoming cur-
rent. However, it is found that the increased sensitivity is actually very difficult to achieve. This
is because the system should be experiencing overload or an external fault when the incoming
current is relatively high. In this scenario, the probability that a slight internal fault of which the
incoming current and the outgoing current have the same phase occurs simultaneously will be very
low. Furthermore, these two system operating conditions can only exist for a very short duration.
Once the system recovers, this operation region will not exist. If the conventional criterion is used
to keep the sensitivity that is very difficult to obtain actually, the loss of security is far more than
the benefits.

When g

b
>

v2

2
+
√

v4

4
+ v2, s′13 < s′12 <= s′23. The operation region is surrounded by the curves

defined by Equations (3.135) and (3.137) and the p axis (Figure 3.51) and the peak point can be
achieved by Equation (3.140). When s0

′ changes from s′12 to s′13, the multiple of through current
that satisfies the global optimal sensitivity also changes from an interval [p′

12,p′
23] to a point p′

13.
2. Representations of criterion 2

(a) CT saturation
According to Section 3.6.2, as the conditional operation region is invalid in the case of CT satu-
ration, criterion 2 is completely equivalent to criterion 1. Its mal-operation operation region can
be represented as in Figure 3.48.

p (p.u.)

Operation region
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0
P′13 P′23

S′12
2′

3′

1′

S′13
S′23

s 
(p

.u
.)

Figure 3.50 Operation region of criterion 1 under the condition of a slight internal fault (case 1)
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Figure 3.51 Operation region of criterion 1 under the condition of a slight internal fault (case 2)

(b) Slight internal fault
According to the Section 3.6.2: ⎧⎪⎪⎪⎨⎪⎪⎪⎩

1′ ∶ s < 1 −
g

p

2′ ∶ s <
1

f (v)

3′ ∶ s <

(
b
p

)2

(3.142)

The intersection point of the first and second inequality in Equation (3.142) is still the same as
in Equation (3.139), and the intersection point of the first and third inequality is given by:⎧⎪⎪⎪⎨⎪⎪⎪⎩

p′
13 =

⎡⎢⎢⎣1
2
+

√
1
4
+
(

b
g

)2⎤⎥⎥⎦ g

s′13 =
1

f
(g

b

) (3.143)

The intersection point of the second and third inequality is:⎧⎪⎨⎪⎩
p′

23 = b
√

f (v)

s′23 = 1
f (v)

(3.144)

Similarly, the shape of the operation region can be determined according to the minimum ver-
tex location. s′′13 > s′′12 = s′′23 when g∕b ≥ v0. The operation region is surrounded by the curves
defined by Equation (3.142) and the p axis (Figure 3.52), and the vertex is shown by the curves
defined by Equations (3.142) and (3.144). In this case, s′′13 = s′′12 = s′′23, p′′

01 = p′′
12, p′′

02 = p′′
23.

s′′13 < s′′12 = s′′23 when g/b> v. The operation region is surrounded by the first equation and
the third inequality of Equation (3.142) and the p axis (Figure 3.53), and the vertex is shown by
the curve defined by Equation (3.143). In this case, s′′0 = s′′13, p′′

01 = p′′
13.
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Figure 3.52 Operation region of criterion 2 under the condition of slight internal fault (case 1)
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Figure 3.53 Operation region of criterion 2 under the condition of slight internal fault (case 2)

3.6.3.2 Quantization and Comparative Analysis of the Two Criteria

During the analysis, selection of parameters should follow two principles: (i) to maximize the allowable
error of saturation and (ii) to maximize the sensitivity of protection in the case of internal fault with
outgoing current.

For clarity, the analysis still begins with criterion 1. Some of the conclusions of the analysis process
are also applicable to criterion 2.

1. Criterion 1
(a) The analysis of security and reliability

The studies show that investigating with g/b as the parameter will be helpful to find some useful
conclusions.

www.EngineeringBooksPDF.com



148 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

The mal-operation region of the protection can be seen in Figure 3.48. s0(E0) and p0 corre-
sponding to the vertex can be obtained from Equation (3.133).

A reasonable milestone for analysis is to firstly determine the index of the error E0 of the CT
that most easily leads to mal-operation, then to analyse a variety of scenarios on this basis. It is
easy to know that the through current corresponding to E0 can be set near the rated current and it
is unnecessary to set E0 at a high value if the proper parameters have been equipped. Take 5% as
the example for evaluation. Assume that E0 ≥ 5%, this leads to a value of s0 ≤ 95% and g

b
≥ 0.313.

The analysis below suggests that the increase of g/b will reduce the allowable outgoing current
for the internal fault. The sensitivity of the protection is analysed in the case of the internal fault
with setting the value g

b
= 0.313.

When making the analysis in the case of the slight internal fault, there are two cases of the
value of g/b:

i.

v <
g

b
≤ v2

2
+
√

v4

4
+ v2

The operation region is shown in Figure 3.50, enclosed by the curves defined by the equations
from Equations (3.135)–(3.137) and the p axis. The vertexes are expressed as the curves
defined by Equations (3.139) and (3.141). In this case:

v ≥
√

bg

b2 + g2
= 0.273

As s′0 is determined by s′12 in Equation (3.135), we can take v to its minimum value 0.273
for the highest sensitivity. Now we have p′

12 = p′
23 = p′

13 and s′0 = 0.762, which means three
intersections coincide.

ii.
g

b
≥ v2

2
+
√

v4

4
+ v2

In this case, the operation region is shown in Figure 3.51, enclosed by the curves defined
by Equations (3.135), (3.137) and the p axis. The vertex is expressed by Equation (3.140).
Substituting g

b
= 0.313 into this gives s′0 = 0.762.

Under the conditions of g

b
> v, the maximum allowable outgoing current can reach 76% on

the premise that E0 = 5%.
When g

b
< v, the operation region is shown in Figure 3.49 under the condition of CT satura-

tion, which is enclosed by the curves defined by the equations from Equation (3.129)–(3.131)
and the p axis. The vertexes are expressed by the curves defined by Equations (3.132) and
(3.134). According to these two equations, the slope v of the restraint line should be at least
0.313 to ensure E0 to be 5%.

As g

b
<

v2

2
+
√

v4

4
+ v2 can be naturally fulfilled in the condition of internal faults, the

operation region at this time is shown in Figure 3.50, enclosed by the curves defined by
the equations from Equation (3.135)–(3.137) and the p axis. The vertexes are expressed by
Equations (3.139) and (3.141). Substitute v= 0.313 into it and we have s′0 = 0.732.

It can be seen that the maximum allowable outgoing current at this time reduces by 3% on
the same premise that E0 = 5%compared to the case of g

b
≥ v, and the sensitivity decreases. In

terms of higher sensitivity, g

b
≥ v is the better choice.

(b) Reasonableness analysis to b= 1.5
The recommended value of b by the ABB Company is 1.5. However, it can still be debated whether
this value is reasonable or not. We can still start to analyse under the condition of CT saturation.
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In this condition, choose g

b
= 0.313 > v to ensure E0 = 5%. In this case, g= 0.47. Substitut-

ing this into Equation (3.133) gives p0 = 1.05 b= 1.57, which means the error of CT should
not exceed 5% with 1.57 times rated current. Generally speaking, this index is acceptable, but
it cannot achieve optimization. This is because that the error can be minimized with the rated
current through the CT. Therefore, the attempt should be made to limit the vertex of the oper-
ation region to the rated value to eliminate the possibility of the error being greater than 5%.
Furthermore, the claim that b= 1.5 is unreasonable also results from the very high requirement
on the capability of CT in suffering the large through current. The analysis is as below. Accord-
ing to Equations (3.129)–(3.131), the critical transforming rate is limited by the equation s= b/p.
Hence, s= b/10= 0.15 in the case of through current being equal to 10 times rated current. In this
case, the tolerance error of CT is 85%. It still can be optimized.

Based on the analysis in Section 3.6.2, under the condition of internal faults, the through cur-
rents corresponding to the maximum allowable outgoing current are p

′
13 = b+ g= 1.97 in both

case a and b with g

b
> v, which means that the through current should be nearly twice rated current

to achieve the best sensitivity. However, the through current is supposed to be limited to the rated
value (i.e. the normal operation of the system) and the corresponding allowable outgoing current
is s′1 = 1 − g

p
= 53% under this condition, which is not satisfying.

In view of improving the anti-saturation level and the sensitivity to internal faults of the cri-
terion, the value of b ought to be reduced. The analysis below is still on the premise that g

b
=

0.313 > v.
When the CT becomes saturated, set p13 =

√
b2 + g2 = 1. Then b= 0.954, corresponding to

g= 0.299. This will place the weakest point of the criterion on the rated current point. It is evident
that the error of CT will be the minimum when the burden is at the rated current. Thus, this
placement is reasonable. Under this condition, the critical transforming rate is b/10= 0.095 with
10 times the rated current and the tolerance is over 90%. It is better than the scenario that b= 1.5.

From the analysis above, it can be seen that the maximum allowable outgoing current can be
estimated according to the area enclosed by curves defined by Equations (3.135) and (3.137)
when evaluating the ability to respond to internal faults. It can be seen from Equation (3.140)
that the corresponding through current times is p′

0 = p′
13 = b+ g= 1.25 at this time, that is, the

sensitivity reaches its best with nearly 1.25 times the rated current. Accordingly, the allowable
outgoing current increases to s′1 = 1 − g

p
= 70.1% when the through current is equal to the rated

current. The sensitivity of the criterion to the common slight internal faults is much higher than
in the case b= 1.5.

Obviously, according to Equation (3.141), b can be adjusted to make the criterion most sensitive
to the slight fault when p′

0 = 1. Now, the operating point of the protection being able to tolerate
5% CT error (the most vulnerable point) now offsets, since p0 moves to 0.8. Compared with the
scenario of p0 = 1, the probability of CT reaching 5% error increases. In practical application, we
can choose parameter b reasonably based on the sensitivity requirements of internal faults and the
precise transforming rate range of CT.

2. Criterion 2:
The following two cases will be discussed: g/b> v and g/b< v. The value of g/b or v is still derived
from the CT saturation condition. Then, they are used to discuss the case of internal faults.
(a)

g∕b > 𝜈

When the CT saturates, the mal-operation region is enclosed by the curves defined by
Equations (3.129) and (3.131) and the p axis in Figure 3.48 and the vertex is defined by
Equation (3.133). Keeping s0 = 0.95, we have g/b= 0.313.

In the case of internal faults, f(g/b) is greater than f(v) because f(x) is the function of
monotonically increasing, which leads to s′′13 < s′′23. According to the analysis of Section 1.2,
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the operation region is shown in Figure 3.53 and the vertex is defined by Equation (3.133).
Substituting g/b= 0.313 into Equation (3.143), s′′0 = 73.2% and p′′

0 = p′′
12 = 1.17b.

(b)
g∕b < 𝜈

According to the Section 3.6.1, when the CT saturates, the mal-operation region is enclosed by the
curves defined by the equations from Equation (3.129)–(3.131) and the p axis while the vertexes
are defined by Equations (3.132) and (3.134). Keeping s0 = 0.95, we have v= 0.313.

For internal faults, f(g/b)< f(v) because f(x) is the function of monotonically increasing.
According to Section 3.6.2, s′′13 > s′′23, the operation region is enclosed by the curve defined by
Equation (3.142) and the p axis. The vertexes are defined by Equations (3.139) and (3.144).
Substituting v= 0.313 into them, gives s0

′′ = 73.2%, and the two corresponding critical through
currents will be p′′

01 = p′′
12 = 3.73 g, p′′

1 = p′′
23 = 1.17b.

According to the condition of g/b< v, g can be changed from 0 to 0.313b while p′′
01 can be

changed from 0 to 1.17b correspondingly. This means that the best sensitivity can also be achieved
when through current is very small (light load or no load) during an internal fault. However, g is
very small, which may lead to the decrease of the security. The analysis is as follows.

Taking the CT being saturated (it is more appropriate to say that the current is so small that
the CT incompletely transforms) into account, the left boundary point of mal-operation region is
p01 = p12. According to Equation (3.132), p01 will approach to zero when g is very small. This
means that the protection will also mal-operate if the error is above 5% when the through current
is very small such as no-load. Due to the restrictions of CT linear transforming area, the CT
transforming error approaching to 5% is possible when the current is very small. Therefore, g
should not be set to a very small value.

To sum up, the choice of g/b> v and g/b< v can be accepted in criterion 2. Because of on the
premise of guaranteeing the same security, they have the same best sensitivity in response to slight
internal faults. The choice of g/b< v is more flexible. The multiple of through current globally
most vulnerable to mal-operate and the multiple of through current globally optimal sensitivity
are all expressed in terms of an interval. Therefore, g/b can be adjusted upon the requirement.

It should be pointed out that criterion 1 can reach the same flexibility as criterion 2 when
choosing g/b< v. But the best sensitivity also drops to the same compared with the criterion 2.
Compared with criterion 2, the only advantage of criterion 1 is that the sensitivity of the protection

is slightly higher

(
it is limited by s < b∕p rather than s <

(
b

p

)2
)

when the slight internal fault

occurs during the heavy through current (external fault) process. For example, for the transformer
protection, criterion 2 is only able to reflect the fault existing 0.11(11%) outgoing current when
the external fault results in three times the through current, while criterion 1 is able to reflect the
fault existing 33% outgoing current if the inter-turn short-circuit fault occurs and b= 1.

In summary, by means of the through current multiples–CT transforming rate (or the ratio of outgoing
current) plane analysis, it is possible to analyse the security and the sensitivity of the two novel scalar
product restraint criteria when each parameter of the proportional restraint characteristics changes. Con-
clusively, the anti-saturation abilities of both criteria are identical. To ensure the same security, criterion 1
has higher operation sensitivity than criterion 2. Under the premise of choosing the correct parameters,
criterion 2 can allow the protection achieving the best sensitivity when the through current offsets to
some extent. But, at the same time, the security of the protection has to be decreased relatively. If the
best sensitivity index of criterion 1 drops to the same as criterion 2, criterion 1 can also achieve the
flexibility that the best sensitivity is not influenced by the deviation of through current within a certain
interval. Compared with criterion 2, criterion 1 has a higher sensitivity in response to the slight internal
fault accompanied by the external fault with large through current. In all, criterion 1 is slightly better.
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3.7 Summary

The performance of the differential protection is an issue of concern in the field of theoretical analyses
of the relay protection. This chapter is an attempt to find out the appropriate theoretical bases for the
existing method in the engineering field of relay protection. Preliminary comparative studies between
the phase current based and the superimposed current based differential criteria have been conducted
and, on the basis of these, some results can be obtained as the guide of the application of percentage
differential protections.
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4
Novel Magnetizing Inrush
Identification Schemes

4.1 Introduction

The power transformer functions as a node to connect two different voltage levels. Therefore, the con-
tinuity of transformer operation is of vital importance in maintaining the reliability of power supply.
Any unscheduled repair work, especially replacement of a faulty transformer, is very expensive and time
consuming.

The differential protective relay has been used as the primary protection of most power transformers for
many years. Inrush can be generated when an unloaded transformer is switched on the transmission line
or an external line fault is cleared. It may result in mal-operation of differential protection if a blocking
scheme is unavailable. Therefore, distinguishing between inrush and fault current is the key to improving
the reliability of the differential protection.

Three types of schemes are currently in use for this purpose. Some schemes make use of the informa-
tion obtained from the differential currents of the transformer, such as the method based on the scheme of
second harmonic restraint [1]. Some methods make use of the information obtained from the variation of
the transformer terminal voltages, such as the method based on the voltage restraint principle [2]. Other
alternative schemes make use of the information obtained from both the currents and the voltages of the
transformer, such as the method based on the flux characteristic principle and the method based on the
equivalent circuit equation of the transformer model [3, 4]. However, the most widely used methods in
practice are still those that are based on the principle of the second harmonic restraint. The main drawback
of this method is that the harmonics existing in the long Extra High Voltage (EHV) transmission lines
can cause the differential relay either not to operate or to operate with a long time delay [5, 6]. Further-
more, according to the current schemes using only a single measurand, no matter whether it is current or
voltage, any internal fault with energizing cannot be cleared quickly until the inrush damps below the dif-
ferential current threshold. Remedial schemes introduced to overcome the problems simply complicate
the primary transformer protection. Consequently, they are not too practical in practice. Other techniques
have been developed for transformer protection. These techniques include transient signal analysis [7],
waveform symmetry and WCS [8], artificial neural networks (ANNs) [9], fuzzy logic [10], the differ-
ential active power method [11], the equivalent instantaneous inductance (EII) based method [12] and
the transformer model based method [13]. They provide alternatives or improvements to the existing
protective relaying functions.

Electromagnetic Transient Analysis and Novel Protective Relaying Techniques for Power Transformer,
First Edition. Xiangning Lin, Jing Ma, Qing Tian and Hanli Weng.
© 2015 John Wiley & Sons Singapore Pte Ltd. Published 2015 by John Wiley & Sons Singapore Pte Ltd.
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Recently, a so-called ‘waveform symmetry’, also called ‘waveform correlation’ scheme (WCS), has
been proposed, which compares the symmetry between the first half cycle and the latter half cycle wave-
form in a total one-cycle evaluating time window span. This scheme deserves to be studied further, since
it considers the shape, magnitude and gradient of the current waveform overall. With this scheme, the
performance of differential protection is expected to be enhanced further; for example, it is possible to
implement the pole-separated restraint for the relay without decreasing the reliability. However, there
still are some drawbacks to be overcome, such as the selection of compared signals and the expres-
sion of the waveform correlation coefficient. To improve the reliability and sensitivity of these types of
schemes further, an enhanced scheme belonging to the family of ‘waveform correlation’ is presented in
this chapter.

With respect to the waveform of the inrush, many state-of-the-art protection schemes are proposed.
A new method based on waveform singularity factor (WSF) to distinguish between the magnetizing
inrush currents and internal faults in power transformers is presented here. Firstly, the definition and
calculation method of the WSF method are explained. How the WSF technique is used to detect the singu-
larity of waveforms and then to implement the discrimination between an internal fault and inrush are pro-
posed. Another new principle to discriminate between an internal fault and a magnetizing inrush current
by correlation function principle in Digital Signal Processing (DSP) is proposed and the self-correlation
function (SCF) of the sampled data is calculated and compared with the standard self-correlation function
formed with sinusoidal current.

As mentioned previously, the inrush current is a result of transformer core saturation. Furthermore, due
to the alternating of the iron core between saturation and nonsaturation, waveforms of the exciting inrush
currents show singularity characteristics. However, in the internal fault and normal operation states of
the power transformer, the iron core is not saturated and the magnetizing current is very small. Owing
to the operation in the linear area of the magnetizing characteristic, waveforms of internal fault currents
present sinusoidal characteristics. A new sinusoidal proximity factor (SPF) based scheme to distinguish
between magnetizing inrush currents and internal faults in power transformers is proposed. Firstly, the
basic theories and definitions about the SPF are explained. Then, the SPF technique is used to detect the
sinusoidal characteristics of waveforms. The criterion and algorithm to distinguish the internal fault from
the inrush current are proposed.

Based on the high nonlinearity in exciting cores of transformers, waveforms of the exciting inrush
currents show ‘sudden change’ characteristics. Therefore, research was concentrated into fault gener-
ated transient signals to increase the speed of relay response. Recently, the continuous developments of
modem science technology have provided new means to extract transient components using the wavelet
transform method. Wavelet transform (WT), as a milestone of the development of the Fourier transform,
has attracted great attention and been successfully used in many applications in the past decade. Its appli-
cation in the power system has also been investigated in recent years. It has been attempted to introduce
wavelet transform into power system protective relaying, with the emphasis on the transformer inrush
identification.

However, threshold and frequency bands need to be predefined when it comes to energy spectrum anal-
ysis, so its flexibility is affected. In contrast with Fourier transformation and Hilbert transformation, the
mathematical morphology (MM) is developed from set theory and integral geometry, and is concerned
with the shape of a signal waveform in the complete time domain rather than the frequency domain.
Therefore, signals being processed by MM are immune to the amplitude decaying and phase shifting.
Moreover, since it requires a much shorter data window for calculation, the MM technique can provide
a rapid and good performance simultaneously with the signal sudden changes and transient process.
Additionally, MM is a nonlinear approach and has been widely used in geometrical analysis and descrip-
tion. The mathematical calculation involved in MM includes only addition, subtraction, maximum and
minimum operations without any multiplication and division, so it can be put into a real-time process.

A new MM method to distinguish between the magnetizing inrush and internal faults in power trans-
formers is proposed in this section. Transient current signals are extracted by use of morphological
gradient (MG) and morphological opening and closing transform. The proposed technique has stability
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during symmetrical inrush currents and CT saturation. Moreover, it is immune to both DC components
with disturbing signals and random noises.

More advanced inrush identification schemes are also introduced in this chapter. A novel technique
to distinguish the inrush currents from the internal faults in power transformers is proposed using the
normalized grille curve (NGC). The NGC is an effective tool for transient signal analysis and feature
extraction and can be implemented with only a small level of computation. Firstly, the method to calcu-
late the NGC is introduced. Then, the criteria in the time and frequency domains to discriminate between
inrush currents and internal faults are respectively presented. The experimental results verify the feasi-
bility of this method.

Another new method focusing on the equivalent instantaneous leakage inductance (EILI) considering
B–H curve data and hysteresis is presented in this chapter, which shows the different characteristics
between internal faults and inrush currents. Firstly, the basic theory and definition of the EILI of the
transformer are explained. Then, the mathematical expressions are obtained to calculate the EILIs of
two-winding and three-winding transformers in real time, and their properties and accuracy are analysed.
Finally, the proposed methods are verified by the experimental results.

This chapter also presents a technique for discrimination between an internal fault and an inrush current
using the two-terminal network. The technique is suitable for situations whether or not it is possible to
measure the winding currents. Also, the technique does not make use of the presence of harmonic currents
to restrain the relay during the magnetizing inrush. Furthermore, the technique requires neither the data
of the B–H curve nor the knowledge of leakage inductances and iron losses. The basic theory about the
two-terminal network containing only the winding resistance and the leakage inductance is introduced
first. The active powers flowing into the two-terminal network and consumed by the two-terminal network
are compared and then are employed to develop the criteria.

4.2 Studies for Identification of the Inrush Based on Improved Correlation
Algorithm

4.2.1 Basic Principle of Waveform Correlation Scheme

The WCS to distinguish between inrush and fault current is presented in Figure 4.1 in this section.
This scheme is validated as soon as the protection is initiated and the sampling data window has

included one-cycle samplings. This sampled one-cycle data (0–20 ms for 50 Hz power frequency) is
extended into a two-cycle sampling (0–40 ms) (Figure 4.1a). From a special point (t1) new one-cycle
data are taken, as shown in the large solid-line frame in Figure 4.1a. Let the first half cycle signal in this
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Figure 4.1 Internal fault current extended periodically: (a) a half cycle integral window; (b) the correl-
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frame be x(t), which is included in the former small solid line frame, and the signal in the latter one with
the same length as the former one be −y(t). The correlation between x(t) and y(t), shown as the dotted-
line waveform in the latter small frame, was evaluated and the inrush can be identified from the internal
fault current with a low value of the correlation coefficient (CC). For illustratively evaluating the degree
of correlation between x(t) and y(t), y(t) can be translated forward one half cycle, then y(t) and x(t) are
located on the same frame (Figure 4.1b). From the above, the determination of t1 and the constitution of
CC are the most important to the performance of the WCS. The exiting scheme adopts maximum area
algorithm to determine t1, as below.

Figure 4.1 shows an internal fault current with a 100% damped DC component, where the sampling
rate is N times the fundamental. A half cycle integral window, shown as the small frame including x(t)
in Figure 4.1a, is shifted from 0 to 20 ms, Consequently, total N area values are calculated by means of
the absolute value sum of the current sampling in this time window, shown as Equation (4.1):

S(k) =
k+N∕2−1∑

j=k

|i(mod(j))| k = 0, 1, 2, … N − 1 (4.1)

where

mod(j) =

{
j j < N

N − j j > N − 1
(4.2)

Let the origin of the time window corresponding to the maximum among these N area values be t1,
from which a one-cycle signal is sampled and the correlativity between x(t) and y(t) is evaluated. Seen in
Figure 4.1b, the correlativity is rather good for this internal fault. In contrast, the corresponding situations
of two types of typical inrushes are shown in Figures 4.2 and 4.3.

It can be seen in Figures 4.2 and 4.3 that x(t) is quite different from y(t) for both types of inrushes, that
is, the relativity between them is weaker than that of the fault current. A revised correlation coefficient,
called the waveform coefficient here, is derived from the above analysis:

J = Cov(X,Y)
𝜎2(X)

(4.3)

In contrast, a normal correlation coefficient is given by:

J = Cov(X,Y)
𝜎(X)𝜎(Y)

(4.4)

where cov (X, Y) is the covariance of x(t) and y(t), and 𝜎(X) and 𝜎(Y) denote the mean-square deviation
of x(t) and y(t). The difference between waveform coefficient J and the normal correlation coefficient
𝜌XY is that 𝜎(X)𝜎(Y) in 𝜌XY is substituted by 𝜎2(X). Criterion 1 is derived according to Equations (4.1)
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and (4.3). The value J is calculated as soon as the differential protection is initiated and the protection
will operate if J is over a threshold, otherwise the protection will be blocked.

There is no doubt that criterion 1 is somewhat original. However, it is rather hard to set in cases, as in
those illustrated by Figures 4.4–4.6. Figures 4.4 and 4.5 show inrushes on the primary and secondary
side of the CT, respectively, where the transformer is simulated by ATP software and the CT model with
1 : 1 ratio is introduced.

The simulated transformer model consists of a transformer bank, which is a three-phase two-winding
transformer with high voltage side Y-connected and low voltage side delta connected (YNd5), where the
magnetization branch is connected to the low voltage side and the neutral terminal on high voltage side
is grounded. The apparent power Srated is equal to 750 MVA and the voltage ratio is 420 kV/27 kV. In this
simulation the transformer is energized from the low voltage side. The saturation characteristic curve
of iron core element adopts type-96 model and the saturation flux density Bs is assumed to be 1.15Bm.
The residual fluxes density of all phases are Bra = 0.9 Bm, Brb =Brc =−0.9 Bm, and the inception angle
of phase A voltage source, whose type is sine, is 30o. The hysteresis model of the CT is simulated as a
main loop and a set of minor loop trajectory.

For convenient discussion, let I2/I1 be the ratio of second harmonic to the fundamental, and J be the
waveform coefficient. As shown in Figure 4.5, the evenness of the inrush increases on the secondary
in contrast to that on the primary. Correspondingly, the waveform coefficients of three phase inrushes
in Figure 4.4 are Ja−b = 0.536, Jb−c = 0.386 and Ja−b = 0.714, respectively, and the relevant values in
Figure 4.5 are Ja−b = 0.651, Jb−c = 0.211 and Ja−b = 0.804, respectively. Meanwhile, the ratio of I2/I1 of
the waveforms in Figure 4.5 are (I2/I1)a−b = 11%, (I2/I1)b−c = 9% and (I2/I1)a−b = 6%.
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Figure 4.4 Three-phase magnetizing inrushes on the primary of the CT
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Figure 4.6 ‘B’-earth fault on primary, with a long transmission line connected

Obviously, the threshold of J should be larger than 0.8 when the implementation of pole-separated
tripping is available. Nevertheless, a long time delay is unavoidable using such a high setting value when
the internal fault current is distorted seriously. To illustrate this situation, an example of dynamic test is
given as below:

Consider a ‘B’-earth internal fault on the primary, whose current waveforms captured by the fault recorder
installed on the dynamic simulation laboratory of Huazhong University of Science & Technology are
shown in Figure 4.6.

In this case, the transformer is linked with a long transmission line and the sampling rate is 600 Hz at
50 Hz fundamental frequency. In these recorded data, the phase currents are scaled up currents from
the secondary winding of the delta-connected CTs on the primary terminals of the power transformer.
As seen, the differential currents exist in both phase A and B due to the delta connection on the CT’s
secondary. As shown in Figure 4.6, the waveforms of currents deform due to the CT saturation and the
capacitance current of the long transmission line. The changes of waveform coefficients and ratios of
second harmonic to the fundamental of the fault currents are illustrated in Table 4.1.

For some special cases, the differential current in response to a transformer internal fault could contain a
second harmonic component, which may result in an operation with a long time delay of differential
protection with second harmonic restraint. It can be seen from Table 4.1 that the protection will not
trip until the fault continues for 95 ms using criterion 1 with threshold 0.8. For the scheme of second
harmonic restraint with 15% restraint ratio, the nonoperation time (N.O.T.) for such a fault is 93.3 ms,
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Table 4.1 Changes of waveform coefficients and ratios of
second harmonic to the fundamental of the fault currents

Post-fault time (ms) 90 91.7 93.3 95

Criteria

(I2/I1)a−b (%) 15 15 14 13
(I2/I1)b−c (%) 14 14 14 14
Ja−b 0.76 0.76 0.79 0.82
Jb−c 0.75 0.75 0.79 0.81

that is, the scheme of second harmonic restraint with 15% restraint ratio and criterion 1 with a 0.8
waveform coefficient threshold are approximately equivalent for such heavy fault.

There is no doubt that the relay will operate more quickly if the threshold of J is decreased. However,
the reliability may be decreased. Therefore, criterion 1 deserves to be improved in sensitivity with-
out decreasing reliability. Some discussion on how to determine t1 and improve the constitution of
waveform coefficient is given here.

4.2.2 Design and Test of the Improved Waveform Correlation Principle

4.2.2.1 Improvement of Compared Signal Selection

As mentioned above, the original maximum area algorithm to separate a one-cycle signal into two most
irrelevant parts is not applicable to distinguish real inrush and internal fault. To solve this problem, the
formula of area given by Equation (4.1) is revised as below:

S(k) =
k+N∕2∑

j=k

|i(mod(j))| k = 0, 1, 2, … N − 1 (4.5)

where the integral window is prolonged from N/2 to N/2+ 1. The ability of the improved maximum area
algorithm to separate a signal into two irrelevant parts is weakened. However, this exactly meets the
demands for distinguishing between the real inrush and the deformed internal fault current. In contrast
to Equations (4.1), Equation (4.5) is insensitive even to the inrush, so the waveform coefficient has no
obvious increase. The improved algorithm also is insensitive to the distorted internal fault current, that is,
J apparently does not decrease. Obviously, J decreases when using Equation (4.1) to determine t1, which
causes a misjudgement between inrush and internal fault. Thus, Equation (4.5) can effectively improve
the sensitivity of identifying the real inrush from the fault current.

Equations (4.5) and (4.3) are combined as criterion 2. The waveform coefficients of three phase
inrushes in Figure 4.5 are Ja−b = 0.652, Jb−c = 0.211 and Jc−a = 0.804, that is, the reliability of criterion 2
for inrush is approximately equivalent to that of criterion 1. In contrast to criterion 1, by use of the fault
in Figure 4.6 the performance of criterion 2 is evaluated with a 0.8 waveform coefficient threshold. Here,
the N.O.T. of criterion 2 is 40 ms, since Ja−b increases to 0.83 at tpost−fault = 40 ms. At this time, the ratio
of I2/I1 using the Fourier algorithm is 31% and the differential protection with 15% second harmonic
restraint ratio cannot operate. It is clear that criterion 2 can shorten the N.O.T. by about 2.7 cycles.

4.2.2.2 Sensitivity Analysis of Criterion 2

Table 4.2 shows the N.O.T.s of criteria 1 and 2 and of the scheme of second harmonic restraint for all
types of typical internal faults, where the fault data came from the above mentioned fault recorder. The
pole-separated trip mode is adopted here for WCS and the threshold is set to 0.8, that is, the protection
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operates as soon as the waveform coefficient of any phase current is over 0.8. The scheme that the trans-
former differential protection will be blocked when the inrush occurs in one phase alone is applied to
second harmonic restraint.

N.O.T. denotes nonoperation time and NOP means nonoperation, that is, the protection still cannot
operate even though the fault has been present for five cycles. For convenience, the faults in Table 4.2 are
numbered to indicate the fault conditions. For instance, cases 1–4 are ‘B’-earth faults on primary, whose
operating conditions are that the transformer is loaded with a long line (PL), loaded without a long line
(PUL), unloaded with a long line (UPL) and unloaded without a long line (UPUL). The illustrations of
the operating conditions for other faults are similar to the above. Cases 4–8 are ‘B’–‘C’ phase faults on
the primary, cases 9–12 are ‘A’–‘B’ phase faults on the secondary, cases 13–16 are ‘B’-phase 4.35%
winding faults on the primary, cases 17 and 18 are ‘B’-phase 2.18% winding faults on the primary.
Moreover, cases 19–27 are energizing with internal faults.

It should be noted that the above test results for transformer fault and the ones below for transformer
energizing are all determined with a variety of random points on wave closures.

Table 4.2 Nonoperation times for 0.8 threshold of waveform coefficient of criterion 1 and criterion 2,
and 15% of second harmonic restraint

Case Fault type and conditions N.O.T. of criterion 1
(ms)

N.O.T. of criterion 2
(ms)

N.O.T. of I2/I1

(ms)

1 BG_PL 95 40 81.6
2 BG_PUL 68.3 21.6 60
3 BG_UPL 46.6 26.6 58.3
4 BG_UPUL 18.3 16.6 18.3
5 BC_PL 48.3 51.6 93.3
6 BC_PUL 43.3 40 63.3
7 BC_UPL 83.3 43.3 78.3
8 BC_UPUL 40 31.6 60
9 ab_PL 38.3 20 58.3

10 ab_PUL 28.3 20 20
11 ab_UPL 4 51.6 73
12 ab_UPUL 36.6 20 58.3
13 BW4_PL 30 30 31.6
14 BW4_PUL 31.6 31.6 31.6
15 BW4_UPL 18 20 20
16 BW4_UPUL 25 25 25
17 BW2_PUL 21.6 18.3 20
18 BW2_UPUL 23.3 23.3 26.6
19 I_BG_L 81.6 55 NOP
20 I_BG_UL 60 20 NOP
21 I_BC_L 50 36.6 NOP
22 I_BC_UL 40 38.3 NOP
23 I_ab_L 25 38.3 NOP
24 I_ab_UL 40 33.3 NOP
25 I_BW4_L 25 25 NOP
26 I_BW4_UL 25 25 NOP
27 I_BW2_UL 23.3 23.3 NOP
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The following conclusions can be drawn from Table 4.2:

1. Both criteria 1 and 2 can always trip quite quickly for light winding faults no matter whether accom-
panied by energizing. The longest time delay is 31.6 ms. However, the protection with the scheme of
normal second harmonic restraint cannot trip for cases 19–27 even the internal faults have presented
for five cycles.

2. Criterion 2 can operate faster than criterion 1, especially for heavy faults or energizing with heavy
faults.

3. In some cases, criterion 1 can operate more quickly than criterion 2 when the harmonics contained
in the fault current do not influence the evenness of the current. However, only four cases appear in
the above 27 cases, and two of them trip faster by only one or two sampling intervals than ones using
criterion 2.

4. For the very heavy faults (cases 5, 19), both criteria operate with a long time delay (at least 50 ms). Of
course, the scheme with 15% second harmonic restraint also cannot operate at this moment. Therefore,
it is still necessary to improve criterion 2 further.

4.2.2.3 Improvement of the Waveform Coefficient J

It can been observed from Equation (4.3) that the waveform coefficient only uses the information of 𝜎(X),
that is, the mean square error of ‘large area’ in Figure 4.2, and the information of 𝜎(Y) (small area) is
ignored. As the analysis in part II, the 𝜎(Y) of the inrush is quite small. For the fault current containing
certain damped DC components, 𝜎(Y) may be larger than 𝜎(X) according to the investigations for various
internal fault waveforms. Therefore, an improved waveform coefficient is:

J = Cov(X,Y)
𝜎2(X)

× 𝜎2(Y)
𝜎2(X)

(4.6)

Equations (4.5) and (4.6) form criterion 3. With this criterion the waveform coefficient of inrush will
decrease due to the introduction of 𝜎(Y). For criterion 3, the waveform coefficients of the inrushes in
Figure 4.5 are evaluated as Ja−b = 0.523, Jb−c = 0.181 and Jc−a = 0.661. As seen, the maximum J has
decreased to 0.661. In fact, the inrushes in Figure 4.5 only indicate the very extreme case. In this case,
the maximum ratio of I2/I1 is only given by 11% using Fourier algorithm, whereas the accepted ratio
in industrial applications in China is 15–20%. Consequently, here the waveform coefficient J can be
decreased so that this algorithm can be contrasted with the scheme of second harmonic restraint. The
threshold of criterion 3 can be decreased to 0.66× 11/15, that is, 0.48. In order to compare the criteria
1, 2 and 3 with the same thresholds induced from Figure 4.5, the criterion 3 with a threshold of 0.48 is
denoted criterion 4. The reliability and sensitivity evaluations of all the above four criteria are described
below.

Figure 4.7 illustrates the N.O.T.s in milliseconds for the faults in Table 4.1, where the X-axis is denoted
as fault number and the Y-axis is denoted as the N.O.T.

The N.O.T. series for criterion 1 is denoted by the marker ‘+’ and the ones for criterion 2, 3, and 4 by
‘*’, ‘o’ and ‘Δ’, respectively. It can be concluded form Figure 4.7 that criterion 2 has nearly the same
sensitivity as criterion 3, but criterion 3 has better reliability than criterion 2 when they are applied to
identify the inrushes. The maximum waveform coefficients of all types of typical inrushes recorded by
the same recorder were investigated. Among them 10 values are given in Table 4.3, of which cases 1–4
are conditions such that the transformer is energized without a long transmission line; in cases 5–9 the
transformer is energized with a long line. In the end, the energizing induced by the clearance of external
fault is given by case 10. The maximum waveform coefficients of all cases during the five cycles after
inrushes occur are indicated in Table 4.3.

It can be seen from Table 4.3 that the maximum Jmax among the 10 cases are 0.55 or 0.54 and 0.18 for
criteria 1, 2 and 3, respectively.
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Figure 4.7 Nonoperation times of criterion 1 to criterion 4 with the same reliability

Table 4.3 Maximums of waveform coefficients of real magnetizing inrushes derived by
criteria 1, 2 and 3

Case Inrush condition Jmax of criterion 1 Jmax of criterion 2 Jmax of criterion 3

1 Inrush_UL1 0.5 0.46 0.11
2 Inrush_UL2 0.5 0.5 0.14
3 Inrush_UL3 0.5 0.46 0.11
4 Inrush_UL4 0.55 0.51 0.16
5 Inrush_L1 0.55 0.54 0.18
6 Inrush_L2 0.41 0.41 0.08
7 Inrush_L3 0.44 0.44 0.10
8 Inrush_L4 0.51 0.5 0.15
9 Inrush_L5 0.48 0.48 0.13

10 External fault 0.55 0.46 0.11

For convenient contrast, a reliability coefficient is defined as:

krel = Jtheomax∕Max(Jrealmax) (4.7)

where Jtheomax is the theoretical maximum waveform coefficient induced by the inrushes in Figure 4.5,
Max (Jrealmax) is the real maximum waveform coefficient among the values in Table 4.3. It is evident
that Krel is 1.45, 1.48, 3.67 and 2.67, for the criteria respectively. The reliability of criteria 3 and 4 is far
larger than that of criteria 1 and 2, and criterion 4 is more sensitive than criterion 3 because of a smaller
threshold of J.

As seen in Figure 4.7, criterion 4 obviously operates more quickly than the other three criteria. For most
faults, the relay can trip within one cycle after a fault occurs. In these 27 cases, the quickest operation
time is 13.3 ms, and the longest is 21.6 ms; any winding fault can be cleared with one cycle even though
the short circuit is present before the transformer is energized.

To validate the proposed algorithms more thoroughly, some further work should be advanced. For one
thing, more types of ATP simulation based transformers, such as three-leg or five-leg Core Type ones,
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should be considered. Additionally, more dynamic tests in laboratories other than those of Huazhong
University of Science & Technology should be carried out. As a prototype, the company that the author
is working in has implemented this algorithm in its transformer protection product. Such a protection
device will be put into commission as soon as it passes the dynamic simulation tests in the laboratory of
Shangdong University, PRC.

In summary, an improved scheme (criterion 4) used for the transformer inrush identification of differ-
ential protection has been developed. The proposed scheme is based on improved correlation analysis.
Simulation and dynamic test results show that this algorithm is effective in distinguishing inrushes from
different types of internal faults of a transformer with or without transmission lines and loads. The scheme
has high reliability when the threshold is determined according to the boundary inrush condition. On the
other hand, the sensitivity of the scheme also is higher than that of other common schemes with the
same reliability. Furthermore, the computation simplicity is such that it can be implemented in real-time
applications using the present microprocessor hardware.

4.3 A Novel Method for Discrimination of Internal Faults and Inrush
Currents by Using Waveform Singularity Factor

4.3.1 Waveform Singularity Factor Based Algorithm

The sinusoidal waveform f (t) shown in Figure 4.8a can be described as:

f (t) = A sin(𝜔t + 𝜃) (4.8)

where A is the amplitude of sinusoidal waveform, 𝜔 is the power angular frequency and 𝜃 is the initial
phase angle.
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Figure 4.8 (a) The sinusoidal waveform f (t) and (b) the calculated g(t)
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The time interval of a quarter cycle, Δt, is 0.5𝜋∕𝜔; the f (t) at tk + Δt instant is given by:

f (t + Δt) = A sin(𝜔(t + Δt) + 𝜃)

= A sin(𝜔(t + 0.5𝜋∕𝜔) + 𝜃)

= A cos(𝜔t + 𝜃) (4.9)

f (t) at tk + Δt∕2 instant is given by:

f (t + Δt∕2) = A sin(𝜔(t + Δt∕2) + 𝜃)

= A sin(𝜔(t + 0.25𝜋∕𝜔) + 𝜃)

= A cos(𝜔t + 𝜃 + 𝜋∕4) (4.10)

g(t) is defined as:
g(t) = f (t) + f (t + Δt) −

√
2 f (t + Δt∕2) (4.11)

For a pure sinusoidal waveform, g(t) is a constant value and equal to zero as shown in Figure 4.8b.
However, the actual current waveform usually contains harmonics or noises and cannot be exactly the
pure sinusoidal waveform. Therefore, the WSF is defined to calculate the difference between the actual
current waveform and the pure sinusoidal waveform:

h(t) = 1
e

√√√√ 1
N

t=tk+2Δt∑
t=tk

(g(t) − e)2 (4.12)

e = 1
N

t=tk+2Δt∑
t=tk

g(t) (4.13)

where N is the number of samples per power frequency cycle (20 ms in 50 Hz system).
When an internal fault occurs, owing to its operation point in the linear area of the magnetizing charac-

teristic, the waveform of the faulty phase presents an approximate pure sinusoidal feature. So the curve
of the calculated g(t) of the faulty phase is very close to zero. And by using Equation (4.12), h(t) of the
faulty phase is also close to zero. On the other hand, when the magnetizing current is generated, g(t) of
the phase with the inrush current is featured by a drastic variation, which is caused by the high nonlinear-
ity characteristic in exciting core of transformer. Therefore, h(t), also called WSF, is a favourable feature
for discriminating between the inrush currents and internal faults.

If the WSF of each phase exceeds the threshold 1.0, the relay will judge that the pick-up is due to
inrush current and reject tripping. Or else, the relay judges an internal fault occurs if WSF is less than
the threshold. In theory, the threshold is close to zero.

4.3.2 Testing Results and Analysis

To verify the effectiveness of the proposed method, experimental tests have been carried out at the
Electrical Power Dynamic Laboratory (EPDL). The experimental system is one machine model with
a two-winding three-phase Y/Δ-11 connected transformer bank as shown in Figure 4.9. The parameters
of the experimental system are given in Table 4.4. CTs with Y/Y connection are used as transducers to
measure the line currents of the transformer bank.

The experiments provide samples of line currents and terminal voltages in each phase when the trans-
former is energized or when a fault occurs or when both occur simultaneously. A total of 162 cases are
divided into four main categories: 56 cases for switching on the transformer with no load, 52 cases for
simultaneous internal fault and inrush conditions, and 54 cases for faulty conditions only, to verify the
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Large System Transformer

Load

XS

Figure 4.9 Experimental system

Table 4.4 Parameters of the transformer used in the test

Rated capacity (kVA) 30 kVA
Rated voltage ratio (V) 1732.05/380
Rated current ratio (A) 10/45.58
Rated frequency (Hz) 50
No load current (%) 1.45
No load loss (%) 1
Short-circuit voltage (%) 9.0–15.0
Short-circuit loss (%) 0.35
Load (kW) 0.9

proposed algorithm. Different inception and clearing instants for inrush current, as well as different faults
and short-circuit turn ratios for the internal fault are considered in the tests.

Figures 4.10–4.15 show some examples of the experimental test results: the line currents and the
waveforms of the calculated WSFs along with the resulting analysis.

4.3.2.1 Responses to Inrush Conditions Only

The magnetizing inrush current is often generated when a transformer is energized. A total of 56 cases
were tested in this scenario. The inrush current waveform is a function of the different core residual
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Figure 4.10 Differential currents when the transformer is energized
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Figure 4.11 Experimental results when the transformer is energized: (a) the hs of three phases; (b) the
WSFs of three phases
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Figure 4.12 Differential currents when the transformer is energized with a 6.2% turn-to-turn internal
fault

magnetization and the switching instant. The same feature of the inrush current, just like the previous
analysis, is extracted from the data of the 56 cases, although the inrush current waveforms are different
from each other.

An example taken from these cases is given in Figures 4.10 and 4.11, of which the three differen-
tial currents present the asymmetrical inrush currents shown in Figure 4.10. The calculated hs of three
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Figure 4.13 Experimental results when the transformer is energized with a 6.2% turn-to-turn internal
fault: (a) the hs of three phases; (b) the WSFs of three phases
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Figure 4.14 Differential currents when a 6.2% turn-to-turn internal fault occurs during normal
conditions
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Figure 4.15 Experimental results when a 6.2% turn-to-turn internal fault occurs during normal condi-
tions: (a) the hs of three phases; (b) the WSFs of three phases

differential currents are shown in Figure 4.11a. The h of each phase presents drastic variation of high
amplitude. After calculation using Equations (4.12) and (4.13), the WSFs of three phases are obtained
and shown in Figure 4.11b. The WSF of each phase shows a noticeable value. Furthermore, the WSF of
each phase is much more than the threshold 1.0. Therefore, the relay will be inhibited from issuing a trip
signal in this situation.

4.3.2.2 Responses to Simultaneous Fault and Inrush Conditions

Switching on the transformer bank with no load often causes the inrush current of nonfault phases, which
has been verified by a total of 52 cases with simultaneous inrush currents and internal fault currents.
Figure 4.12 as an example shows this situation, which is obtained by switching on the transformer with
no load and a 6.2% turn-to-turn internal fault in phase A. The differential currents of phases A and C are
fault differential currents, but that of phase B is the differential current which only includes the inrush
current.

Figure 4.13 shows the respective hs of three phases along with their WSFs outputs. As shown in
Figure 4.13a, the calculated hs of the faulty phases keep almost a constant value and only have a little
variation owing to the noises and disturbances. However, the calculated 𝜌 of the nonfaulty phase shows
drastic fluctuation. In Figure 4.13b, the WSF of the nonfaulty phase is very noticeable and much more
than the threshold 1.0, whereas the WSFs of the faulty phases are all much less than the threshold 1.0.
Therefore, the relay determines that it is an internal fault and trips.

In the 52 cases, identical results verify that the WSF-based method can be used to identify internal
faults when the simultaneous inrush current and fault occur in the transformer bank.
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4.3.2.3 Responses to Internal Fault Conditions Only

Data from a total of 54 different internal fault cases were used to verify the principle that the sinusoidal
feature will be detected in the waveforms of faulty phases. An example is shown in Figures 4.14 and
4.15, where a 6.2% turn-to-turn internal fault occurs in phase A during the normal condition. It can be
seen from Figure 4.14 that the differential currents of phases A and C are larger than the nominal value.
Therefore, it is necessary to calculate the WSFs of these two faulty phases. The hs along with their WSFs
outputs are shown in Figure 4.15.

The hs of phases A and C in Figure 4.15a are both smooth and stationary and only have small peaks
and valleys due to the measurements and calculation errors. The WSFs of faulty phases are all less than
the threshold 1.0 (Figure 4.15b). Therefore, the relay determines that it is an internal fault and lets the
relay trip. These results prove the accuracy of the calculated WSFs and the sensitivity of the method to
identify internal faults.

In addition, the WSFs of faulty phases during other internal faults (including grounding internal faults
and phase-to-phase internal faults) are all close to zero, which is effectively used to distinguish the inter-
nal faults and inrush currents.

In summary, based on the high nonlinearity characteristic in exciting cores of transformers, a new
scheme using WSF to extract singularity characteristics of transformer is proposed. The feature extraction
with WSF is a sensitive and a computationally flexible way to conduct signal discrimination between
internal faults and inrush currents. The technique can block the relay even under simultaneous fault and
inrush conditions. The experimental results validate the proposed method and show that the method is
sensitive for the identification of low-level internal faults.

4.4 A New Principle of Discrimination between Inrush Current and Internal
Fault Current of Transformer Based on Self-Correlation Function

4.4.1 Basic Principle of Correlation Function Applied to Random Single Analysis

According to the theory of digital signal processing, a random signal is different from the deterministic
signal, since it cannot be described by a given math formula and forecasted accurately. In order to detect,
identify and extract a random signal, the similarity of two random signals or self-similarity of one random
signal by means of statistics is usually used. Therefore, correlation function is a significant algorithm in
analysing a random signal.

For two random signals X(n), Y(n), their cross-correlation function can be defined as:

rxy(n1, n2) = E{X∗(n1)Y(n2)} (4.14)

where X∗(n1) is the conjugate of X(n1).
If X(n) = Y(n), the definition will be converted from cross-correlation function to self-correlation func-

tion as below:
rxx(n1, n2) = E{|X(n)|2} (4.15)

The self-correlation function rxx(n1,n2) reflects the similarity of signal X(n1) and itself after some
time delay. Practically, a random signal is the actual physical signal with causality, that is, when n < 0,
X(n)= 0. X(n) is a real variable signal, so its self-correlation function can be defined as:

r(m) = lim
N→∞

1
N

N−1∑
n=0

X(n)X(n + m) (4.16)

The self-correlation function r(m) can be estimated by detected values XN (0), XN (1), · · ·, XN (N− 1).
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If N in Equation (4.16) is a finite value, r(m) can be defined as:

r̂(m) = 1
N

N−1−|m|∑
n=0

XN (n)XN(n + m) (4.17)

where the length of r̂(m) is 2N− 1.

4.4.2 Theory and Analysis of Waveform Similarity Based on Self-Correlation
Function

4.4.2.1 Differential Currents between Phases

Differential current waveforms between phases act as the object to be analysed. Taking the ‘A’–‘B’ phase
for instance, differential currents between primary and secondary currents of all phases are calculated
and then are applied to form differential current waveform between phases by means of the formula:

⎧⎪⎨⎪⎩
Ia = Ia1 − Ia2

Ib = Ib1 − Ib2

Iabxj = Ia − Ib

(4.18)

where Ia1, Ib1 and Ic1 represents the primary currents, Ia2, Ib2 and Ic2 represent the secondary currents and
Iabxj represents the differential current between phases A and B.

Ia, Ib and Iabxj of the symmetrical inrush current waveform derived from EPDL simulation are shown
in Figure 4.16. Additionally, waveforms of an asymmetrical inrush current, transformer fault current
when energized without load as well as an internal fault current are shown in Figures 4.17–4.19,
respectively.
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Figure 4.16 Ia, Ib and Iabxj of the symmetrical inrush current waveform
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Figure 4.17 Asymmetrical inrush current waveform
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Figure 4.18 Transformer light fault current waveform when the switch is closed without load
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4.4.2.2 Starting Point of Protection

The differential currents then pass through filters where DC components are removed. Meanwhile, time
range, which is always the range of the data window, should be selected to calculate the self-correlation
function. 10 ms is selected as the range of the data window (2N= 32 sampled data in one-cycle). A half
cycle integral window area value, S, is calculated by means of the absolute value sum of the current
sampling in this time window and k of Smax(k) is selected as the starting point of protection, which is:

Smax(k) = max

(
k+N−1∑

j=k

|I (j)|) (4.19)

4.4.2.3 Self-Correlation Function and Normalization

A running integral 10 ms window of the differential current waveform between phases is used to calculate
N/2= 8 groups of estimated values of self-correlation function after 3/4 cycle from the starting point of
protection by using Equation (4.20). Meanwhile, another integral 10 ms window of sinusoidal current
forms estimated values of the SCF by using Equation (4.23). Then, these values can be normalized by
means of Equations (4.22) and (4.23):

p̂(m) = 1
N

N−1−|m|∑
n=0

IN (n)IN (n + m) (4.20)

p = (p1, p2, · · · , pi, · · · , p2N−1) (4.21)

pi =
abs(pi)

max
i
[abs(pi)]

(4.22)

q̂(m) = 1
N

N−1−|m|∑
n=0

IZXN(n)IZXN(n + m) (4.23)

q = (q1, q2, · · · , qi, · · · , q2N−1) (4.24)

qi =
abs(qi)

max
i
[abs(qi)]

(4.25)

where:

IN(n) and IZXN(n) are the actual value of differential current between phases and fundamental current
sampled data, respectively;

p̂(m) and q̂(m), the estimated values of self-correlation function of differential current between phases
and SCF, can form a vector in 2N− 1 dimensions; p and q respectively, then normalized values pi and
qi can be obtained.

4.4.2.4 Minimum Similarity Coefficients

N/2 groups of minimum similarity coefficients can be computed through equations:

𝜌n =
1

1 + [abs(pi − qi)]3
(4.26)

𝜌 = min(𝜌n) (4.27)

J =

(
N
2

N∕2∑
n=1

𝜌

)2

(4.28)

where 𝜌n, 𝜌 are similarity coefficients and its minimum value of each group, respectively.
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4.4.3 EPDL Testing Results and Analysis

4.4.3.1 EPDL Testing System

To verify the feasibility of the proposed method, the author obtained a large number of actual data
through EPDL simulation. Figure 4.20 shows the connection scheme of the EPDL testing system. The
transformer is a Y/Δ-11 connection transformer consisting of three single-phase units. The parame-
ters of each single-phase are: Srated = 10 kVA, rated voltage ratio U1N/U2N = 1 kV/380 V, Ino-load = 1.45%,
Ushortcircuit = 9.0–15.0%,losses of open circuit is 1%, losses of short circuit is 0.35%.

4.4.3.2 EPDL Testing Results and Analysis

N/2 groups of minimum similarity coefficients and their average values of transformer under several
states are shown in Table 4.5. To be convenient, the faults in Table 4.5 are numbered to indicate the
fault conditions. For instance, cases 0–6 are short-circuit internal faults, cases 7–13 are energizing
with internal faults, cases 14 and 15 are energizing without faults. Moreover, case 0 is ‘B’-earth fault,
case 1 is ‘A’-phase winding fault, case 2 is ‘A’–‘B’ phase fault, case 3 is ‘A’-earth fault, case 4 is
‘B’-phase winding fault, case 5 is ‘B’–‘C’ phase fault, case 6 is ‘C’-phase winding fault, case 7 is ener-
gizing with ‘A’-phase 9% winding fault, case 8 is energizing with ‘A’-‘B’ phase fault, case 9 is energizing

System CT

PT

load
Transformer

Figure 4.20 Connection scheme of the EPDL testing system

Table 4.5 N/2 groups of minimum similarity coefficients and values J of transformer under
several states

Case Minimum similarity coefficients J

First
group

Second
group

Third
group

Forth
group

Fifth
group

Sixth
group

Seventh
group

Eighth
group

0 0.9861 0.9983 0.9999 1.0000 1.0000 1.0000 0.9999 0.9969 0.9952
1 0.9851 0.9981 1.0000 1.0000 0.9999 0.9999 0.9985 0.9910 0.9933
2 0.9852 0.9986 1.0000 0.9999 1.0000 1.0000 0.9992 0.9917 0.9936
3 0.9743 0.9955 0.9997 1.0000 0.9999 0.9999 1.0000 0.9995 0.9922
4 0.9947 0.9998 1.0000 0.9999 1.0000 0.9993 0.9955 0.9831 0.9932
5 0.9913 0.9994 1.0000 0.9998 0.9999 0.9999 0.9987 0.9903 0.9948
6 1.0000 0.9999 1.0000 0.9998 0.9976 0.9899 0.9685 0.9326 0.9720
7 0.9996 1.0000 0.9993 0.9957 0.9877 0.9751 0.9555 0.9192 0.9584
8 0.9022 0.9285 0.9634 0.9769 0.9967 0.9999 0.9998 0.9997 0.9428
9 0.9998 1.0000 0.9998 0.9999 1.0000 0.9994 0.9908 0.9643 0.9886

10 0.9271 0.9653 0.9892 0.9991 0.9999 0.9988 0.9990 0.9999 0.9698
11 0.9945 0.9992 0.9991 0.9982 0.9984 0.9996 0.9973 0.9565 0.9858
12 0.8783 0.8726 0.9037 0.9409 0.9689 0.9835 0.9834 0.9752 0.8804
13 0.9750 0.9959 0.9999 0.9999 0.9998 1.0000 0.9997 0.9969 0.9918
14 0.7672 0.7884 0.7873 0.7580 0.7391 0.7933 0.8171 0.7929 0.6090
15 0.8589 0.8900 0.9201 0.8361 0.6208 0.6821 0.6291 0.7067 0.5898
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Table 4.6 Value J ranges of minimum similarity coefficients under
energizing with or without internal faults of transformer

Fault type and conditions Value J ranges Case

Normal energizing 0.5175–0.6090 14.15
Energizing with ‘A’-phase 9% winding fault 0.9162–0.9629 7
Energizing with ‘B’-phase 18% winding fault 0.8949–0.9714 10
Energizing with ‘C’-phase 18% winding fault 0.8671–0.8866 12
Energizing with ‘A’-earth fault 0.9508–0.9914 9
Energizing with ‘B’-earth fault 0.9017–0.9868 11
Energizing with ‘A’–‘B’ phase fault 0.8828–0.9463 8
Energizing with ‘B’–‘C’ phase fault 0.8701–0.9918 13

with ‘A’-earth fault, case 10 is energizing with ‘B’-phase 18% winding fault, case 11 is energizing
with ‘B’-earth fault, case 12 is energizing with ‘C’-phase 18% winding fault, case 13 is energizing with
‘B’–‘C’ phase fault, case 14 is symmetrical inrush current, case 15 is asymmetrical inrush current.

Theoretical analysis shows that, when a fault occurs during the operation of the transformer, the fault
current is still a sine function after an instantaneous transient period, which is proved by the EPDL results
in Table 4.5. Therefore, it is only necessary to distinguish energizing with or without internal faults. Each
case in the EPDL simulation is measured 10 times, the results of which are shown here. In Table 4.6,
the maximum value of J under normal energizing conditions is 0.6090, which is caused by symmetrical
inrush current; on the other hand, the minimum value of J under energizing with internal fault conditions
is 0.8671, which is caused by energizing with ‘C’-phase fault. Additionally, more desirable results will
be obtained when the ‘B’–‘C’ or ‘C’–‘A’ phase is also taken for consideration.

In summary, a new method to discriminate an inrush current and internal fault current of a transformer
is proposed based on self-correlation function in DSP. With a proper threshold the method can block the
relay even under symmetrical inrush currents conditions. The results in the EPDL show that this method
is effective in distinguishing inrushes from various kinds of transformer internal faults.

4.5 Identifying Inrush Current Using Sinusoidal Proximity Factor

4.5.1 Sinusoidal Proximity Factor Based Algorithm

The sinusoidal waveform f (t) as shown in Figure 4.21a can be expressed as:

f (t) = A sin(𝜔t + 𝜃) (4.29)

where A is the amplitude of sinusoidal waveform, 𝜔 is the power angular frequency and 𝜃 is the initial
phase angle.

Suppose that f (t) has n (n is an even number) sampling points in one cycle. For the sampling point at
tk instant, f (tk) is given by:

f (tk) = A sin(wtk + 𝜃) (4.30)

The time interval of a quarter cycle Δt is 0.5𝜋∕𝜔 s, the f (t) at tk + Δt instant is given by:

f (tk + Δt) = A sin(𝜔(tk + Δt) + 𝜃)

= A sin(𝜔(tk + 0.5𝜋∕𝜔) + 𝜃)

= A cos(𝜔tk + 𝜃) (4.31)
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Figure 4.21 (a) The sinusoidal waveform f (t) and (b) the multiplication 𝜌

Normalize f (t) and then multiply f (tk) with f (tk + Δt):

𝜌(tk) = 2f (tk)f (tk + Δt)

= 2 sin(𝜔tk + 𝜃) cos(𝜔tk + 𝜃)

= sin(2𝜔tk + 2𝜃) (4.32)

For the sinusoidal waveform, 𝜌 is on the curve of the pure sinusoidal as shown in Figure 4.21b. How-
ever, in the real world, the current waveform contains harmonics or noises and cannot be exactly the
pure sinusoidal waveform. So the SPF is defined to calculate the difference between the actual current
waveform and the pure sinusoidal waveform:

𝜂(tk) = abs(𝜌(tk) − sin(2𝜔tk + 2𝜃)) (4.33)

where 𝜂 is the SPF, abs means absolute difference between 𝜌(tk) and sin(2𝜔tk + 2𝜃).
When an internal fault occurs, owing to its operation point in the linear area of the magnetizing charac-

teristic, the waveform of the faulty phase presents an approximate pure sinusoidal feature. So the curve
of the multiplication 𝜌 in the faulty phase is very close to the curve of the pure sinusoidal. And by using
Equation (4.33), 𝜂 of the faulty phase is close to zero. On the other hand, when the magnetizing current
is generated, the feature of 𝜌 of the phase with the inrush current is the drastic variation, which is caused
by the high nonlinearity characteristic exciting the core of the transformer. Therefore, 𝜂, also called SPF,
is a favourable feature of discrimination between the inrush currents and internal faults. If the SPF of
some phase is less than the threshold 0.5, the relay determines there is an internal fault and trips the fault.
Otherwise, the relay determines that there is an inrush current and rejects the tripping.
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4.5.2 Testing Results and Analysis

To verify the effectiveness of the proposed method, experimental tests have been carried out at the EPDL.
The experimental system is one machine model with a two-winding three-phase Y/Δ-11 connected
transformer bank (Figure 4.22). The parameters of the experimental system are given in Table 4.7. CTs
with Y/Y connection are used as transducers to measure line currents of the transformer bank.

The experiments provide samples of line currents and terminal voltages in each phase when the trans-
former is energized or when a fault occurs or when both occur simultaneously. A total of 162 cases have
been divided into four main categories: 56 cases for switching on the transformer with no load, 52 cases
for simultaneous internal fault and inrush conditions, and 54 cases for faulty conditions only, to test the
various features of the algorithm. Different switching and clearing instants for inrush current, as well as
different faults and short circuit turn ratios for the internal fault are considered in the tests. The measured
data are used as an input to the developed algorithm to identify its response. Figures 4.23–4.28 show
some examples of the experimental test results: the line currents and the waveforms of the calculated
SPFs along with the resulting analysis.

4.5.2.1 Responses to Inrush Conditions Only

A total of 56 cases were carried out in this situation. The inrush current waveform is a function of the
different core residual magnetization and the switching instant. The same feature of the inrush current,
just like the previous analysis, is extracted from the data of the 56 cases, although the inrush current
waveforms are different from each other. An example taken from those cases is given in Figures 4.23
and 4.24, where the three differential currents present as asymmetrical and symmetrical inrush currents
are shown in Figure 4.23.

The calculated 𝜌s of three differential currents are shown in Figure 4.24a–c. The 𝜌 of each
phase presents a noticeable difference from the pure sinusoidal waveform. After calculation using
Equation (4.33), the SPFs of three phases are obtained and shown in Figure 4.24d. The SPF of each

Large System Transformer

Load

XS

Figure 4.22 Experimental system

Table 4.7 Parameters of the transformer used in the test

Rated capacity (kVA) 30
Rated voltage ratio (V) 1732.05/380
Rated current ratio (A) 10/45.58
Rated frequency (Hz) 50
No load current (%) 1.45
No load loss (%) 1
Short-circuit voltage (%) 9.0–15.0
Short-circuit loss (%) 0.35
Load (kW) 0.9
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Figure 4.23 Differential currents when the transformer is energized
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Figure 4.24 Experimental results when the transformer is energized: (a) the multiplication of differen-
tial current of phase A 𝜌a; (b) the multiplication of differential current of phase B 𝜌b; (c) the multiplication
of differential current of phase C 𝜌c; (d) the SPF of three phases
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phase shows a drastic variation between 0 and 1. Furthermore, some sampling values of the SPF of each
phase are more than the threshold 0.5. Therefore, the relay will be inhibited from issuing a trip signal in
this situation.

4.5.2.2 Responses to Simultaneous Fault and Inrush Conditions

Switching on the transformer bank with no load often causes the inrush current of nonfault phases, which
has been verified by a total of 52 cases with simultaneous inrush currents and internal fault currents.
Figure 4.25 as an example shows this situation, which is obtained by switching on the transformer with
no load and a 6.2% turn-to-turn internal fault in phase A. The differential currents of phases A and C are
fault differential currents, but that of phase B is the differential current which only includes the inrush
current.

Figure 4.26 shows the respective 𝜌s of the three differential currents along with their SPFs outputs.
As shown in Figure 4.26a and 4.26c, the calculated 𝜌s of faulty phases present approximately sinusoidal
waveforms and have negligible differences with the pure sinusoidal waveform. However, the calculated
𝜌 of the nonfaulty phase shows a noticeable difference compared with the pure sinusoidal waveform,
as shown in Figure 4.26b. The SPF of the nonfaulty phase shows drastic variation and some sampling
values are more than the threshold, whereas the SPFs of the faulty phases are all less than the threshold
0.5. Therefore, the relay determines that it is an internal fault and trips.

In the total of 52 cases, the identical results verify that the SPF-based method can be used to identify
internal faults when the simultaneous inrush current and fault occur in the transformer bank.

4.5.2.3 Responses to Internal Fault Conditions Only

Data from a total of 54 different internal fault cases are used to verify the principle that the sinusoidal
feature will be detected in the waveforms of faulty phases. An example is shown in Figures 4.27 and
4.28, where a 6.2% turn-to-turn internal fault occurs in phase A during the normal condition.
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Figure 4.25 Differential currents when the transformer is energized with a 6.2% turn-to-turn internal
fault
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Figure 4.26 Experimental results when the transformer is energized with a 6.2% turn-to-turn internal
fault: (a) the multiplication of differential current of phase A 𝜌a; (b) the multiplication of differential
current of phase B 𝜌b; (c) the multiplication of differential current of phase C 𝜌c; (d) the SPF of three
phases

It can be seen from Figure 4.27 that the differential currents of phases A and C are larger than the
nominal value. Therefore, it is necessary to calculate the SPFs of phases A and C. The 𝜌s along with
their SPFs outputs are shown in Figure 4.28.

The 𝜌s of phases A and C in Figure 4.28a and 4.28b show the sinusoidal characteristics. The differences
between the 𝜌s of the two phases and the pure sinusoidal waveform are negligible. The SPFs of faulty
phases are all less than the threshold 0.5 (Figure 4.28c). Therefore, the relay determines that it is an
internal fault and lets the relay trip. These results prove the accuracy of the calculated SPFs and the
sensitivity of the method to identify the internal faults.

In addition, the SPFs of faulty phases during other internal faults (including grounding internal faults
and phase-to-phase internal faults) are all close to zero, which is effectively used to distinguish the
internal faults and inrush currents.

In summary, based on the high nonlinearity characteristic in exciting cores of transformers, a new
scheme using SPF to extract sinusoidal characteristics of a transformer is proposed. The feature extraction
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Figure 4.27 Differential currents when a 6.2% turn-to-turn internal fault occurs during normal
conditions
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Figure 4.28 Experimental results when a 6.2% turn-to-turn internal fault occurs during normal con-
ditions: (a) the multiplication of differential current of A phase 𝜌a; (b) the multiplication of differential
current of phase C 𝜌c; (c) the SPF of three phases
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with SPF is a sensitive and computationally flexible way to conduct signal discrimination between inter-
nal faults and inrush currents. The technique can block the relay even under symmetrical inrush current
conditions. The experimental results validate the proposed method and show that the method is sensitive
for the identification of low level internal faults.

4.6 A Wavelet Transform Based Scheme for Power Transformer Inrush
Identification

4.6.1 Principle of Wavelet Transform

4.6.1.1 WT Model and Dyadic Wavelet

By using Fourier analysis, the sampled signals in terms of time domain can be treated in the frequency
domain. Therefore, Fourier analysis has played and will continue to play an important role in signal
processing. However, one of the most serious disadvantages of Fourier analysis is that it is difficult to
deal with those problems in which it is necessary to the determine the precise frequency characteristics
of a signal in a local time domain. For instance, signals of power system sampled at the moment when the
fault occurs contain very rich important information about the fault. Effective use of such information
can significantly improve the performance of the protective relay. Obviously, the Fourier transform is
unable to handle this kind of problem. It is then necessary to develop an algorithm that combines the
advantages of both the Fourier transform and its inverse transform with the property of time-window and
frequency-window. The wavelet transform is exactly this type of transform.

For a finite energy function, 𝜓(t) ∈ L2(R), if the functions 𝜓ab(t) can be derived from 𝜓(t), we have:

𝜓ab(t) = |a|− 1
2𝜓

( t − b
a

)
(4.34)

where ‘a’ represents a time dilation and ‘b’ represents a time translation and function 𝜓(t) satisfies the
following admissibility condition:

C
𝜓
= ∫R

|𝜓̂(𝜔)|2|𝜔| d𝜔 <∞ (4.35)

where 𝜓̂(𝜔) is the Fourier transform of 𝜓(t), function 𝜓(t) is called an admissive wavelet or ‘mother
wavelet’.

Then, the wavelet transform for a given function, f (t) ∈ L2(R), is defined by the equation:

(W
𝜓

f )(a, b) = |a|− 1
2 ∫R

f (t)𝜓
( t − b

a

)
dt a, b ∈ R, a ≠ 0 (4.36)

where ‘x’ represents the complex conjugate of ‘x’. Parameters ‘a’ and ‘b’ can be used to specify the range
of the frequency and the location of the time of the sampled signals.

Similar to the ideas of the Fourier series and the Fourier transform, it is desired to form a family of
orthogonal functions in time-frequency space. Equation (4.37) gives a set of orthogonal dyadic wavelets:{

𝜓jk (t) = 2j∕2𝜓(2j∕2t − k) j, k ∈ Z

(𝜓jk(t), 𝜓il(t))) = 𝛿ji𝛿kl i.l ∈ Z
(4.37)

Then, the wavelet series is given by: ⎧⎪⎨⎪⎩
f (t) =

∑
j,k∈Z

Cjk𝜓jk(t)

Cjk = (f (t), 𝜓jk(t))
(4.38)
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4.6.1.2 Construction of the Wavelet

Y. Meyer proposed a concept for multiresolution analysis (MRA). With the proposed concept, it is easy
to construct a wavelet and to understand the following theorem about the wavelet construction.

Let {𝜑(2t − n)} be an ortho-normal basis. For {hn} ∈ l2:

𝜑(t) =
∑
n∈Z

hn𝜑(2t − n) (4.39)

Defining
𝜓(t) =

∑
n∈Z

(−1)nh1−n𝜑(2t − n) =
∑
n∈Z

gn𝜑(2t − n) (4.40)

where gn = (−1)nh1−n represents the construction coefficients, the following two equations can be
obtained:

𝜓jn(t) = 2j∕2𝜓(2jt − n) (4.41){
Vj = span{𝜑jn (t) , n ∈ Z}
Wj = span{𝜓jn(t), n ∈ Z}

(4.42)

where Vj is the subspace of the space spanned by 𝜑 and Wj is the subspace of the space spanned by 𝜓 .
The following two conclusions can be obtained:

{𝜓jn(t)} is a set of orthogonal basis of Wj;⎧⎪⎨⎪⎩
Wj ⟂ Vl (j, l ∈ Z) Wj ⟂ Wl(j ≠ l)
Wj + Vj = Vj+1 L2(R) = ⊕

j∈Z
Wj

(4.43)

In general, 𝜓(t) is called ‘mother wavelet’ and Wj is a subspace of the wavelet. Equation (4.39) is
called the two-scale equation.

{Vj}0≤j≤N is a part of the sequence of MRA in the finite wavelet decomposition. fj ∈ Vj is given by:

⎧⎪⎨⎪⎩
fj =

∑
k

C j
k𝜑jk, 0 ≤ j ≤ N

C j
k =

(
fj, 𝜑jk

)
= (f , 𝜑jk)

(4.44)

where {C j
k} can be understood as the projection of the finite energy signal f (t) on Vj. Information

contained in the fj ∈ Vj increases with the increase of j. The other terms, wj ∈ Wj, that contain the rest
information of f (t) can be written as:⎧⎪⎨⎪⎩

wj =
∑

k

d j
k𝜓jk, 0 ≤ j ≤ N − 1

d j
k =

(
wj, 𝜓jk

)
= (f , 𝜓jk)

(4.45)

where {d j
k} is the projection of f (t) on Wj. This kind of transformation is actually a dyadic wavelet

transformation, in which wj = fj+1 − fj is referred to as the jth level orthogonal decomposition of the
signal f (t). The finite wavelet decomposition is given by:

fN = fM + wM + wM+1 + · · · + wN−1,M < N − 1 (4.46)

For a sampling rate of 2N per second, fM is the lowest frequency component within the frequency band
ranged from 0 to 2M and wj(M ≤ j ≤ N − 1) is the jth level orthogonal decomposition of the signal f (t)
within the frequency band ranged from 2j−1 to 2j.
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4.6.1.3 Wavelet Packet Transform (WPT)

It should be noted that the space localizability of a wavelet base function increases with the increase
of j. This helps in improving the space resolving capability. However, it degenerates the localizability
of spectrum. Therefore, the wavelet packet is proposed to address this problem by further splitting the
spectrum window.

Assume that h = {hn}n∈Z satisfies∑
hn−2khn−2l = 𝛿kl

∑
hn =

√
2 (4.47)

Let
gn = (−1)nh1−n (4.48)

A set of the following recursive functions are defined for a fixed scale:

⎧⎪⎨⎪⎩
W2n (t) =

√
2
∑

hkWn(2t − k)

W2n+1(t) =
√

2
∑

gkWn(2t − k)
(4.49)

where W0(t) is equal to the above-mentioned function 𝜑(t) and W1(t) corresponds to 𝜓(t). As a result,
{Wn(t)}n∈N defined by Equation (4.49) constitutes a wavelet packet determined by W0 = 𝜑.

The family of the functions {2j∕2Wn(2jt − k) ∶ n ∈ N, j, k ∈ Z} derived by multiresolution productive
element 𝜑(t) is a wavelet depot. A set of orthogonal basis of L2(R) extracted from the wavelet depot
{2j∕2Wn(2jt − k) ∶ n ∈ N, j, k ∈ Z} is called the wavelet packet basis of L2(R).

Define
Ωk = span{Wk(t − l), l ∈ Z} (4.50)

It has been proven that: {
Ω0 = V0 = span {𝜑 (t − l) , l ∈ Z}
𝛿kΩ0 = Vk

(4.51)

Therefore, 𝛿kΩ0 → L2(R) in the case of k → ∞.
Let x = x(t) ∈ L2(R); {xp, p ∈ Z} represent the projection coefficients of x located on 𝛿LΩ0, that is:

xp = ∫ 2L∕2W0(2
Lt − p)x(t)dt (4.52)

and {
x2n,s−1

p = F0 (xns) (p)
x2n+1,s−1

p = F1(xns)(p)
(4.53)

If 0 ≤ s ≤ L and 0 ≤ n < 2L−s, then:

xn,s
p = F

𝜀1
· · ·F

𝜀L−s
{x0L}(p) (4.54)

Among them, 𝜀j is the coefficient of the jth term if n is represented by the sum of a series of dyadic
terms: ⎧⎪⎨⎪⎩

F0

{
Sk

}
(j) =

∑
k∈Z

Skhk−2j

F1{Sk}(j) =
∑
k∈Z

Skgk−2j

(4.55)
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It is well known that wavelet depot is made of wavelet packets. Theoretically, the number of such
wavelet packets should be infinite. However, only finite a number of wavelet packets trends uniformly
toward the compact space when xp approaches 𝛿LΩ0.

The projection coefficients, when 2
s∕2Wn(2st − p) locates on 𝛿LΩ0 = span{2L∕2W0(2Lt − k), k ∈ Z},

are given by:
xj = F∗

𝜀L−s
· · ·F∗

𝜀1
{1p}(j) (4.56)

with
n =

∑L−s

l=1
𝜀l2

l−1

where 1p is such a sequence in which the only nonzero element, with the value of 1, is located at the
position of p.

Consequently, xn.s
p can be obtained by processing the basic sequence {1p, p ∈ Z} with the operators

F0 and F1, which are represented by S and D respectively in Figure 4.29. By means of this method, a
sequence {2

s∕2Wn(2st − p)} consisting of a fast constructive wavelet depot can be easily obtained. The
path of F0 and F1 forms a dyadic tree. The root of the tree is 𝛿LΩ0 and the leaves of it are Ω0,… , Ω2L−1 .
The tree is graphically described in Figure 4.29.

Considering a function specified by eight sampling data of {x1, · · · , x8} ⊂ R8, and {xi}8
i=1 being the

projection coefficient of x(t) on 𝛿3Ω0, the periodical wavelet packet coefficients of x(t) are obtained and
shown in Figure 4.29.

Obviously, processing one group of the items in one level with the operator F0 or F1 will result in two
groups of the items in the next level. For each of this processing, the number of the group will be double
and the number of the elements in each group will be half. This process continues until every group
only contains one element. Each group mentioned above corresponds to a subspace that is represented in
Figure 4.30. Those subspaces form Figure 4.29. Those completely covering the orthogonal basis of RN

can be selected to constitute a subset. Equation (4.57) gives an example of such selection.

𝛿
3Ω0 = Ω0 ⊕Ω1 ⊕ 𝛿1Ω1 ⊕ 𝛿2Ω1 (4.57)

s0

x0 x1 x2 x3 x4 x5 x6 x7

s1

ss0 ss1 ds0 ds1 sd0 sd1 dd0 dd1

s2 s3 d0 d1 d2 d3

sss dss dddsddsds dds ssd dsd

S          D

S             D S             D

S      D S     D S     D S      D

Figure 4.29 Wavelet packet coefficients decomposition

δ2Ω0

δ1Ω0

Ω0 Ω1 Ω2 Ω3 Ω4 Ω5 Ω6 Ω7

δ1Ω1 δ1Ω2 δ1Ω3

δ2Ω1

Figure 4.30 Extraction of orthogonal wavelet packet base
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4.6.2 Inrush Identification with WPT

4.6.2.1 Basic Principle

Although both the inrush and the fault current resulting from transformer energizing or fault are of high
peak values, inrush is characterized with the distinguished second harmonic component, considerable
nonperiodical and transient components. The problem is whether a suitable wavelet transform that can
effectively detect the most useful information can be found. Investigation carried out as below shows
encouraging results. Differences existing in the higher frequency band of currents provide sufficient
evidence to distinguish the inrush and the fault of the transformer. As a result, a new criterion based on
the waveform identification is arrived.

It should be pointed out that the degree of smoothness of the compactly supported MRA productive
element 𝜙 is not good enough. It means that the coherence between frequency bands is not ideal if
the compactly supported orthogonal wavelet basis productive element 𝜓 is used as a band-pass filter.
However, improving the degree of smoothness of 𝜙 will result in an increase of the length of the subset.

Therefore, the frequency-dividing capability will be useful if 𝜓̂(𝜔) is considered as a band-pass filter.
However, with a prolonged subset of 𝜙(t), the space localizability will be weakened. By comparing the
currents of both transformer inrush and different kinds of internal faults and decomposing the sampling
data, it is easy to develop an algorithm to find out the difference between the two kinds of waveforms if
the normal orthogonal and wavelet algorithm is used.

4.6.2.2 Waveform Identification with the WPT

A complete wavelet packet is available based on the study of the wavelet transform and the multires-
olution. A smoothened version and a detailed version are available after executing the mirror filtering
on the current waveforms of both the inrush and the fault. Inputting the smooth version and detailed
version into the mirror filter again will result in smoother and more detailed versions. This procedure
continues until the decomposition finishes. All the versions should be saved in order to select the optimal
wavelet packet basis. The optimal wavelet packet basis is selected such that a pre-selected information
cost function is maximized. The following information entropy sequence, x= {xj}, is used for the present
application:

M(x) = −
∑

j

pj log pj (4.58)

where pj =
|xj|2‖x‖2

2

, plogp= 0 for p= 0 and ‖x‖2
2 denotes the square of the norm x= {xj}.

4.6.2.3 Selection of the Mother Wavelet

Simulation results show that taking Daubechies five-order wavelet as the mother wavelet, the wavelet
packet transform for the inrush shows quite different characters on the first scale wavelet decomposi-
tion. This means that the best frequency range used to distinguish the inrush and the internal fault of
transformers is from 150 to 300 Hz. Therefore, it is used for the present studies.

4.6.3 Results and Analysis

The proposed method has been tested on a physical power system in the laboratory environment. The
configuration of the system used is shown in Figure 4.31. Data for the wavelet analysis are sampled
for different kinds of internal and external faults with and without inrushes. The sampling frequency is
600 Hz. The data window used for this application is 32 samplings, that is, 20 samplings for the pre-fault
and 12 samplings (one cycle) for the post-fault.
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Figure 4.31 Power system model

Considerable number of tests has been carried out to compare the effectiveness of different kinds of
wavelet transformation for the inrush identification. The WPT that gives the best results is used for the
following tests.

Different kinds of transformer internal and external faults together with or without inrushes have been
tested. Also, in order to investigate the influence of the transmission line on the inrush of the transformer,
both cases, with and without transmission line connected, have been considered. Test results are given
in Figures 4.31–4.37, which show the current waveforms sampled from the power system (called sam-
pled waveform) and the results obtained from the wavelet transformation analysis (WTA) (called WPT
results). In these figures, without special specification, the solid line is used for the inrush and the dotted
line is for the other cases.

It can be seen from the figures that:

1. Although very few differences exist between the waveforms of the inrushes and the different kinds of
transformer internal fault, the wavelet packet transformation results for faults and the inrushes present
obvious differences (Figures 4.31–4.37). The waveform of the WPT results for transformer internal
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Figure 4.32 Waveforms of an inrush and a single-phase to ground fault without inrush
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Figure 4.33 Waveforms of inrush with long transmission line and phase to phase internal fault without
inrush
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Figure 4.34 Waveforms of an inrush with long line and a winding short-circuit fault without inrush

faults seems quite smooth while that for inrushes presents a large sudden change. As a result, inrushes
existing in the power systems can be identified easily.

2. The waveform for the transformer external fault without transmission line is more or less similar to
that of inrush with a long transmission line (Figure 4.38). As the external fault can be easily detected
by the other conventional protective relay devices, this does not cause any problem.
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Figure 4.35 Waveforms of the inrush with long transmission line and a single-phase ground fault with
inrush
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Figure 4.36 Waveforms of the inrush with long transmission line and phase-to-phase fault with inrush

3. The result of WPT for the inrush currents with or without the transmission line presents very few dif-
ferences (Figure 4.39). However, this will not cause any problem for the correct inrush identification.

It is worth pointing out that all the other wavelet transformation based algorithms presently used are not
realizable in real-time, because their data decomposition relies on the whole sampling data instead of a
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Figure 4.37 Waveforms of the inrush with long transmission line and winding short-circuit fault with
inrush
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Figure 4.38 Waveforms of inrush with long transmission line and external fault

short data window. The proposed algorithm overcomes this. This is important for the practical application
of the wavelet transformation in the power system protection and other applications.

In summary, a new algorithm used for the transformer inrush identification has been developed. The
proposed algorithm is based on the wavelet packet transformation. As a relatively short data window is
used in the algorithm, it can be realized in real-time applications, which is different from all the other
currently used waveform identification based methods. Simulation results show that this algorithm is
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Figure 4.39 Waveforms of inrush without transmission line (solid line) and inrush with long transmis-
sion line (dotted line)

effective in distinguishing inrushes from different kinds of transformer internal faults with or without
transmission lines.

4.7 A Novel Adaptive Scheme of Discrimination between Internal Faults
and Inrush Currents of Transformer Using Mathematical Morphology

4.7.1 Mathematical Morphology

4.7.1.1 The Fundamental Concepts and Basic Operations of Mathematical Morphology

Mathematical Morphology (MM) is known as an image processing technique, where the key points of
an image are described by transformations called the dilations and erosions. Dilation is the expansion of
a particular shape into another bigger shape, while erosion is shrinking a shape into another shape. Let
f(x) shown in Figure 4.40a and g(x) shown Figure 4.40b denote a one-dimension signal and a structure
element (SE) respectively, whose domain of definition are Df, Dg, Df = {1, … ,M},Dg = {1, … ,N} and
M>N. Dilation and erosion of f(x) by g(x) can be computed from the direct formulae:

(f ⊕ g)(x) = max{f (x − y) + g(y)|(x − y) ∈ Df ; y ∈ Dg} (4.59)

(f Θ g)(x) = min{f (x + y) − g(y)|(x + y) ∈ Df ; y ∈ Dg} (4.60)

where⊕ and Θ denote morphological dilation shown in Figure 4.40c and erosion shown in Figure 4.40d,
respectively.

Usually, dilation and erosion are not mutually inversed. They can be combined through cascade con-
nection to form new transforms. If dilation is next to erosion, such cascade transform is an opening
transform. The contrary is a closing transform. The transform can be computed using the following
formulae respectively:

f ∘ g = f Θ g⊕ g (4.61)

f • g = f ⊕ g Θ g (4.62)
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Figure 4.40 Morphological approach to signal using a flat structuring element: (a) original signal;
(b) structure element; (c) dilation transformation; (d) erosion transformation

Due to the expansibility of the opening transform, it can be used to remove the peaks in the signal. Due
to inverse expansibility of the closing transform, it can be used to fill the valleys in the signal. In order
to reject both the positive noise and negative noise together and extract transient signals simultaneously,
the differential operation between morphological opening and closing transform is proposed.

4.7.1.2 Novel Morphological Gradient

The basic morphological gradient (MG) is defined as the arithmetic difference between the dilated and
eroded function f(x) by the SE g(x) of the considered grid; it is given by:

Ggrad = (f ⊕ g)(x) − (f Θ g)(x) (4.63)

There is a distinct difference in the meaning of MG from gradient in physics. Frequently, the MG is
used for edge detection in image and signal processing.

Since the results of the opening transform and dilation preserve the negative sudden changes, while the
results of the closing transform and erosion preserve the positive sudden changes, a novel morphological
gradient (NMG) may be used to depress the steady components and, hence, enhance the sudden changes:

Gnmg = (f ∘ g⊕ g)(x) − (f • g Θ g)(x) (4.64)

The SE acts as a filtering window, in which the data are smoothed to have a similar morphological
structure as the SE. The effectiveness and accuracy of the extraction depend on not only the combination

www.EngineeringBooksPDF.com



192 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

mode of different transforms but also on the shapes and width of the SE. The SE with simple geometrical
shape, such as a circle or triangle, is preferable; its shape should be selected according to the shape of
the processed series. To extract the ascending and descending edges of sudden changes, a symmetrical
triangle shape SE is preferable, defined as :{0, … , v, … , 0}. Meanwhile, only if the width of the SE
is shorter than that of sudden changes, can all sudden changes be extracted. To obtain the width of the
narrowest sudden change, the definition of Open is introduced and described as:

Open (i) = |n − j| when | Peak(j) − x(n)| < 𝛿 (4.65)

where Open (i) is ith Open value, I= 1, 2,… , Pn − 1, Pn is the sum of local maximum points, Peak(j)
is the ith local maximum at jth point, x(n) is the value at nth point, n= 1, 2,… , N and 𝛿 is a very small
predefined threshold.

Based on the above definition of Open, the width of the narrowest sudden change in the data, Lp, is the
minimum of the Open values, that is:

Lp = min [Open(i)], I = 1, 2, … ,Pn − 1 (4.66)

To verify the effectiveness of the NMG with the Open value, a good example obtained by the EPDL is
illustrated in Figure 4.41. Various kinds of white noise are added into the sampled signal. The noise data
are shown in Figure 4.41a. Signal noise rate (SNR) is about 35 dB. The formula of SNR is defined as:

DSNR = 20 log(PS∕PN) (4.67)

where PS is the variance of the original data and PN is the variance of noises.
Figure 4.41b shows that the NMG has immunity from random noises, since the time-domain varia-

tion periods and, thus, the Open values of them differ from sudden changes greatly. The testing data
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Figure 4.41 Processing results of the Electrical Power Dynamic Laboratory testing data by mathemat-
ical morphology method: (a) the SNR; (b) the NMR; (c) the eventually extracted transient signals
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Table 4.8 Calculation speed of the mathematical morphology method and FFT

Parameters of sampling rate Computation time (s)

Periods Frequency (Hz) MM FFT

10 1600 0.0028 0.0002
10 3200 0.0034 0.0041
30 6400 0.0043 0.0084

are then processed by the differential operation between morphological opening and closing transform.
Figure 4.41c shows the transient signals eventually extracted. It is easy to be applied on-line with clear
physical meaning and little computational cost.

The calculation speed of the morphology method and fast Fourier transform (FFT) are shown in
Table 4.8. When dealing with the equivalent data, the MM method is slower than FFT. However, com-
pared with FFT, the computational time of the MM method is stable, as the sampling rate and data size
are increasing, whereas the computational time of FFT has increased significantly together with sampling
rate and data size.

4.7.2 Principle and Scheme Design

4.7.2.1 Basic Principle

Inrush can be generated when a transformer is switched on in the transmission line or an external line fault
is cleared. Due to the difference of the magnetic permeability in the iron core of the transformer between
inrush currents and internal fault currents, the main magnetic flux varies alternately from nonsaturation
to saturation in one cycle under the inrush currents, which means their waveforms are distorted. However,
the transformer operates in the linear section of the magnetizing curve for internal fault conditions. There-
fore ‘sudden change’ characteristics will not be observed in their waveforms apart from at a fault point.

Since the MM possesses great capability to characterize and recognize an unique feature in the wave-
forms, which is a series of sudden changes on the waveforms, the proposed principle to distinguish
between the magnetizing inrush and internal fault is thus feasible.

4.7.2.2 Scheme Design

Differential current waveforms between phases are taken as the object to be analysed. Take the ‘A’–‘B’
phase for instance, differential currents between primary and secondary currents of all phases are calcu-
lated and are then applied to form three mode signals (Iabxj, Ibcxj, Icaxj) by the formulae:

⎧⎪⎨⎪⎩
Ia = Ia1 − Ia2

Ib = Ib1 − Ib2

Iabxj = Ia − Ib

(4.68)

where Ia1, Ib1 and Ic1 are the primary currents, Ia2, Ib2 and Ic2 are the secondary currents, and Iabxj is the
differential current between phases A and B.

The NMG of each current mode is calculated using Equation (4.64) and then is extracted by use of
the differential operation between morphological opening and closing transform, through which a few
random noises may still exist in the series after being processed and can be used as the detector of the
starting point, as illustrated here.
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Because of various types of actual transformers and various fault conditions, in order to improve the
feasibility and practicability of the scheme, a floating threshold Ifd is proposed to evaluate whether or not
it is the starting point of protection. Ifd is defined as:

Ifd > Kk∗Iranmax (4.69)

where Iranmax is the maximum value of random noises under normal conditions and is detected using a
sliding data window in a half cycle (10 ms), whose value is much smaller than the value of fault-generated
or inrush-generated transient signals. Kk is the proportion factor.

Then, N, the number of fault or inrush generated transient signals, is added from the starting point in
one and a half cycles if Its > k

′ × Ifd, where Its is the value of fault or inrush generated transient signals
and k

′
is the attenuation factor.

If N of each mode is more than or equal to three, it indicates that there is a current inrush and the relay
is inhibited from tripping. On the contrary, the relay gives the correct response since there is an internal
fault. The transformer protection scheme block diagram is shown in Figure 4.42.

4.7.3 Testing Results and Analysis

4.7.3.1 Electrical Power Dynamic Laboratory Testing System

To verify the feasibility of the proposed method, the author obtained a large number of actual data
through the EPDL simulation. Figure 4.43 shows the connection scheme of the EPDL testing system.
The transformer is a Y/Δ-11 connection transformer consisting of three single-phase units. Parameters
of each singlephase are: Srated = 10 kVA; rated voltage ratio, U1N/U2N = 1000 V/380 V; Ino-load = 1.45%;
Ushortcircuit = 9.0–15.0%; losses of open circuit 1%; losses of short circuit 0.35%. The sampling frequency
used is 5 kHz.

4.7.3.2 Responses to Different Inrush Conditions

Figures 4.44a and 4.45a show the current modes obtained from the typical asymmetrical and symmetrical
inrush conditions, respectively. Figures 4.44b and 4.45b show the corresponding signals from the NMG
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Figure 4.42 Block diagram of the transformer protection scheme
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Figure 4.43 Connection scheme of the EPDL testing system
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Figure 4.44 The case of asymmetrical inrush: (a) the current modes obtained from the typical asym-
metrical inrush conditions; (b) the output of NMG; (c) the transient signals extracted by the differential
operation between morphological opening and closing transform

outputs, respectively. As shown in figures, the variations in inrush wave shapes have resulted in variations
in the NMG outputs.

Figures 4.44c and 4.45c show the transient signals extracted by the differential operation between the
morphological opening and closing transforms, respectively. DC components are depressed by the differ-
ential operation, meanwhile peaks and valleys of sudden changes can be extracted effectively. According
to the scheme introduced above, N is equal to four in the case of asymmetrical inrush and equal to five
in the case of symmetrical inrush. Therefore, the relay will be inhibited from issuing a trip signal in both
cases. Compared with this method, Fourier transform-based schemes have difficulties in filtering DC
components if some disturbing signals are superimposed.

4.7.3.3 Responses to Internal Fault Conditions

Figure 4.46 shows the corresponding responses to a 9% turn-turn fault on phase ‘A.’ The NMG output
in Figure 4.46b illustrates sudden changes of internal faults are much less severe compared with inrush
currents. With the transient signals shown in Figure 4.46c fast decaying, internal fault currents can be
discriminated from inrush currents since N, the number of fault-generated transient signals, is only equal
to one. Though there are still a few random noises, their values are too small to be considered as Its. As
a result, the relay operates.
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Figure 4.45 The case of symmetrical inrush: (a) the current modes obtained from the typical sym-
metrical inrush conditions; (b) the output of NMG; (c) the transient signals extracted by the differential
operation between morphological opening and closing transform

4.7.3.4 Responses to Simultaneous Fault and Inrush Conditions

Figure 4.47 shows the corresponding responses of the inrush to a light internal fault. As shown in the
figure, whose variation trends are similar to Figure 4.46, high frequency transient signals are decaying
instantaneously right after the fault point. N is also equal to one in this case, which leads to the final
decision that this is an internal fault as shown in Figure 4.47c.

The distortion degree in spite of inrush to an internal fault attenuates rapidly, while the waveforms of
magnetizing inrush currents are distorted more severely due to enlargement of the dead angle.

4.7.3.5 Responses to CT Saturation Conditions

If the conditions are severe enough, it is possible that the distortion may be even worse and saturation
can start to occur even sooner. The severe saturation can cause problems in the transformer differential
relays. Figure 4.48a shows the responses obtained due to a simultaneous internal fault and CT (located at
the low voltage side) saturation. As shown in Figure 4.48b, the variations in inrush waveforms due to CT
saturation do not have any effect on the relay responses, since N is also equal to one and relay operates in
this case. Compared with restraining algorithm based on second harmonics, the ratio of second harmonics
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Figure 4.46 The case of internal fault current: (a) the corresponding responses to a 9% turn-turn fault
on phase ‘A’; (b) the output of NMG; (c) the transient signals

after CT saturation is 26.7% and exceeds the predefined threshold 15%, which makes the relay give an
incorrect response.

Furthermore, due to the slowly decaying offset components of inrush currents, CTs can and do saturate
during inrush with no internal fault. Due to a simultaneous asymmetrical inrush current and CT saturation,
the waveform of asymmetrical inrush current is distorted more and more severely while the dead angle
is extinct after about one power frequency cycle (Figure 4.49a). However, in this case, the output of
N is equal to five (Figure 4.49b), so the relay will be inhibited from issuing a trip signal. Compared
with the restraining algorithm based on second harmonics, the ratios of second harmonic to fundamental
before and after CT saturation are 26.9 and 32.1%, respectively, which makes the relay give a correct
response. In addition, compared with the WCS, the waveform coefficients are 0.17 before CT saturation
and 0.43 after CT saturation. The relay can also be inhibited from tripping. However, the redundancy of
this scheme is small.

4.7.3.6 Responses to Internal Faults with External Shunt Capacitance

Since the second harmonic components in fault currents are increased together with the capacitance in the
power system, the proposed technique is used to avoid the needless relay blocking when a transformer has
an internal failure. Figure 4.50 shows a waveform of differential current in the case of short-circuit fault
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Figure 4.47 The case of inrush due to a light internal fault current: (a) the corresponding responses of
the inrush; (b) the output of NMG; (c) the transient signals
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Figure 4.49 (a) The responses due to a simultaneous asymmetrical inrush current and CT saturation;
(b) the output of N
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Table 4.9 Parameters of the test transformer (internal
faults with external shunt capacitance)

Transformer type Three-phase, two-winding

Rated apparent power (MVA) 670
Rated voltage ratio (kV) 19/500
Connection style Y/Δ-11
Short circuit reactance (%) 13.0
Rated frequency (Hz) 50

on phase ‘C’ of a 670 MVA transformer, the parameters of which are shown in Table 4.9. A 20.26 kA
power source, a 257 km overhead 500 kV transmission line and the transformer mentioned above are
simulated through EPDL. It includes nearly 33.9% second harmonic and conventional relays are locked.
However, in this case, N is equal to one which indicates this is an internal fault and the relay operates
correctly.

The results at the EPDL indicate that the proposed technique can distinguish the magnetizing inrush
from internal faults in a power transformer and avoid the symmetrical inrush current and CT saturation.

It can also deal with the sampled data containing various kinds of noise and DC components and is
stable during internal faults with external shunt capacitance in a long EHV transmission line.

4.7.3.7 Test Results and Analysis

For convenience, typical EPDL simulation cases are outlined in Table 4.10 and are numbered to indicate
operation conditions. Cases 0–6 are different magnetizing inrush conditions. N of three model signals
are all more than or equal to four.

Table 4.10 EPDL simulation cases

Case Description

1–6 Inrush currents only
7 3% turn-turn fault in phase ‘A’ Internal fault only
8 5% turn-turn fault in phase ‘B’
9 5% turn-turn fault in phase ‘C’
10 Turn-to-earth fault in phase ‘A’
11 Turn-to-earth fault in phase ‘B’
12 ‘A’–‘B’ phase fault
13 ‘B’–‘C’ phase fault
14 3% turn-turn fault in phase ‘A’ Simultaneous fault and inrush
15 4% turn-turn fault in phase ‘B’
16 4% turn-turn fault in phase ‘C’
17 Turn-to-earth fault in phase ‘A’
18 Turn-to-earth fault in phase ‘B’
19 ‘A’–‘B’ phase fault
20 ‘B’–‘C’ phase fault
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Case 7 is a 9% turn-turn fault on phase ‘A’. Case 8 is an 18% turn-turn fault on phase ‘B’. Case 9 is an
18% turn-turn fault on phase ‘C’. Case 10 is a turn-to-earth fault on phase ‘A’. Case 11 is a turn-to-earth
fault on phase ‘B’. Case 12 is an ‘A’–‘B’ phase fault. Case 13 is a ‘B’–‘C’ phase fault. N of three mode
signals are all less than or equal to one.

Case 14 is the inrush to a 9% turn-turn fault on phase ‘A’. Case 15 is the inrush to an 18% turn-turn
fault on phase ‘B’. Case 16 is the inrush to an 18% turn-turn fault on phase ‘C’. Case 17 is the inrush to a
turn-to-earth fault on phase ‘A’. Case 18 is the inrush to a turn-to-earth fault on phase ‘B’. Case 19 is the
inrush to an ‘A’–‘B’ phase fault. Case 20 is the inrush to a ‘B’–‘C’ phase fault. Mainly due to the loose
coupling between phases in the condition of inrush to light internal faults, partial mode signals in case
14–16 cannot meet the requirement that N is less than or equal to two; however, taking all three mode
signals for comprehensive consideration, the relay operates correctly as a result. As shown in Table 4.10
inrush currents can be distinguished from internal fault currents by this scheme.

The performances of the proposed technique are evaluated for different types of internal faults and
magnetizing inrush currents. Dynamic simulation results and N of three model signals under various
states are shown in Table 4.11. In the results column, ‘0’ indicates that the relay will be inhibited from
issuing a trip signal, while ‘1’ indicates that this is an internal fault and the relay operates.

4.7.3.8 Comparison between the MM and WT Methods

The comparison between the proposed MM technique and WT method has been undertaken. A 2B-
spline wavelet is employed to process the input signal. The same alternate trend is also denoted in the
2B-spline wavelet transform. However, compared with the filtered series shown in Figure 4.44b, the

Table 4.11 Dynamic simulation results of three
model signals under various states

Case N of Iabxj N of Ibcxj N of Icaxj Results

1 4 4 5 0
2 5 8 4 0
3 6 5 4 0
4 4 7 4 0
5 8 4 6 0
6 6 4 8 0
7 1 0 1 1
8 1 1 1 1
9 0 1 1 1

10 1 1 1 1
11 1 1 0 1
12 1 1 1 1
13 1 1 1 1
14 1 4 2 1
15 1 1 3 1
16 4 1 1 1
17 1 2 1 1
18 1 1 1 1
19 1 1 2 1
20 1 2 1 1
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Figure 4.51 Waveform of the asymmetrical inrush current and its 2B-spline wavelet transform: (a) the
response when a 2B-spline wavelet is employed; (b) the output of N

trend in Figure 4.51b is less stationary and smooth, with some small concave variations still existing in
the series that may generate false transient signals and cause error in the number N. As a result, the relay
will give an incorrect response.

In summary, a new scheme to extract the high frequency transient signals of the transformer is proposed
based on the high nonlinearity characteristics in excited cores of transformers. The feature extraction
with MM can be implemented in real time, since the MM requires only a small amount of computation.
Meanwhile, DC components and various kinds of noises can be effectively depressed. The technique
also includes a floating threshold to improve its flexibility and feasibility and blocks the relay even under
symmetrical inrush current conditions. The proposed technique is stable and reliable during CT saturation
and internal faults with external shunt capacitance in a long EHV transmission line. The results in the
EPDL show that this scheme is effective and accurate in distinguishing between a current inrush and an
internal fault.

4.8 Identifying Transformer Inrush Current Based on Normalized
Grille Curve

4.8.1 Normalized Grille Curve

4.8.1.1 Introduction to Grille Curve

Here Nd is defined as the number of the square grids needed with the sampling time d as its side length,
covering the differential current for a window of half cycle [tk − T/2, tk] as shown in Figures 4.52 and 4.53.
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Figure 4.52 The needed square grids covering the differential current at a certain interval when an
internal fault occurs
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Figure 4.53 The needed square grids covering the differential current at a certain interval when the
transformer is energized

The number of needed square grids between two sampling points is calculated by division between their
vertical distance and the sampling time d. The grid with the real lines indicates that it is a full square
grid, whereas the grid with the dashed lines indicates that it is a fractional square grid. Furthermore, Nd,
the number of needed square grids for a window of half cycle, is calculated by adding all square grids
(full square grids and fractional square grids) in a half cycle period. Suppose that the signal has n+ 1
sampling points at (ti−n, ti−n+1,… , ti) within the data window [tk − T/2, tk], then:

Nd(i) =
1
d

j=i−1∑
j=i−n

|i(tj) − i(tj+1)| (4.70)

where d is the sampling time.
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Two cases are given to illustrate conceptually the advantages of the grille curve method.
Figure 4.52 shows the internal fault case of power transformer. The iron core is not saturated and the

magnetizing current is very small, which results in the approximate sine waveform due to the operation
in the linear region of the magnetizing characteristic. If t is a half cycle, the Nd curve, which is also called
the grille curve (Figure 4.54), is kept at an almost constant value during any t interval.

In the case of inrush current, the iron core will alternate between saturation and nonsaturation,
which causes distortions and discontinuities (much different from the normal sine waveform) shown
in Figure 4.53. In this instance, the grille curve, as shown in Figure 4.55, keeps on changing severely.
Therefore, the variation of grille curve can be used to discriminate the inrush current from the internal
fault current.
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Figure 4.54 The grille curve (Nd) when an internal fault occurs
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Figure 4.55 The grille curve (Nd) when the transformer is energized
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Calculation of Normalized Grille Curves
The normalization of the grille curve is given by:

Bd(i) = Nd(i)∕max(Nd) (4.71)

where i= 1,… , M and M is the number of the Nd. If M= 1, the maximum value of Nd is Nd (1). If M= 2,
max(Nd) is the maximum value of Nd (1) and Nd (2). If Nd (1),… , Nd (M) are obtained, max(Nd) is the
maximum value among Nd (1),… , Nd (M). Bd(i) is the ith value in the NGC. The maximum value of the
Bd is 1 and the range of the Bd is between 0 and 1.

NGC-Based Criteria to Identify the Inrush
Two criteria are proposed, in the time domain and in the frequency domain, respectively. The method
in the time domain directly detects the variation of the NGC, while that in the frequency domain indi-
rectly reflects the variation by using the ratio between the fundamental frequency component and the DC
component.

1. Time domain method
The variation of the NGC is directly calculated using the root mean square (RMS) amplitude given by:

Ed =
1
M

M∑
i=1

Bd(i) (4.72)

g = 1
Ed

√√√√ 1
M

M∑
i=1

(Ed − Bd(i))
2 (4.73)

g is employed to distinguish the inrush current from the internal fault according to following crite-
rion: if g exceeds a threshold, the relay judges that there is an inrush current and rejects the tripping;
otherwise, the relay judges that an internal fault occurs if g is less than the threshold. The threshold
should be set to avoid the needless operation by the measurement error and the calculation error.

2. Frequency domain method
The fundamental frequency component of the NGC is almost zero and the DC component of the NGC
is noticeable during an internal fault. However, both the fundamental frequency and DC components
of the NGC reveal different characteristics during the inrush current, for the reason that the NGC
not only severely varies but also has a periodic interval between two minimum values. Therefore,
the ratio p between the fundamental frequency and DC components can be used as the criterion for
identifying the inrush: if p is larger than the threshold, then the decision is made of an inrush current in
the transformer and the relay tripping of the differential protection blocked.; otherwise, the decision
is of detection of an internal fault and the relay let trip. The ratio p can be calculated by using Fourier
analysis.

3. Analysis of NGCs in the time and frequency domains
The calculated NGCs of the two cases in Figures 4.54 and 4.55 are analysed in the time and frequency
domains, respectively. For the case of the internal fault, both g and p are negligible and are less than
0.05, as shown in Figure 4.56. However, for the case of inrush current, both g and p are noticeable, as
shown in Figure 4.57. g is more than 0.65 and p is more than 0.45.

4.8.2 Experimental System

To verify the effectiveness of the proposed method, experimental tests have been carried out at the EPDL.
The experimental transformer is a three-phase, two-winding transformer bank with Y/Δ-11 connection,
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Figure 4.56 The g and p when an internal fault occurs: (a) analysis of the calculated NGCs in the time
domain; (b) analysis of the calculated NGCs in the frequency domain
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Figure 4.57 The g and p when the transformer is energized: (a) analysis of the calculated NGCs in the
time domain; (b) analysis of the calculated NGCs in the frequency domain

which is fed by a low impedance source (Figure 4.58). The parameters of the two-winding transformer
are given in Table 4.12. Three identical 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 a different number of turns for internal faults. A total of 268 cases have been tested
and divided into five main categories: 56 cases for switching on the transformer with no load, 54 cases
for faulty conditions only, 52 cases for simultaneous internal fault and inrush conditions, 54 cases for
external faults with the CT in saturation conditions and 52 cases for internal faults with the CT in
saturation conditions, to test the algorithm.
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Figure 4.58 Experimental system at the EPDL

Table 4.12 Parameters of each single phase
unit of the transformer used in the test

Rated power (kVA) 10
Rated voltage ratio (V) 1000/380
Rated frequency (Hz) 50
No load current (%) 1.45
No load loss (%) 1
Short circuit voltage (%) 9.0–15.0
Short circuit loss (%) 0.35

4.8.3 Testing Results and Analysis

Figures 4.59–4.61 show some examples of the experimental test results: the differential currents and the
waveforms of the calculated NGC along with the resulting analysis. In addition, the threshold of g in the
time domain is set at 0.25 and the threshold of p in the frequency domain is set at 0.15.

4.8.3.1 Responses to Different Inrush Conditions

A total of 56 tests were carried out in this situation. The inrush current waveform is a function of the
different core residual magnetization and the switching instant, so the inrush current waveforms are
different from each other. However, in each case, the calculated NGCs alternate between 0 and 1 with
a period of one cycle and the maximum value of the NGCs is 1. An example taken from these cases is
given in Figure 4.59a, where the differential currents of the three phases represent the inrush currents.
The NGCs of the three phases along with their respective results in the time and frequency domains are
shown in Figure 4.59b–d. It is found that the calculated NGCs present distorted oscillatory waveform,
which is the key feature of the inrush current. Their analysis results in the frequency domain also show
the noticeable ratio between the fundamental frequency and DC components in the calculated NGCs.
These results indicate the severe variation of NGCs and the alternate saturation and exit-saturation of the
transformer core during the inrush current period.

4.8.3.2 Responses to Internal Fault Conditions Only

Data from a total of 54 cases are used to calculate the NGCs. Their results have been analysed both
in the time domain and in the frequency domain. An example is shown in Figure 4.60, where a 6.1%
turn-to-turn internal fault occurs in phase A.

In Figure 4.60a, it can be seen that the differential currents iab and ica are larger than the nominal
magnetizing current and contain a slowly decaying DC component, whereas ibc is within the range of

www.EngineeringBooksPDF.com



208 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

0

iab
ibc ica

iab
ibc ica

iab
ibc ica

iab ibc ica

10 20 30 40 50 Time (ms)
(a)

0

–100

100

C
ur

re
nt

 (
A

)

0 10 20 30 40 50 Time (ms)
(b)

1

0.5

0

1.5

N
G

C

0 10 20 30 40 50 Time (ms)
(c)

1

0.5

0

1.5

g

0 10 20 30 40 50 Time (ms)

(d)

1

0.5

0

1.5

p

Figure 4.59 Differential currents and experimental results when the transformer is energized. (a) Dif-
ferential currents, (b) calculated NGCs, (c) analysis of the calculated NGCs in the time domain, and (d)
analysis of the calculated NGCs in the frequency domain

the nominal value. Therefore, it is necessary to calculate the NGCs of iab and ica, and further analyse
them in the time and frequency domains. The calculated NGCs along with their analysis in the time and
frequency domains are shown in Figure 4.60b–d. In the time domain, due to the slowly decaying DC
component, the positive and the negative half cycles of iab and ica are not symmetrical while the DC
component is significant. Accordingly, the variation of each NGC calculated by Equation (4.73) presents
a higher amplitude in the first 30 ms compared with that in the next 30 ms. But even in the first 30 ms
the amplitude of variation is still less than the threshold (Figure 4.60c). In the frequency domain, the
calculated NGCs of both phases contain negligible ratios between the fundamental frequency and DC
components (Figure 4.60d), which proves that iab and ica are both internal fault currents. In the total of
54 cases, it is found that the method is able to detect the internal fault current even with the decaying dc
component.
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Figure 4.60 Differential currents and experimental results when a 6.1% turn-to-turn internal fault
occurs. (a) Differential currents, (b) calculated NGCs, (c) analysis of the calculated NGCs in the time
domain, and (d) analysis of the calculated NGCs in the frequency domain

4.8.3.3 Responses to Simultaneous Fault and Inrush Conditions

Switching on the transformer bank with no load often causes the inrush current of nonfault phases, which
has been verified by a total of 52 cases with simultaneous inrush currents and internal faults. Figure 4.61
is an example showing this situation; it is obtained by switching on the transformer bank with no load and
a 6.1% turn-to-turn internal fault in phase A. The differential currents of the three phases are all distorted
severely (Figure 4.61a). After analysis in the frequency domain, it can be found that the magnitudes of the
second harmonic in fault phases A and C are greater than that of some magnetizing inrush currents. Con-
sequently, the commonly employed conventional differential protection technique based on the second
harmonic will thus have difficulty in distinguishing between an internal fault and an inrush current.
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Figure 4.61 Differential currents and experimental results when the transformer is switched with no
load and a 6.1% turn-to-turn internal fault. (a) Differential currents, (b) calculated NGCs, (c) analysis
of the calculated NGCs in the time domain, and (d) analysis of the calculated NGCs in the frequency
domain

The NGCs of three phases are calculated using Equation (4.71). Figure 4.61b–d show the respective
calculated NGCs along with their analysis results in the time and frequency domains. In Figure 4.61b,
the NGC of ibc shows severe variation, whereas the NGCs of iab and ica are almost constant and only
have a little variation resulting from harmonics in the internal fault currents. According to the proposed
criterion in the time domain, it is apparent that iab and ica are both the internal fault currents and ibc is the
inrush current. The same result can be obtained from the frequency domain analysis. The NGCs of iab

and ica contain negligible ratios between the fundamental frequency and DC components (Figure 4.61d).
However, the NGC of ibc is characterized by its noticeable ratio between two components. These results
are in accordance with the practical state of the transformer. In the total of 52 cases, identical results
verify that the proposed technique can be used to discriminate internal faults from inrush currents when
the simultaneous inrush currents and faults occur in the transformer.
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In summary, application of the NGC to discriminate the inrush current from the internal fault current
of transformers is proposed. The NGC calculation method is firstly derived. Then, the criteria to extract
features of the inrush current and the internal fault in the respective time and frequency domains are
developed in detail. The iron core is not saturated and the magnetizing current is very small in the case
of an internal fault, which results in the approximate sine waveform due to the operation in the linear
region of the magnetizing characteristic. The NGC of the faulty phase is almost constant in the time
domain and the ratio between the fundamental frequency and DC components in the frequency domain
is negligible. On the other hand, the iron core will alternate between saturation and nonsaturation dur-
ing the inrush current, which causes severe distortions in the differential current. The NGC of the phase
with the inrush current is characterized by its severe variation in the time domain and a noticeable ratio
between the fundamental frequency and DC components in the frequency domain. A large number of
measurements were carried out to test the proposed method. The algorithm can take effect just after the
protection has been started for one circle (20 ms), and the operating time is generally less than 23 ms,
even for the slight turn-to-turn fault. The experimental results validate that the proposed method can
effectively discriminate internal faults from inrush currents. The computational simplicity of the pro-
posed method enables its implementation with low-cost microprocessors. Before the proposed method
is applied to practical transformer protection products, several larger power transformer banks need to
be tested.

4.9 A Novel Algorithm for Discrimination between Inrush Currents
and Internal Faults Based on Equivalent Instantaneous Leakage
Inductance

4.9.1 Basic Principle

4.9.1.1 Physical Theory

Consider a two-winding single-phase transformer as shown in Figure 4.62. The primary and secondary
voltages can be expressed as:

u1 = i1r1 + L1

di1

dt
+

d𝜓m

dt
(4.74)

u2 = i2r2 + L2

di2

dt
+

d𝜓m

dt
(4.75)

where: u1 and u2 are the voltages of primary and secondary windings; i1 and i2 are the currents of primary
and secondary windings; r1 and r2 are the resistances of primary and secondary windings; L1 and L2 are
the leakage inductances of primary and secondary windings; and 𝜓m is the mutual flux linkage. The
equations consider that the transformation ratio is one.

i1 i2

u2u1

ψm

Figure 4.62 A two-winding single-phase transformer
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The mutual flux linkage of the primary and secondary windings is equal and can be eliminated by using
Equations (4.74) and (4.75) as follows:

u12 = L1

di1

dt
− L2

di2

dt
(4.76)

with
u12 = u1 − u2 − i1r1 + i2r2 (4.77)

Under the assumption that the parameters of the transformer L1 and L2 are given, it is then possible
to calculate the right-hand side of Equation (4.76). The computed values of the right-hand side and the
actual values of the left-hand side are equal during magnetizing inrush and normal operations. However,
these values are not equal during internal faults. Therefore, this equation is an inherent feature of internal
faults, which can be used to discriminate the inrush currents from internal faults.

4.9.1.2 Equivalent Instantaneous Leakage Inductance

In fact, it is very difficult to calculate the right-hand side of Equation (4.76) because it depends on the
leakage inductances, which are determined by the size, shape and location of transformer windings.
Furthermore, with the physical dimension varied, the internal faults make it hardly possible even if an
approximation of the leakage inductances can be obtained from the transformer design data. This prob-
lem is evitable when the equivalent instantaneous leakage inductance (EILI) definition is employed as
a solution.

The trapezoid principle is adopted in Equation (4.76) to transform the continuous differential equation
into a discrete difference equation. The digital expressions at kT and (k+ 1)T instants are given by:

u12(k) = L1k

i1(k + 1) − i1(k − 1)
2T

− L2k

i2(k + 1) − i2(k − 1)
2T

(4.78)

u12(k + 1) = L1k

i1(k + 2) − i1(k)
2T

− L2k

i2(k + 2) − i2(k)
2T

(4.79)

where the T is the sampling cycle.
Each of L1k and L2k is defined as the EILI, which will be constant when there is an inrush current and

during normal operation, but will be no longer constant when there is an internal fault. Therefore, the
EILI that is equivalent to leakage inductances in the discrimination between internal fault and inrush
current exactly presents the inherent status of the transformer.

Consider that the parameters of the transformer, r1 and r2 are known. The differential currents and
voltages at kT and (k+ 1) T instants are used and the calculated EILIs of primary and secondary windings
at kT instant are written as:

L1k = 2T[u12(k)i2(k + 2) − u12(k)i2(k) − u12(k + 1)i2(k + 1) + u12(k + 1)i2(k − 1)]

× [(i1(k + 1) − i1(k − 1)) × (i2(k + 2) − i2(k)) − (i1(k + 2) − i1(k)) × (i2(k + 1) − i2(k − 1))]−1 (4.80)

L2k = 2T[u12(k)i1(k + 2) − u12(k)i1(k) − u12(k + 1)i1(k + 1) + u12(k + 1)i1(k − 1)]

× [(i2(k + 2) − i2(k)) × (i1(k + 1) − i1(k − 1)) − (i2(k + 1) − i2(k − 1)) × (i1(k + 2) − i1(k))]−1 (4.81)

4.9.1.3 Two-Winding Three-Phase Y/𝚫 Transformer

Figure 4.63 shows the connections of the primary and secondary windings of a Δ/Y transformer. The
following equations express the delta and Y-connected windings as functions of the mutual flux linkages
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Figure 4.63 A two-winding three-phase Δ/Y transformer

and the currents of the windings:

ua = iar + La

dia

dt
+

d𝜓ma

dt
(4.82)

ub = ibr + Lb

dib

dt
+

d𝜓mb

dt
(4.83)

uc = icr + Lc

dic

dt
+

d𝜓mc

dt
(4.84)

uA = iAR + LA

diA

dt
+

d𝜓ma

dt
(4.85)

uB = iBR + LB

diB

dt
+

d𝜓mb

dt
(4.86)

uC = iCR + LC

diC

dt
+

d𝜓mc

dt
(4.87)

where: the parameters of the secondary side have been converted to the primary side by the transformer
ratio; ua, ub and uc are the voltages of the primary windings a, b and c; ia, ib and ic are the currents of the
primary windings; La, Lb and Lc are the leakage inductances of the primary windings; r is the resistance
of the primary windings; uA, uB and uC are the voltages of the secondary windings A, B and C; iA, iB

and iC are the currents of the secondary windings; LA, LB and LC are the leakage inductances of the
secondary windings; R is the resistance of the secondary windings; and 𝜓ma, 𝜓mb and 𝜓mc are the mutual
flux linkages.

ia, ib and ic are the currents of delta connected windings, which it is not possible to measure in many
situations. In order not to position the CTs within the delta loop to get the exact phase current, the line
currents as functions of the currents in the delta connected windings are expressed as:

iLa = ia − ib (4.88)

iLb = ib − ic (4.89)

iLc = ic − ia (4.90)

Consider the leakage inductances to be constant and equal in the normal operation state and during the
inrush current period: La = Lb = Lc = L1, LA =LB =LC =L2. The equations of the primary and secondary
sides can be written as:

ua − ub = iLar + L1

diLa

dt
+

d(𝜓ma − 𝜓mb)
dt

(4.91)

ub − uc = iLbr + L1

diLb

dt
+

d(𝜓mb − 𝜓mc)
dt

(4.92)
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uc − ua = iLcr + L1

diLc

dt
+

d(𝜓mc − 𝜓ma)

dt
(4.93)

uA − uB = (iA − iB)R + L2

d(iA − iB)
dt

+
d(𝜓ma − 𝜓mb)

dt
(4.94)

uB − uC = (iB − iC)R + L2

d(iB − iC)
dt

+
d(𝜓mb − 𝜓mc)

dt
(4.95)

uC − uA = (iC − iA)R + L2

d(iC − iA)
dt

+
d(𝜓mc − 𝜓ma)

dt
(4.96)

The flux linkages mutual to the primary and secondary windings of each phase are equal and can be
eliminated by using Equations (4.97)–(4.102) as follows:

uAaBb = L1

diLa

dt
− L2

d(iA − iB)
dt

(4.97)

uBbCc = L1

diLb

dt
− L2

d(iB − iC)
dt

(4.98)

uCcAa = L1

diLc

dt
− L2

d(iC − iA)
dt

(4.99)

with

uAaBb = ua − ub − uA + uB − iLar + (iA − iB)R (4.100)

uBbCc = ub − uc − uB + uC − iLbr + (iB − iC)R (4.101)

uCcAa = uc − ua − uC + uA − iLcr + (iC − iA)R (4.102)

The trapezoid principle is adopted in Equation (4.97) to transform the continuous differential equation
into a discrete difference equation. The digital expressions at kT and (k+ 1)T instants are given by:

uAaBb(k) = L1k

iLa(k + 1) − iLa(k − 1)
2T

− L2k

(iA(k + 1) − iB(k + 1)) − (iA(k − 1) − iB(k − 1))
2T

(4.103)

uAaBb(k + 1) = L1k

iLa(k + 2) − iLa(k)
2T

− L2k

(iA(k + 2) − iB(k + 2)) − (iA(k) − iB(k))
2T

(4.104)

The EILIs of L1k and L2k at kT instant can be calculated in real time by using Equations (4.103) and
(4.104). A similar procedure provides the other two groups of L1k and L2k by using Equations (4.98) and
(4.99), respectively.

4.9.1.4 Three-Winding Three-Phase Y0/Y/𝚫 Transformer

Consider a three-winding three-phase transformer as shown in Figure 4.64, Y0/Y/Δ connection, whose
primary windings are A1, B1 and C1, secondary windings are A2, B2, and C2, and tertiary windings are
A3, B3, and C3. The following equations express the voltages of the windings as functions of the mutual
flux linkages and the currents of the windings:

ua1 = ia1r1 + L1

dia1

dt
+ m21

dia2

dt
+ m31

dia3

dt
+

d𝜓ma

dt
(4.105)

ub1 = ib1r1 + L1

dib1

dt
+ m21

dib2

dt
+ m31

dib3

dt
+

d𝜓mb

dt
(4.106)
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uc1 = ic1r1 + L1

dic1

dt
+ m21

dic2

dt
+ m31

dic3

dt
+

d𝜓mc

dt
(4.107)

ua2 = ia2r2 + L2

dia2

dt
+ m12

dia1

dt
+ m32

dia3

dt
+

d𝜓ma

dt
(4.108)

ub2 = ib2r2 + L2

dib2

dt
+ m12

dib1

dt
+ m32

dib3

dt
+

d𝜓mb

dt
(4.109)

uc2 = ic2r2 + L2

dic2

dt
+ m12

dic1

dt
+ m32

dic3

dt
+

d𝜓mc

dt
(4.110)

ua3 = ia3r3 + L3

dia3

dt
+ m13

dia1

dt
+ m23

dia2

dt
+

d𝜓ma

dt
(4.111)

ub3 = ib3r3 + L3

dib3

dt
+ m13

dib1

dt
+ m23

dib2

dt
+

d𝜓mb

dt
(4.112)

uc3 = ic3r3 + L3

dic3

dt
+ m13

dic1

dt
+ m23

dic2

dt
+

d𝜓mc

dt
(4.113)

where: the parameters of the secondary and the tertiary sides have been converted to the primary side
by the transformer ratio; ua1, ub1 and uc1 are the voltages of the primary windings A1, B1 and C1; ia1,
ib1 and ic1 are the currents of the primary windings; iLa1, iLb1 and iLc1 are the line currents of the primary
windings; r1 is the resistance of the primary windings; L1 is the self-leakage inductance of the primary
windings; ua2, ub2 and uc2 are the voltages of the secondary windings A2, B2 and C2; ia2, ib2 and ic2 are the
currents of the secondary windings; r2 is the resistance of the secondary windings; L2 is the self-leakage
inductance of the secondary windings; ua3, ub3 and uc3 are the voltages of the tertiary windings A3, B3
and C3; ia3, ib3 and ic3 are the currents of the tertiary windings; r3 is the resistance of the tertiary windings;
L3 is the self-leakage inductance of the tertiary windings; m12 and m21 are the mutual leakage inductances
between the primary and secondary windings; m31 and m13 are the mutual leakage inductances between
the primary and tertiary windings; m32 and m23 are the mutual leakage inductances between the secondary
and tertiary windings; 𝜓ma, 𝜓mb and 𝜓mc are the mutual flux linkages. Consider the mutual leakage
inductances to be constant and equal during the normal operation conditions, the inrush currents and
external faults: m12 =m21, m13 =m31, m23 =m32.

The procedure described in the two-winding three-phase transformer provided Equation (4.97) from
Equations (4.91) and (4.94). Processing Equations (4.105) and (4.106) and Equations (4.108) and

A1

B1

C1

A2

B2

C2

A3

B3

C3

iLa1

iLb1

iLc1

ia

ib

ic

ia2

ib2

ic2

ia3

ib3

ic3

Figure 4.64 A three-winding three-phase Y0/Y/Δ transformer
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(4.109) in a similar manner provides Equation (4.114). A similar procedure provides Equations (4.115)
and (4.116):

uab12 = −(L1 − m12)
diLa1

dt
+ (L2 − m21)

d(ia2 − ib2)
dt

+ (m32 − m31)
d(ia3 − ib3)

dt
(4.114)

ubc12 = −(L1 − m12)
diLb1

dt
+ (L2 − m21)

d(ib2 − ic2)
dt

+ (m32 − m31)
d(ib3 − ic3)

dt
(4.115)

uca12 = −(L1 − m12)
diLc1

dt
+ (L2 − m21)

d(ic2 − ia2)
dt

+ (m32 − m31)
d(ic3 − ia3)

dt
(4.116)

with

uab12 = ub1 − ua1 + ua2 − ub2 + iLa1r − (ia2 − ib2)r2 (4.117)

ubc12 = uc1 − ub1 + ub2 − uc2 + iLb1r1 − (ib2 − ic2)r2 (4.118)

uca12 = ua1 − uc1 + uc2 − ua2 + iLc1r1 − (ic2 − ia2)r2 (4.119)

The parameters of the self and mutual leakage inductances cannot be obtained even from the no-load
test and the steady-state short-circuit test, which is another obstacle for the existing algorithm. However,
application of the EILI is a reasonable method to solve this problem. The trapezoid principle is adopted in
Equation (4.114) to transform the continuous differential equation into three discrete difference equations
at (k− 1)T, kT and (k+ 1)T instants:

uab12(k − 1) = −(L1k − m12k)
iLa1(k − 2) − iLa1(k)

2T
+ (L2k − m21k)

iab2(k − 2) − iab2(k)
2T

+ (m32k − m31k)
iab3(k − 2) − iab3(k)

2T
(4.120)

uab12(k) = −(L1k − m12k)
iLa1(k + 1) − iLa1(k − 1)

2T
+ (L2k − m21k)

iab2(k + 1) − iab2(k − 1)
2T

+ (m32k − m31k)
iab3(k + 1) − iab3(k − 1)

2T
(4.121)

uab12(k + 1) = −(L1k − m12k)
iLa1(k + 2) − iLa1(k)

2T
+ (L2k − m21k)

iab2(k + 2) − iab2(k)
2T

+ (m32k − m31k)
iab3(k + 2) − iab3(k)

2T
(4.122)

The EILIs of L1k −m12k, L2k −m21k and m32k −m31k at instant kT can be calculated in real time by using
Equations (4.120)–(4.122). A similar procedure is valid for Equations (4.115)–(4.117) to provide the
other two groups of L1k −m12k, L2k −m21k and m32k −m31k, respectively.

Similarly, Equations (4.108)–(4.110) and Equations (4.111)–(4.113) are used to calculate three
groups of L2k −m23k, L3k −m32k and m12k −m13k. Mean while, Equations (4.105)–(4.107) and
Equations (4.111)–(4.113) are used to calculate three groups of L3k −m31k, L1k −m13k and m21k −m23k.

Subtracting L2k −m21k from L1k −m12k provides Equation (4.123):

(L1k − m12k) − (L2k − m21k) = L1k − L2k (4.123)

A similar procedure can be followed to obtain L2k −L3k and L1k −L3k:

(L2k − m23k) − (L3k − m32k) = L2k − L3k (4.124)

(L1k − m13k) − (L3k − m31k) = L1k − L3k (4.125)
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4.9.2 EILI-Based Criterion

Two criteria are proposed, one for dealing with the two-winding transformer and one for the three-
winding transformer. Both of them cooperate with the differential relay to perform the protection task.

1. The Criterion for the Two-Winding Transformer: at instant kT, the difference of the EILIs among the
three groups of primary windings can be expressed as

ΔL1k =

√
1

Lmin 1

((L1ka − L1kb)2 + (L1kb − L1kc)2 + (L1kc − L1ka)2) (4.126)

Lmin 1 = min(L1ka,L1kb, L1kc) (4.127)

where L1ka, L1kb and L1kc are the EILIs of primary windings calculated by Equations (4.97)–(4.99),
respectively.

A similar procedure applies to the EILIs of the secondary windings:

ΔL2k =

√
1

Lmin 2

((L2ka − L2kb)2 + (L2kb − L2kc)2 + (L2kc − L2ka)2) (4.128)

Lmin 2 = min(L2ka,L2kb, L2kc) (4.129)

ΔL1k and ΔL2k are employed to distinguish the inrush current from the internal fault according to the
following criterion: if ΔL1k or ΔL2k exceeds a threshold, the relay judges that an internal fault occurs
and lets the relay trip; or the relay judges that there is an inrush current and rejects the tripping if both
ΔL1k and ΔL2k are less than the threshold. In theory, the threshold is close to zero.

2. The Criterion for the Three-Winding Transformer: the difference of three groups of the L1k −L2k can
be described as:

ΔL′
1k =

√
1

L′
min 1

((L1ka − L2ka)2 + (L1kb − L2kb)2 + (L1kc − L2kc)2) (4.130)

L′
min 1 = min(L1ka,L1kb, L1kc,L2ka, L2kb, L2kc) (4.131)

where L1ka − L2ka, L1kb − L2kb and L1kc −L2kc are the three groups of EILIs calculated by
Equation (4.129).

Two similar procedures respectively provide the difference of three groups of the L2k − L3k and the
difference of three groups of the L1k − L3k:

ΔL′
2k =

√
1

L′
min 2

((L2ka − L3ka)2 + (L2kb − L3kb)2 + (L2kc − L3kc)2) (4.132)

ΔL′
3k =

√
1

L′
min 3

((L1ka − L3ka)2 + (L1kb − L3kb)2 + (L1kc − L3kc)2) (4.133)

L′
min 2 = min(L2ka,L2kb, L2kc,L3ka, L3kb, L3kc) (4.134)

L′
min 3 = min(L1ka,L1kb, L1kc,L3ka, L3kb, L3kc) (4.135)

where L2ka − L3ka, L2kb − L3kb and L2kc −L3kc are the three groups of EILIs calculated by
Equation (4.124). L1ka − L3ka, L1kb − L3kb and L1kc − L3kc are the three groups of EILIs calculated by
Equation (4.125).

If the amplitude of ΔL′
1k, ΔL′

2k and ΔL′
3k are all less than a threshold, a decision is made either

that an inrush current in the transformer has been detected and the relay tripping of the differential
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protection is blocked or that and an internal fault has been detected, in which case the relay is tripped.
In theory, the threshold is close to zero.

4.9.3 Experimental Results and Analysis

To verify the effectiveness of the proposed method, experimental tests have been carried out at the Elec-
tric Power Research Institute (EPRI). The experimental system is one machine model with a two-winding
three-phase Y/Δ-11 connected transformer bank as shown in Figure 4.65. The system includes two paral-
lel lines. The system parameters are given in Table 4.13. CTs with Y/Y connection are used as transducers
to measure the line currents of the transformer bank.

The experiments provide samples of line currents and terminal voltages in each phase when the trans-
former is energized or when a fault occurs or when both occur simultaneously. A total of 147 cases have
been divided into four main categories: 27 cases for switching on the transformer with no load, 27 cases
for clearing an external line fault, 49 cases for simultaneous internal fault and inrush conditions, and 44
cases for faulty conditions only, to test the various features of the algorithm. Different switching on and
clearing instants for inrush current, as well as different faults and short-circuit turn ratios for the internal
fault are considered in the tests. The measured data are used as an input to the developed algorithm to
identify its response.

Figures 4.66–4.70 show some examples of the experimental test results: the line currents and the
waveforms of the calculated EILIs along with the resulting analysis.

4.9.3.1 Responses to Different Inrush Conditions Only

The magnetizing inrush current is often generated when a transformer is energized or an external line
fault is cleared. Data from a total of 54 cases were tested in both situations: 27 cases for switching on

SystemSource LineTransformer

Figure 4.65 The EPRI experimental system

Table 4.13 Parameters of the test model

Source
Rated power (MW) 600
Rated voltage (kV) 19
Rated current (kA) 20.26
Transformer
Rated capacity (MVA) 670
Rated voltage ratio (kV) 19/550
Short circuit voltage (%) 13.0
Line
Length (km) 257
Voltage class (kV) 500
System
System capacity (MVA) 11 000
Rated frequency (Hz) 50
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Figure 4.66 Experimental results when the transformer is energized: (a) line currents; (b) calculated
EILIs; (c) analysis of the calculated EILIs

the transformer with no load and 27 cases for clearing the external line fault, respectively. Energizing
at the primary side of the transformer is given in Figure 4.66, where the line currents and the EILIs of
the primary windings calculated by using Equations (4.97)–(4.99) are shown along with the analysis
result. It is found that the calculated EILIs of the three phases are almost kept constant and have only
little variation resulting from the measurement and calculation errors (Figure 4.66b). The variation of
the ΔL1k based on both Equations (4.126) and (4.127) is close to zero and much less than the threshold
ΔLset (Figure 4.66c).

The same result can be obtained from the case of clearing an external line fault, as shown in Figure 4.67,
where the EILIs of three phases only have slight difference at the fault clearing instant. According to
the criterion for the two-winding transformer, the protection will be both blocked, although the EILIs
of the secondary windings are not available because the line currents of the secondary side are zero
in these situations. In the total of 54 cases, the same feature of the inrush current is presented in the
calculated EILIs.

4.9.3.2 Responses to Simultaneous Fault and Inrush Conditions

Switching on the transformer bank with no load often causes the inrush current of nonfault phases, which
has been verified by a total of 49 cases with simultaneous inrush currents and internal fault currents.
Figure 4.68a as an example shows this situation, which is obtained by switching on the transformer bank
with no load and a 2% turn-to-turn internal fault in phase C. The line current of phase A presents the
nominal magnetizing current; however, the line current of phase B is larger than the nominal magnetizing
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Figure 4.67 Experimental results when an external line fault is cleared: (a) line currents; (b) calculated
EILIs; (c) analysis of the calculated EILIs

current. Therefore, the EILIs are calculated by using Equations (4.97)–(4.99). Figures 4.68b and 4.68c
show the calculated EILIs and the analysis result, respectively. The difference is very noticeable in the
calculated EILIs of the three phases. According to the proposed criterion, it is obvious that the protec-
tion will operate rapidly and correctly. These results are in accordance with the practical state of the
transformer bank.

In the total of 49 cases, the identical results verify that the proposed techniques can be used to identify
internal faults when a simultaneous inrush current and fault occur in the transformer bank. Moreover, it
is difficult to discriminate low level (less than 9%) turn-to-turn internal faults from inrush currents when
the algorithm proposed by M.S. Sachdev [13] is applied, which provides less accurate results than the
method to calculate EILIs.

4.9.3.3 Responses to Internal Fault Conditions Only

Data from a total of 44 cases are used to calculate the EILIs based on Equations (4.97)–(4.99). In all of the
44 cases, the calculated EILIs are not constant, which results from the variation of physical dimension
and the deformation of the windings during the internal fault. As shown in Figures 4.69a and 4.70a,
a 3% turn-to-turn internal fault occurs in phase B at the secondary side during steady operation. The
calculated EILI waveforms of the primary and secondary windings are shown in Figures 4.69b and 4.70b,
respectively, which present different variations right after the fault occurrence. Their analysis results are
shown in Figures 4.69c and 4.70c, respectively, which show that not only ΔL1k but also ΔL2k exceed the
threshold ΔLset soon after the fault occurs. The operating time is only about 8 ms.
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Figure 4.68 Experimental results when the transformer is energized with a 2% turn-to-turn internal
fault: (a) line currents; (b) calculated EILIs; (c) analysis of the calculated EILIs

In addition, the EILIs during the other internal faults (such as grounding internal faults and
phase-to-phase internal faults) do not have constant values, which can be effectively used to distinguish
the internal faults and inrush currents without the parameters of the leakage inductances of the primary
and secondary windings. Meanwhile, no problems are foreseen in applying the proposed technique with
the impact of the CTs during internal faults. However, since a quite high false line current may emerge
if the CT at one side saturates in depth, the effectiveness of the proposed technique when the CT is in
heavy saturation is currently being studied.

In order to validate the proposed method more thoroughly, further practical studies will be continued
in planned future work. Firstly, the proposed method will be tested on several three-winding three-phase
transformer banks. Additionally, different transformers will be used in a large number of practical tests, in
which the EILI during different types of internal faults and inrush currents will be analysed to verify the
proposed method. These results will be useful for the application of the proposed method in the practical
transformer products.

In summary, a novel EILI-based technique has been proposed for identification of magnetizing inrush
and internal fault conditions in transformers. The EILI concept along with its calculation methods and
criteria to extract features of the inrush current and the internal fault have been developed in detail. A large
number of experiments have been carried out to test the proposed scheme. In all of the tests, the EILI is
kept constant during magnetizing inrush and normal operating conditions. On the other hand, the EILI
was characterized by its drastic variation during internal faults. The experimental results validate that the
proposed method requires neither the data of the B–H curve nor the values of the leakage inductances.
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Figure 4.69 Experimental results when a 3% turn-to-turn internal fault occurs at the secondary side:
(a) line currents at the primary side; (b) calculated EILIs of the primary windings; (c) analysis of the
calculated EILIs

It has been demonstrated that the method is sensitive for the identification of low level internal faults
at very high speed. Furthermore, this technique is also suitable for the protection of three-winding
transformers.

4.10 A Two-Terminal Network-Based Method for Discrimination between
Internal Faults and Inrush Currents

4.10.1 Basic Principle

4.10.1.1 The Two-Terminal Network of a Single-Phase Transformer

A two-winding single-phase transformer is shown in Figure 4.71. The primary and secondary voltages
can be expressed as:

u1 = i1r1 + L1

di1

dt
+

d𝜓m

dt
(4.136)

u2 = i2r2 + L2

di2

dt
+

d𝜓m

dt
(4.137)
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Figure 4.70 Experimental results when a 3% turn-to-turn internal fault occurs at the secondary side:
(a) line currents at the secondary side; (b) calculated EILIs of the secondary windings; (c) analysis of the
calculated EILIs

where the parameters of the secondary side have been converted to the primary side by the transformer
ratio. u1 and u2 are the voltages of primary and secondary windings; i1 and i2 are the currents of primary
and secondary windings; r1 and r2 are the resistances of primary and secondary windings; L1 and L2 are
the leakage inductances of primary and secondary windings; 𝜓m is the mutual flux linkage.

The mutual flux linkage of the primary and secondary windings is equal and can be eliminated using
Equations (4.136) and (4.137) as follows:

ud = idr1 + L1

did

dt
(4.138)

with

ud = u1 − u2 + i2rk +
xk

𝜔

di2

dt
(4.139)

id = i1 + i2 (4.140)

rk = r1 + r2 (4.141)

xk = 𝜔(L1 + L2) (4.142)
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i1 i2

Ψm

u1 u2

Figure 4.71 A two-winding single-phase transformer

id

ud

L1

r1

Figure 4.72 A two-terminal network

where id and ud are the differential current and virtual differential voltage between the primary and sec-
ondary windings, respectively, and rk and xk are the winding resistance and the short-circuit reactance,
respectively.

Using Equation (4.138), a two-terminal network containing only the winding resistance and the leakage
inductance can be obtained (Figure 4.72).

Here, Pf and Pc are defined as the active powers flowing into and consumed by the two-terminal net-
work, respectively. They can be expressed as:

Pf =
1
T ∫

T

0
(ud(t)id(t))dt (4.143)

Pc =
1
T ∫

T

0
(i2

d(t)r1)dt (4.144)

where T is one cycle data window.
In the magnetizing inrush and normal operation cases of the power transformer, Pf is very close to Pc.

However, when an internal fault occurs, Pf and Pc are both affected and Pf is no longer close to Pc owing
to the arcing discharge.

P = |Pf − Pc| (4.145)

P is defined as the absolute difference of active power (ADOAP) between Pf and Pc. If ADOAP is less
than a threshold, the relay determines that there is an inrush current and rejects the tripping. Otherwise,
the relay determines that an internal fault has occurred. The threshold should be set to avoid the needless
operation by the measurement error and the calculation error. In theory, the threshold is close to zero.
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Due to the elimination of the mutual flux linkage, the technique does not require data on the B–H
curve or knowledge of iron losses. Also, from Equations (4.143) and (4.144), it is found that ADOAP
does not make use of the leakage inductances of the primary and secondary windings to distinguish the
internal fault from the inrush current.

4.10.1.2 The ADOAPs of a Two-Winding Three-Phase Transformer

Figure 4.73 shows the connections of the primary and secondary windings of a Δ/Y transformer.
The following equations express the Δ and Y-connected windings as functions of the mutual flux

linkages and the currents of the windings:

ua = iar + La

dia

dt
+

d𝜓ma

dt
(4.146)

ub = ibr + Lb

dib

dt
+

d𝜓mb

dt
(4.147)

uc = icr + Lc

dic

dt
+

d𝜓mc

dt
(4.148)

uA = iAR + LA

diA

dt
+

d𝜓ma

dt
(4.149)

uB = iBR + LB

diB

dt
+

d𝜓mb

dt
(4.150)

uC = iCR + LC

diC

dt
+

d𝜓mc

dt
(4.151)

where the parameters of the secondary side have been converted to the primary side by the transformer
ratio. ua, ub and uc are the voltages of primary windings a, b and c; ia, ib and ic are the currents of primary
windings; La, Lb and Lc are the leakage inductances of primary windings; r is the resistance of primary
windings; uA, uB and uC are the voltages of secondary windings; iA, iB and iC are the currents of sec-
ondary windings; LA, LB and LC are the leakage inductances of secondary windings; R is the resistance
of secondary windings; 𝜓ma, 𝜓mb and 𝜓mc are the mutual flux linkages.

The line currents in the Δ-connected windings are obtained as follows:

iLa = ia − ib (4.152)

a

iLa
ia iA

A

B

C

iB

iC

iLb
ib

iLc

ic

b

c

Figure 4.73 A two-winding three-phase Δ/Y transformer
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iLb = ib − ic (4.153)

iLc = ic − ia (4.154)

Consider the leakage inductances to be constant and equal in the normal operation state and during the
inrush current period. La = Lb = Lc = L1, LA = LB = LC = L2. The equations of the primary and secondary
sides can be written as:

ua − ub = iLar + L1

diLa

dt
+

d(𝜓ma − 𝜓mb)
dt

(4.155)

ub − uc = iLbr + L1

diLb

dt
+

d(𝜓mb − 𝜓mc)
dt

(4.156)

uc − ua = iLcr + L1

diLc

dt
+

d(𝜓mc − 𝜓ma)

dt
(4.157)

uA − uB = (iA − iB)R + L2

d(iA − iB)
dt

+
d(𝜓ma − 𝜓mb)

dt
(4.158)

uB − uC = (iB − iC)R + L2

d(iB − iC)
dt

+
d(𝜓mb − 𝜓mc)

dt
(4.159)

uC − uA = (iC − iA)R + L2

d(iC − iA)
dt

+
d(𝜓mc − 𝜓ma)

dt
(4.160)

The flux linkages mutual to the primary and secondary windings of each phase are equal and can be
eliminated using Equations (4.155)–(4.160) as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

udA = idAr2 + L2

didA

dt

udB = idBr2 + L2

didB

dt

udC = idCr2 + L2

didC

dt

(4.161)

with ⎧⎪⎪⎪⎨⎪⎪⎪⎩

udA = ua − ub − uA + uB − iLark −
xk

𝜔

diLa

dt

udB = ub − uc − uB + uC − iLbrk −
xk

𝜔

diLb

dt

udC = uc − ua − uC + uA − iLcrk −
xk

𝜔

diLc

dt

(4.162)

⎧⎪⎨⎪⎩
idA = −

(
iLa + iA − iB

)
idB = −(iLb + iB − iC)
idC = −(iLc + iC − iA)

(4.163)

{
rk = r1 + r2

xk = 𝜔
(
L1 + L2

) (4.164)

Using Equation (4.161), three groups of two-terminal networks containing winding resistances and
leakage inductances can beobtained. Then, a procedure similar to the single-phase transformer provides
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P1, P2 and P3, which are all defined as the ADOAPs.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

P1 =
1
T

|||||∫
T

0

(
udA (t) idA(t) − i2

dA(t)r2

)
dt
|||||

P2 =
1
T

|||||∫
T

0

(
udB (t) idB(t) − i2

dB(t)r2

)
dt
|||||

P3 =
1
T

|||||∫
T

0

(
udC (t) idC(t) − i2

dC(t)r2

)
dt
|||||

(4.165)

If the ADOAPs of three phases are all less than the threshold, the relay determines there is an inrush
current and rejects the tripping. Otherwise, the relay determines that there is an internal fault.

4.10.1.3 The ADOAPs of a Three-Winding Three-Phase Transformer

A three-winding three-phase transformer with Δ/Y/Y0 connection is shown in Figure 4.74.
The following equations express the voltages of the windings as functions of the mutual flux linkages

and the currents of the windings:

ua1 = ia1r1 + L1

dia1

dt
+ m21

dia2

dt
+ m31

dia3

dt
+

d𝜓ma

dt
(4.166)

ub1 = ib1r1 + L1

dib1

dt
+ m21

dib2

dt
+ m31

dib3

dt
+

d𝜓mb

dt
(4.167)

a1

iLa1
ia1 ia2

ib2

ic2

ia3

ib3

ic3

iLb1
ib1

iLc1
ic1

b1

c1

a2

b2

c2

a3

b3

c3

Figure 4.74 A three-winding three-phase Δ/Y/Y0 transformer
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uc1 = ic1r1 + L1

dic1

dt
+ m21

dic2

dt
+ m31

dic3

dt
+

d𝜓mc

dt
(4.168)

ua2 = ia2r2 + L2

dia2

dt
+ m12

dia1

dt
+ m32

dia3

dt
+

d𝜓ma

dt
(4.169)

ub2 = ib2r2 + L2

dib2

dt
+ m12

dib1

dt
+ m32

dib3

dt
+

d𝜓mb

dt
(4.170)

uc2 = ic2r2 + L2

dic2

dt
+ m12

dic1

dt
+ m32

dic3

dt
+

d𝜓mc

dt
(4.171)

ua3 = ia3r3 + L3

dia3

dt
+ m13

dia1

dt
+ m23

dia2

dt
+

d𝜓ma

dt
(4.172)

ub3 = ib3r3 + L3

dib3

dt
+ m13

dib1

dt
+ m23

dib2

dt
+

d𝜓mb

dt
(4.173)

uc3 = ic3r3 + L3

dic3

dt
+ m13

dic1

dt
+ m23

dic2

dt
+

d𝜓mc

dt
(4.174)

where the parameters of the secondary and the tertiary sides have been converted to the primary side by
the transformer ratio. ua1, ub1 and uc1 are the voltages of the primary windings; ia1, ib1 and ic1 are the
currents of the primary windings; iLa1, iLb1 and iLc1 are the line currents of the primary windings; r1 is the
resistance of primary the windings; L1 is the self-leakage inductance of the primary windings; ua2, ub2 and
uc2 are the voltages of the secondary windings; ia2, ib2 and ic2 are the currents of the secondary windings; r2

is the resistance of the secondary windings; L2 is the self-leakage inductance of the secondary windings.
ua3, ub3 and uc3 are the voltages of tertiary windings; ia3, ib3 and ic3 are the currents of the tertiary windings;
r3 is the resistance of the tertiary windings; L3 is the self-leakage inductance of the tertiary windings; m12
and m21 are the mutual leakage inductances between the primary and secondary windings; m31 and m13

are the mutual leakage inductances between the primary and tertiary windings; m32 and m23 are the mutual
leakage inductances between the secondary and tertiary windings; 𝜓ma, 𝜓mb and 𝜓mc are the mutual flux
linkages.

Assume the mutual leakage inductances to be constant and equal during normal operation conditions
and the inrush currents: m12 =m21, m13 =m31, m23 =m32. A procedure similar to the two-winding trans-
former provides three groups of the ADOAPs:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

P1 = 1
T

|||||∫
T

0

(
uab12 (t) ida(t) − i2

da(t)r1

)
dt
|||||

P2 = 1
T

|||||∫
T

0

(
ubc12 (t) idb(t) − i2

db(t)r1

)
dt
|||||

P3 = 1
T

|||||∫
T

0

(
uca12 (t) idc(t) − i2

dc(t)r1

)
dt
|||||

(4.175)

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

P4 = 1
T

|||||∫
T

0

(
uab23 (t) ida(t) − i2

da(t)r2

)
dt
|||||

P5 = 1
T

|||||∫
T

0

(
ubc23 (t) idb(t) − i2

db(t)r2

)
dt
|||||

P6 = 1
T

|||||∫
T

0

(
uca23 (t) idc(t) − i2

dc(t)r2

)
dt
|||||

(4.176)
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⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

P7 =
1
T

|||||∫
T

0

(
uab31 (t) ida(t) − i2

da(t)r3

)
dt
|||||

P8 =
1
T

|||||∫
T

0

(
ubc31 (t) idb(t) − i2

db(t)r3

)
dt
|||||

P9 =
1
T

|||||∫
T

0

(
uca31 (t) idc(t) − i2

dc(t)r3

)
dt
|||||

(4.177)

with ⎧⎪⎨⎪⎩
ida = iLa1 + ia2 − ib2 + ia3 − ib3

idb = iLb1 + ib2 − ic2 + ib3 − ic3

idc = iLc1 + ic2 − ia2 + ic3 − ia3

(4.178)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

uab12 = ub2 − ua2 + ua1 − ub1 +
(
ia2 − ib2

)
(r1 + r2)

+
x1 + x2

𝜔

d(ia2 − ib2)
dt

+ (ia3 − ib3)r1 +
x1

𝜔

d(ia3 − ib3)
dt

ubc12 = uc2 − ub2 + ub1 − uc1 + (ib2 − ic2)(r1 + r2)

+
x1 + x2

𝜔

d(ib2 − ic2)
dt

+ (ib3 − ic3)r1 +
x1

𝜔

d(ib3 − ic3)
dt

uca12 = ua2 − uc2 + uc1 − ua1 + (ic2 − ia2)(r1 + r2)

+
x1 + x2

𝜔

d(ic2 − ia2)
dt

+ (ic3 − ia3)r1 +
x1

𝜔

d(ic3 − ia3)
dt

(4.179)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

uab23 = ub3 − ua3 + ua2 − ub2 +
(
ia3 − ib3

)
(r2 + r3)

+
x2 + x3

𝜔

d(ia3 − ib3)
dt

+ iLa1r2 +
x2

𝜔

diLa1

dt
ubc23 = uc3 − ub3 + ub2 − uc2 + (ib3 − ic3)(r2 + r3)

+
x2 + x3

𝜔

d(ib3 − ic3)
dt

+ iLb1r2 +
x2

𝜔

diLb1

dt
uca23 = ua3 − uc3 + uc2 − ua2 + (ic3 − ia3)(r2 + r3)

+
x2 + x3

𝜔

d(ic3 − ia3)
dt

+ iLc1r2 +
x2

𝜔

diLc1

dt

(4.180)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

uab31 = ub1 − ua1 + ua3 − ub3 + iLa1

(
r1 + r3

)
+

x1 + x3

𝜔

diLa1

dt
+ (ia2 − ib2)r3 +

x3

𝜔

d(ia2 − ib2)
dt

ubc31 = uc1 − ub1 + ub3 − uc3 + iLb1(r1 + r3)

+
x1 + x3

𝜔

diLb1

dt
+ (ib2 − ic2)r3 +

x3

𝜔

d(ib2 − ic2)
dt

uca31 = ua1 − uc1 + uc3 − ua3 + iLc1(r1 + r3)

+
x1 + x3

𝜔

diLc1

dt
+ (ic2 − ia2)r3 +

x3

𝜔

d(ic2 − ia2)
dt

(4.181)

where x1, x2 and x3 are the short-circuit reactances of the primary, secondary and tertiary windings,
respectively. These values can be obtained from the transformer manufacturer.⎧⎪⎨⎪⎩

x1 = 𝜔
(
L1 − m12 − m13 + m23

)
x2 = 𝜔(L2 − m12 − m23 + m13)
x3 = 𝜔(L3 − m13 − m23 + m12)

(4.182)
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If three groups of the ADOAPs are all less than a pre-set threshold, the relay determines that there is an
inrush current and rejects the tripping. Otherwise, the relay determines that an internal fault has occurred.

4.10.2 Experimental System

To verify the effectiveness of the proposed method, the experimental tests have been carried out at the
EPDL. The experimental transformer is a three-phase, two-winding transformer bank with Y0/Δ-11 con-
nection fed by a large power system grid (Figure 4.75). The parameters of the two-winding transformers
are given in Table 4.14. Three identical 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 samples of three phase voltages and differential currents when the transformer
is energized or when a fault occurs or when both occur simultaneously. To test various features of the
algorithm, a total of 162 cases have been divided into three main categories: 56 cases for inrush conditions
only, 52 cases for simultaneous internal fault and inrush conditions, and 54 cases for faulty conditions
only. Different switching on and clearing instants for inrush currents, as well as different faults and
short-circuit turn ratios for internal faults, are considered in the tests. The measured data are used as
inputs to the developed algorithm to identify its response.

Figures 4.76–4.80 show some examples of the experimental test results: the differential currents and
the resulting analysis. The ADOAPs are calculated just after the relay starts up for one cycle. In addition,
the threshold is set to be 5 W (represented with the dashed line in the diagrams) and fairly good results
have been obtained in all 162 cases.

4.10.3 Testing Results and Analysis

4.10.3.1 Responses to Different Inrush Conditions

A total of 56 test cases were carried out in this situation. The inrush current waveform is a function of the
different core residual magnetization and the switching on instant, so the waveforms of the inrush current
are different from each other. However, the ADOAPs calculated using Equation (4.165) present identical

Xs
Large System Transformer

Load

Figure 4.75 The EPDL experimental system

Table 4.14 Parameters of the transformer used in the test

Rated capacity (kVA) 30
Rated voltage ratio (V) 1732.05/380
Rated current ratio (A) 10/45.58
Rated frequency (Hz) 50
No-load current (%) 1.45
No-load loss (%) 1
Short-circuit voltage (%) 9.0–15.0
Short-circuit loss (%) 0.35
Load (kW) 0.9
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Figure 4.76 Differential currents and experimental results when the transformer is energized: (a) dif-
ferential currents; (b) ADOAPs
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Figure 4.77 Differential currents and experimental results when the transformer is switched on with
no load and a turn-to-ground fault in phase B: (a) differential currents; (b) ADOAPs

results due to elimination of flux linkages. An example taken from these cases is given in Figure 4.76,
where the differential currents of the three phases and their ADOAPs are shown in Figures 4.76a and
4.76b, respectively. It is found that the calculated ADOAPs of the three phases are negligible and only
have little variation resulting from the measurement and calculation errors (Figure 4.76b). According to
the criterion of the two-winding three-phase transformer, the protection will be blocked.

4.10.3.2 Responses to a Simultaneous Fault and Inrush Conditions

When the transformer is energized with an internal fault, the inrush current may occur and will affect
the differential current waveforms of fault phases. This has been verified by a total of 52 cases with
simultaneous inrush currents and internal fault currents.
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Figure 4.78 Differential currents and experimental results when the transformer is energized with a
2.4% turn-to-turn fault in phase A: (a) differential currents; (b) ADOAPs
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Figure 4.79 Differential currents and experimental results when a turn-to-ground internal fault occurs
in phase B: (a) differential currents; (b) ADOAPs

Figure 4.77a as an example shows this condition, which is obtained by switching on the transformer
bank with no load and a turn-to-ground fault in phase B. Nonfault phase C presents the magnetizing
current and fault phases A and B show little distortion. Using Equation (4.165), the ADOAPs of the
three phases can be calculated (Figure 4.77b). The ADOAP of phase C is close to zero, whereas the
ADOAPs of phases A and B are very noticeable.
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Compared with Figure 4.77a, Figure 4.78a shows differential currents with more severe distortion,
where the transformer bank is energized with no load and a 2.4% turn-to-turn fault (minimum ratio of
turns provided by the experimental transformer) occurs in phase A.

After analysis in the frequency domain, it is found that the magnitudes of the second harmonic in fault
phases A and C are greater than that of some magnetizing inrush currents. Consequently, the commonly
employed conventional differential protection technique based on the second harmonic will thus have
difficulty in distinguishing between an internal fault and an inrush current. However, the ADOAPs of
fault phases show much higher amplitudes than the threshold in Figure 4.78b, which means that the
relay determines there is an internal fault and lets the relay trip.

These results are in accordance with the practical state of the transformer bank. In the total of the
52 cases, the identical results verify that the proposed technique is sensitive and reliable to discrimi-
nate internal faults from inrush currents when the simultaneous inrush currents and faults occur in the
transformer.

4.10.3.3 Responses to Internal Fault Conditions Only

Data from a total of 54 cases are used to calculate the ADOAPs based on Equation (4.165). In all of the
54 cases, the ADOAPs of the faulty phases are noticeable, whereas the ADOAPs of nonfaulty phases are
negligible. Two examples are shown in Figures 4.79 and 4.80, respectively. One is a turn-to-ground fault
in the phase B (the same fault location as the example shown in Figure 4.77) and the other one is a 2.4%
turn-to-turn internal fault in the phase A (the same fault location as the example shown in Figure 4.78),
where the differential currents of the faulty phases become sufficiently small to be comparable with the
nominal value.

In Figures 4.79b and 4.80b, it is found that the ADOAPs of nonfault phases are close to zero but the
ADOAPs of fault phases are all larger than the threshold. Moreover, the ADOAPs in Figures 4.79b
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Figure 4.80 Differential currents and experimental results when a 2.4% turn-to-turn fault occurs in
phase A: (a) differential currents; (b) ADOAPs
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and 4.80b present similar results to those in Figures 4.77b and 4.78b, respectively. These results prove
the accuracy of the calculated ADOAPs and the sensitivity of the method to identify the internal
faults.

In summary, application of the two-terminal network to discriminate the inrush current from the inter-
nal fault current of a transformer is proposed. The basic theory about the two-terminal network was
derived first. Then, the criteria of the single-phase transformer, the two-winding three-phase transformer
and the three-winding three-phase transformer were developed in detail. A large number of experiments
were carried out to test the proposed techniques. In all of the 162 cases, the ADOAPs of the nonfault
phases are close to zero. On the other hand, the ADOAPs of phases with the internal faults are noticeable
and faults are all determined within one and a quarter cycle. The method is suitable whether it is possible
to measure the winding currents or not. Also, the method does not require the presence of harmonic cur-
rents to restrain the protection system during magnetizing inrush. Furthermore, the proposed method is
independent of the B–H curve, the leakage inductances and iron losses. The experimental results verify
the reliability, sensitivity and computational simplicity of the method.

4.11 Summary

Inrush can be generated when a loaded transformer is switched on the transmission line or an external line
fault is cleared, which may result in mal-operation of differential protection. Several schemes have been
proposed to distinguish between inrush and fault currents in this chapter, which is the key to improve the
reliability of the differential protection of power transformer. Experimental cases have been tested and
the results show that the proposed method is able to reliably and accurately discriminate internal faults
from inrush currents.
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5
Comprehensive Countermeasures
for Improving the Performance of
Transformer Differential Protection

5.1 Introduction

Under certain conditions, a considerable magnetizing inrush will occur when the transformer is switched
on. Magnetizing inrush is harmful to a power grid in many aspects: magnetizing inrush is a kind of shock
current. The mechanical stiffness of the transformer coil may be completely changed by the mechanical
force generated by the operation of switching on. In the worst case, it will produce a shift of the trans-
former in the fuel tank, which may destroy the coupling between the coils and the links between the coils
and the terminals. It eventually leads to the winding open. Meanwhile, the existence of the magnetizing
inrush will be regarded as an internal fault by the differential protection, causing the malfunction of the
relay. Rich harmonic components within the magnetizing inrush may cause resonance under a certain
frequency, which results in a negative impact on the power quality of the power grid. The DC component
of the magnetizing inrush produces a mechanical torque of an oscillating nature on the motor and will
increase the oscillation of the motor, thereby affecting its life. For the power transformers in the trans-
mission system and distribution system, the magnetizing inrush will not occur until the operation of the
routine switching on or re-closing after fault removal. However, it is different for a traction transformer,
which is widely used in electrified railways. Because of the existence of intermediate links (dead zone)
in the overhead transmission lines, the power-up and power-down operation will occur 50 times in each
1000 km distance, and these will frequently induce magnetizing inrush of the transformer.

The main research interests in the field of transformer inrush suppression include the following two
aspects: one is to control the inception angles of the transformer or switch large resistance to suppress the
inrush; the other is to eliminate the adverse effects of inrush on the transformer differential protection by
identifying the characteristics of magnetizing inrush. Both strategies have obvious shortcomings. Firstly,
the control accuracy of the inception angle needs high hardware requirements. The optimal closing time
may be missed due to a very short delay. In a power-frequency cycle, only two voltage inception angles
without magnetic bias can be captured, that is, the two peaks of the sinusoidal voltage (90∘ or 270∘).
If these two points deviate, the magnetic bias will occur, which requires that all operation mechanisms
(including circuit breakers) of the switching-on operation must have an accurate and stable operating
time. In order to completely eliminate the three-phase magnetizing inrush, the three phases of the breaker
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must be switched on in terms of time-sharing and split-phase. However, some existing electricity oper-
ating codes prohibit such time-sharing and split-phase operation in that it will lead to non-wholly-phase
operation. In addition, some breakers structurally cannot be split-phase operated. On the other hand, the
identification error is affected by many factors and it is rather difficult to identify the magnetizing inrush
by means of physical and mathematical methods because the characteristics of the magnetizing inrush are
related to many factors, such as the inception angle, the electromagnetic parameters of the transformer.
Therefore, there exists remarkable action discreteness. Universally valid identification and avoidance
strategies ‘to avoid inrush occurrence’ have not yet been found although there have been decades of
unremitting efforts. Another Achilles’ heel ‘to avoid inrush occurrence’ is to tolerate the appearance of
the magnetizing inrush. Its pollution of the power grid and the destructive force to the electrical equipment
still exist.

To solve the above problem, a so-called ‘Magnetizing Inrush Suppresser’ (MIS) based on second-order
underdamped circuit are designed to directly eliminate magnetizing inrush. Incorporating the MIS, it
imposes the source voltage on the tertiary winding of the three-winding transformer, which has the same
phase with the excitation voltage and its amplitude can slowly change according to a specific time con-
stant. As the voltage amplitude is gradually increased to the rated voltage, there will be no magnetizing
inrush caused by the transient process. When the main winding is switched on, the main magnetic flux
is first established through the tertiary winding. Because of the seamless connection of the boundary
conditions, it will not stimulate the magnetizing inrush at the moment of switching on. An MIS ceases
operation when the energizing process is completed. The simulation tests for the function of magnetizing
inrush suppression are carried out based on PSCAD/EMTDC software, and the simulation results show
the correctness and effectiveness of the proposed method.

Differential protection, having a simple principle and reliable performance, is one of the key protections
of mainstream electric equipment. When applied to protecting transformers, two important problems
need to be resolved – how to ensure the stability of the differential protection during occurrences of
magnetizing inrush and how to ensure stability during current transformer (CT) saturation [1, 2]. With
regard to the inrush restraint, a variety of solutions have been proposed [3–6]. In contrast, solutions for
the latter have yet to be studied in depth. The definition of the problem resulting from CT saturation can
be illustrated by Figure 5.1 and is elaborated further here

Figure 5.1 shows the comparison of the primary, secondary and magnetizing currents during CT satura-
tion due to a heavy external fault. In this case, the short-circuited current with great amplitude, especially
with the aperiodic component of the current, probably means that the CT enters into the saturation
quickly. In this case, a proportion of the primary current of the CT is forced to flow through the mag-
netizing branch. If supposing that CTs on the other side of the protected equipment, such as the power
transformer or busbar, can still transform linearly, the differential protection can detect the false differ-
ential current with observable amplitude. Actually, this differential current is the magnetizing current of
the saturated CT. The mal-operation of the differential protection possibly occurs if this current exceeds
the operating threshold.

1 41 81 121 161

The reduced primary and
secondary currents (solid

curves)
The differential
current (broken

curve)

Figure 5.1 Currents during CT saturation

www.EngineeringBooksPDF.com



Improving the Performance of Transformer Differential Protection 239

The percentage restraint criterion and the method using operation time difference between start-up
element and the differential protection element [7] are two typical solutions.

The characteristic of the percentage restraint principle is that the operation current will increase with
respect to the increase of the through current. Therefore, mal-operation due to CT saturation caused by an
external fault can be avoided to some extent. However, in the event of extreme saturation of the CT, this
method will fail to restrain the differential protection. To deal with this scenario, an alternative method
emerges in terms of the facts outlined in the following paragraph.

In the initial stage of an external fault (1/4.1/2 cycle), even if an extreme one, CTs are commonly in the
unsaturated state and the false differential current is quite low, as CTs transform linearly. Therefore, in
the event of external fault, the differential element will operate a little bit slower than the start-up element;
but for an internal fault, the start-up element and the differential protection operate simultaneously no
matter whether the CT saturates or not. Therefore, the operating time difference between the start-up
element operation and differential protection operation can be used to discriminate between internal
and external faults effectively. In this way, the differential protection will be blocked for a period of
time to avoid mal-operation when an external fault is determined. Adopting this method can basically
ensure the security of the differential protection experiencing an external fault. To implement a complete
protection scheme, the scenario of a cross-country fault should be dealt with. A cross-country fault is one
where there are two faults affecting the same circuit, but in different locations and, possibly, involving
different phases. Among a variety of cross-country faults, the one in which an external fault develops
to become an internal fault is the concern of the protection engineer. There are two methods for dealing
with the problem of a cross-country fault. One ignores the cross-country fault’s existence, that is, the
blocking process of the protection lasts until the differential element reclaims and then the protection
can be unblocked. In this case, if the external fault develops to an internal fault, the protection will fail to
trip for a long time. The other method is to detect the waveform of the differential current continuously
to check if the CT is still saturated. In this case, the cross-country fault will be regarded as nonexistence
if the CT still saturated; otherwise, it is determined that the external fault develops to an internal fault
and the protection is unblocked. Some methods identifying CT saturation have been proposed, such as
the one based on waveform identification, the one based on wavelet analysis, the one based on harmonic
detection and so on. All these methods are established with a potential premise, that is, the CT saturation
will vanish when the external fault develops to an internal fault, and this assumption is basically correct
for busbar protections.

For busbar protection, when a fault occurs at the near-end of one line, short-circuited currents supplied
by each power supply all flow through the CT on the faulty line. As type selections of CTs are identical
under the same voltage level, the short-circuited current on the faulty line far exceeds the short-circuited
currents on other lines, which lead CTs on the faulty line to enter an extreme saturated state while the CTs
on other lines remain unsaturated. In this case, false differential current occurs. When the external fault
develops to an internal fault of the busbar, the short-circuited current carried by the CT of the heaviest
burden will turn to a much lower value, since it is fed only by a certain source. Herein, the saturation of
the CT will disappear. In this case, the waveform of the differential current will present the characteristic
of an unsaturated one. Therefore, it is correct to unblock the busbar differential operation according that
whether the saturation characteristic of differential current waveform exists or not.

However, the situation for the transformer protection is different. As the voltage level of each side of
the transformer is different under normal operating condition, load currents flowing through both sides
are different. The differential current should not exist under normal operating conditions. Therefore,
the linearity degrees of the CTs on both sides should be identical. However, it is a difficult task due to
different load currents. In this scenario, when an external short-circuit fault occurs, the through current
always enables the CT on one side to saturate more easily. If an external fault occurs on the external
side of the unsaturated CT and then develops to an internal one, the differential current consequentially
contains the current flowing through the saturated CT. The worst scenario occurs in the case of single-end
power supply. In this case, the differential current only consists of the secondary current of the saturated
CT. Under this circumstance, varied criteria unblocking the protection based on the vanishing of the
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saturation characteristic of differential current will fail to unblock the differential protection. Obviously,
it does not meet the requirement for fast operation of differential protection.

To deal with the above problem, a new criterion was sought for the fast unblocking of the differential
protection when experiencing a cross-country fault. During our investigations, it was noticed that the
locus of the variation of the saturated secondary current with respect to the differential current can be used
to dynamically identify the cross-country fault. Therefore, the blocked protection during CT saturation
due to an external fault can be unblocked as soon as possible. The detail of this method is given below.

The differential protection is a widely-applied main protection of power transformers. Due to the influ-
ence of the saturation of the iron core of the transformers, the sensitivity and reliability of the relay are
not always harmonized in terms of identifying between the inrushes and fault currents.

Up to now, many solutions have been proposed, for example, multipiecewise based percentage differ-
ential protection, second harmonic restraint and so on. These methods have been successfully applied on
site. However, there are also some disadvantages to be overcome. To improve the use ratio of ferromag-
netic materials, the point of saturation is designed at a relatively low value, which leads to challenges
to a category of criteria based on the characteristic of the differential currents, such as second harmonic
based ones and the so-called waveform symmetry based ones. Actually, the average correct operation
ratio of the differential protection of transformers of 220 kV and above is only up to 76% approximately
according to the statistics of relay operation.

The faults of transformers can be classified as ones inside the tank and ones outside the tank. The
usual faults outside the tank include the phase–phase faults and the earth faults, and so on. These serious
faults will result in the heavy short-circuit current, leading to serious impact on the transformers. Even the
tank-in faults, which include the inter-turn faults and turn-to-ground faults, also lead to the overheating of
the transformer, damaging the winding or the core if they are not cleared in time. On the other hand, the
sensitivity of the protection is often lowered deliberately to avoid mal-operation resulting from the false
differential current, such as magnetizing inrushes. To effectively protect the transformer, the sensitivity of
the protection in terms of discrimination between false differential currents and inter-turn fault currents
must be significantly improved.

Besides, the differential protection will be blocked by the restraint element when the false current
results from transformer energizing or voltage recovery. In this case, if the cross-country fault occurs
during this period, some existing criteria are incapable of identifying the developing fault and lead to
the long-time fail-to-trip of the protection. Although it is perhaps a small-probability event, it has been
reported several times previously. A well-designed protection should not ignore this defect. Therefore, a
good criterion will have the ability to identify the developing fault even in the existence of false differ-
ential current and allow the protection to operate rapidly.

Furthermore, most conventional criteria based on the harmonic or waveform characteristics to identify
the magnetizing inrush current usually need one cycle post-fault current data, which limits the operation
speed. However, the benefit of reliable and high-speed main protection of the transformer is self-evident
if the speed of identifying the fault can be increased.

Aimed at solving the problems above, the characteristic of the time interval between the sudden change
of phase voltage and the emergence of differential current has been investigated and a new time-interval
based relay criterion for differential protections is proposed. An EMTDC-based model, which covers
various fault situations, taking the Y/Δ-connected transformer as an example, is established to ver-
ify this criterion. The test results confirm that the criterion is effective and practical. Furthermore, a
comprehensive protection scheme is designed on the basis of time-difference based method, together
with second harmonic restraint criterion and cross-country fault identification criterion to deal with
a variety of complicated energizing and fault scenarios. This scheme is also validated with extensive
simulation tests.

Differential protection is widely used to protect generators, transformers, busbars and the transmission
lines [8]. Therefore, the reliability of the differential protection, especially when experiencing a variety
of disturbances, becomes the main concern. CT saturation is the greatest challenge to the stability of the
differential protection. A false differential current will occur if the transforming characteristic of the CT
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on one side differs from that of the CT on the other side. A significantly high false differential current
may emerge if the CT at one side saturates in depth, while the one at the other side completely transforms
the primary current. In this case, the differential protection possibly mal-operates. Such scenarios must
be taken into account and prevented.

Studies have disclosed that the CT output at each side will not saturate immediately, even when expe-
riencing a heavy through fault. Suppose that the differential protection is equipped with two CTs, one
can transform the primary current all over the transient process while the other one saturates during this
process. It should be noticed that both CTs operate in the linear region for at least 3.5 ms before one
attains saturation. This phenomenon results from the fact that the reactance of the core of the CT is an
energy-storage element and follows the law the conversation of energy. Therefore, the current through it
cannot change suddenly. Therefore, both CTs can truly transform the primary current during this period
of time, and the differential current will not emerge in this period. Afterwards, a false differential current
may occur if one of the CTs begins to saturate. In this case, a time difference (TD) between the fault
occurrence and the emergence of a false differential current will exist. As for any internal fault, even
accompanied by the subsequent CT saturation, this TD is nearly equal to zero in that both CTs can trans-
form the primary currents truly in the initial stage of the fault, and the authentic differential current can
be obtained instantaneously when the phase currents change. Therefore, there will not be such a TD in
the event of any internal fault. As a result, this TD can be used as a criterion for allowing the differential
protection to operate instantaneously. However, the TD is possibly too small to be identified in the event
of very fast CT saturation. An effective algorithm to locate this TD is still worth studying. A new scheme
of CT saturation blocking using mathematical morphology (MM) is introduced to accurately discern this
TD between the fault occurrence instant and differential current emergence instant.

As the theoretical fundamental of the proposed criterion, MM is introduced briefly below. Then a novel
TD detection criterion using series multiresolution morphological gradient (SMMG) is put forward. To
evaluate the effect of the proposed method, the EMTDC-based simulations were carried out and the
performance of this scheme evaluated.

Differential protection is the main protection of primary electrical equipment from internal faults, the
application of which is very successful on generators. But there are some problems when it is applied to
transformers. There are two or three voltage grades in conventional transformers. Because the voltage
level, the transformation ratio, capacity and iron core saturation as well as three-phase wiring of CT used
by differential protection are different, the magnitude of the stable and transient unbalanced current of
the differential circuit is very large. Especially when an external short-circuit fault occurs, the magni-
tude of the unbalanced current is much larger. The characteristic of the internal fault may be shown in a
differential circuit, which inevitably leads to protection mal-operation without any measurements. The
ability to avoid the unbalanced current can be improved by selecting reasonable braking characteristics
of the differential relay ratio. On this basis, different countermeasures are proposed according to the char-
acteristics of the waveform of the unbalanced current, such as the Time Difference Method, Harmonic
Detection Method, DC Latching Method and so on. The internal and external faults are distinguished
by detecting whether the faults and the moment when the differential current occurs are synchronized
using the Time Different Method. Because the CT may be saturated in a very short time when an external
fault occurs, accurate judgments will not be made if a tiny deviation of positioning occurs at that time.
For the Harmonic Detection Method, because the harmonics in the transient current cannot be accurately
quantified, the setting value is determined by experience, as well as filter parameters and algorithms, the
sensitivity of which needs to be improved. The significant feature of the imbalanced current is that the
maximal value of the DC component is greater than that of the AC component, so the phenomena that
the waveform of the current is biased to the timeline occur. That is, the instantaneous value of the current
is unipolar; the insulation of winding only breaks down when the voltage is close to peak, so the instanta-
neous value of the short-circuit current is bipolar when a fault occurs in a transformer. If a regional fault
occurs outside the protected transformer and it is a threat to system stability that requires rapid removal,
a differential current quick break protection can be added to constitute a DC lockout program of CT
transient saturation.
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Traditional relays, based on the DC component of the velocity saturation principle, often mal-operate
because of failure to avoid an inrush current when the transformer is closed with no load. So, based on
the analysis of the CT transient saturation behaviour, a new method using grille fractal algorithms to fully
excavate the singularity information of the current waveform is proposed. The protection mal-operation
caused by CT saturation can be avoided when an external fault occurs, and inrush current can be latched
by the method. The grille fractal curve can be denoised and smoothed by means of a generalized morpho-
logical filter combined with an adaptive algorithm. Finally, the correctness and feasibility of the method
is verified by dynamic simulation tests.

5.2 A Method to Eliminate the Magnetizing Inrush Current of Energized
Transformers

5.2.1 Principles and Modelling of the Inrush Suppressor and Parameter Design

5.2.1.1 Factors Influencing the Magnetizing Inrush

The magnitude of the magnetizing inrush depends on the value of the magnetizing inductance, L
𝜇
, and

also on whether the transformer core is saturated. The transformer core is not saturated during normal
operation and external faults. When the voltage is restored after no-load transformer energizing and
removal of external fault, the transformer voltage will rise to the operating voltage from zero or a very
small value suddenly. During the electromagnetic transient process of the voltage rising, the transformer
may be severely saturated, leading to a magnetizing inrush of great magnitude. Its peak value can be up
to 4–8 times the rated current. Remanence and inception angle are the most critical factors affecting the
inrush magnitude.

Magnetizing inrushes caused by transformer energizing under conditions of different inception angles
are shown in Figures 5.2–5.5. The peak values of the inrushes and the times to steady state for various
switching angles are summarized in Table 5.1.

The simulation uses the benchmark model of the single-phase transformer in PSCAD/EMTDC, the
fundamental parameters are:

Normal capacity: SN = 100.0 MVA

Normal voltage (RMS)∶ U1N∕U2N = 230.0 kV∕115.0 kV

(Note: The following data are p.u.)

Leakage inductance: L
𝜎
= 0.10

Air gap core mutual impedance: Lm = 0.20

Core magnetization curve knee point: Φsat = 1.25

Excitation current: I
𝜇
= 0.3%

Remanence: Ψr = 0.7

Owing to the existence the core remanence, the inrush value is not 0 in the case when the inception
angle, 𝛼, = 90∘ and 270∘. However, compared with other cases, the magnitude of the inrush is lower and
the transitional time to normal operation is also greatly reduced. In fact, there always exists a certain
inception condition that corresponds to each of the remanence leading to the synthesis of DC magnetic
bias being equal to zero. For instance, in the case of remanence 𝜓 = 0.7 (per unit), the magnetic flux of
the core after transformer switch-on is:

Ψ = −Φm cos(𝜔t + 𝛼) + (Φm cos 𝛼 + Ψr) (5.1)
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Figure 5.2 Magnetizing inrush when 𝛼 = 0∘
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Figure 5.3 Magnetizing inrush when 𝛼 = 90∘
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Figure 5.4 Magnetizing inrush when 𝛼 = 180∘

The magnetic bias of the core (i.e. transient nonperiodic) is:

Ψres = (Φm cos 𝛼 + Ψr) (5.2)

Substituting 𝜓 r = 0.7 p.u. into Equation (5.2) and letting Equation (5.2) equal 0, the ideal inception
angle should be:

𝛼best = arccos

(
−
Ψr

Φm

)
= arccos(−0.7) = 2.3462 rad (5.3)

If the inception angle is 𝛼best, the transient process of the flux does not appear at the inception moment
and the magnetizing inrush will no longer appear. In this case, the transformer will directly enter the
steady-state operation.
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Figure 5.5 Magnetizing inrush when 𝛼 = 270∘

Table 5.1 The peak value of the inrush and the time to steady state for various switching instants

Inception angle, 𝛼 (∘) Peak value of the inrush (kA) Duration of the transient process (s)

0 3.0354 1.7
90 0.618 1.1

180 −1.1376 1.5
270 0.01121 0.9

As seen, the inception angle of the transformer has great impact on the generation of magnetizing
inrush. If the inception angle can be effectively controlled, the appearance of the magnetizing inrush
will be fundamentally suppressed. There exist two scenarios for the transformer from its switching-off to
re-energizing. The first is that the protection will disconnect the transformer when a transient fault occurs
on transformer. The transformer will then be commissioned again through the re-closing operation when
the detected fault is eliminated. Secondly, after outage for a long period due to routine maintenance, the
transformer is commissioned again through the energizing operation. For the former case, the core flux
of the transformer at the exiting moment can be obtained indirectly by recording its current value before
the transformer was switched off. According to the ferromagnetic material aging characteristics of the
transformer iron core, the magnetic flux can be calculated when the transformer is re-closed again after a
relatively short period of time. However, at present, a recognized model to calculate the remanence of the
core is still not available. Most existing models are theoretical ones. For the second case, determining the
remanence of the core during transformer energizing is more difficult. In summary, it is quite difficult
to accurately determine the remanence of the transformer. Even if the remanence is given, it is still
not feasible to catch the best time and successfully switch on by means of inception-angle control as
mentioned earlier. Therefore, elimination the magnetizing inrush by relying on inception-angle control
cannot be guaranteed.

In view of this problem, a process to inhibit the magnetizing inrush that does not depend on detecting
the core residual flux or controlling the inception angle is presented.

In this method, the tertiary winding is connected to a self-designed Inrush Current Suppresser (or
magnetizing inrush suppressor, MIS). Firstly, the tertiary winding side is switched on until the main flux
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is stable. Then, the primary winding side is switched on. Finally, the tertiary winding is switched off
and the transformer operates in the normal state. The input voltage of the MIS comes from the primary
winding side, so no extra power is needed and the phase of the output is the same as the primary one.
With the above design, the magnitude of the voltage applied to the tertiary winding can rise gradually
up to the rated voltage based on the specific time constant. No magnetizing inrush will occur, since the
voltage increases smoothly. Theoretically, with the coordinate of the MIS and the order of switch-on,
the transient nonperiodical components (biasing magnetism) generated by the combination of inception
order and residual flux can be eliminated completely.

5.2.1.2 Principle and Modelling of MIS

The MIS is located at between the tertiary winding of the three-circuit transformer and power supply.
Firstly, the tertiary winding is charged by the MIS before the primary winding is energized, which

establishes the steady-state alternating magnetic flux:

Ψ2 = −Φm cos(𝜔t + 𝛼) (5.4)

Then, the primary winding is switched on the grid. Neglecting the active power loss of the transformer
(that is, ignoring the resistance in the equivalent circuit) gives:

⎧⎪⎨⎪⎩
u =

√
2Um sin (𝜔t + 𝛼)

u = dΨ
dt

(5.5)

Therefore:
Ψ = −Φm cos(𝜔t + 𝛼) + C (5.6)

When the primary winding is switched on, according to the core flux linkage conservation:

−Φm cos(𝜔t + 𝛼)|t=t0
+ C = −Φm cos(𝜔t + 𝛼)|t=t0

(5.7)

Thus the bias magnetism is given by Equation (5.8) when the transformer is switched on:

Ψres = C = 0 (5.8)

Under such circumstances, the transformer can directly enter into steady state. After the transformer
has been successfully switched on, disconnecting the tertiary winding at any time will not lead to a
transient process, since it has no influence on the main magnetic circuit. Therefore, with the help of the
suppressing design and the coordination between switching on and switching off, the big voltage step
that results in biasing magnetism, and thus causes saturation and magnetizing inrush, can be avoided.
A simulation instance which illustrates the process of transformer switching on and switching off to
implement the core magnetic flux seamless connection is shown in Figure 5.6.

In this case, the tertiary winding voltage has been increased to the steady state gradually. Then, the
simultaneous switching-on and switching-off operations are executed at the time of t= 0.1 s. The corre-
sponding current and potential waveforms are shown in Figure 5.6. This figure shows that the current of
the tertiary winding is very small before t= 0.1 s and the current through the primary winding is zero.
After t= 0.1 s, the tertiary current turns into zero because of switch off while the primary winding enters
directly into steady state. The simulation indicates that no inrush occurs on the primary winding.

Therefore, the key point to solve the problem rests with designing an appropriate inrush suppresser
that inhibits the possible magnetizing inrush when the tertiary winding is switched on in advance.

The inrush suppresser should consist of a voltage divider and a second order underdamped system.
The MIS should exit when the transformer is running in a steady state, since it is a series element that
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Figure 5.6 Magnetizing current and the electromotive force (EMF) waveform in the main winding and
the tertiary winding in the case of synchronized switch-on accompanied by switch-off

contains energy dissipating elements such as resistance. Taking this factor into consideration, it is better
to operate by means of the tertiary winding instead of by the primary loop. When the power supply is
charging the transformer through the MIS and the tertiary winding, the voltage can change according to
the step response and the specific time constant. The voltage magnitude rises gradually to the rated value,
and the voltage frequency and phase are in accordance with the primary winding.

The model of the MIS between winding #2 and the power supply on a three-circuit transformer is
shown in Figure 5.7. (#2 stands for the circuit of the tertiary winding and #3 denotes the primary one.)

When energizing the transformer, the tertiary winding is firstly energized by the MIS. Then, the circuit
breaker of the primary winding is closed when the tertiary winding voltage reaches the stable value; the
MIS is disconnected subsequently. Finally, the transformer runs in the normal operation state.

As mentioned previously, the MIS is realized based on second-order underdamped system. The char-
acteristic roots of the transfer function of the second-order underdamped system are a pair of conjugate
complex roots. With reasonable design of the damping ratio of the second-order underdamped system,
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(s + a)2 + ω 2 

Figure 5.7 Connection of the magnetizing inrush suppresser

it is fully capable of tracking the frequency and phase of sinusoidal input voltage, to achieve the purpose
of restraining inrush. The specific design is described here.

Assume the input voltage source of the tertiary winding is given by:

ui =
√

2Um sin(𝜔t + 𝛼) (5.9)

The expected output voltage of the second-order system is:

uo =
√

2Um(1 − exp(−t∕T)) sin(𝜔t + 𝛼) (5.10)

Using the Laplace transform to deal with the input signal and output signal, gives:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Ui (s) =
√

2Um𝜔e
𝛼

𝜔
s 1
s2 + 𝜔2

Uo(s) =
√

2Um𝜔e
𝛼

𝜛
s

⎛⎜⎜⎜⎝
1

s2 + 𝜔2
− 1(

s + 1
T

)2

+ 𝜔2

e
𝛼

𝜔T

⎞⎟⎟⎟⎠
(5.11)

The system transfer function is:

H(s) =
Uo(s)
Ui(s)

=

√
2Um𝜔e

𝛼

𝜔
s

⎛⎜⎜⎜⎝
1

s2 + 𝜔2
− 1(

s + 1
T

)2

+ 𝜔2

e
𝛼

𝜔T

⎞⎟⎟⎟⎠√
2Um𝜔e

𝛼

𝜔
s 1
s2 + 𝜔2

=
⎛⎜⎜⎜⎝1 − s2 + 𝜔2(

s + 1
T

)2

+ 𝜔2

e
𝛼

𝜔T

⎞⎟⎟⎟⎠ (5.12)

According to Equation (5.12), the system transfer function is a function of the initial fault current angle,
𝛼, and time constant, T . Where, the initial fault current angle, 𝛼, is considered as:

⎧⎪⎨⎪⎩
𝛼min ≤ 𝛼 ≤ 𝛼max

𝛼min = 0

𝛼max = 2𝜋

(5.13)

Time constant, T , can characterize the tracking speed of the output voltage with respect to the input
voltage. Based on the following two considerations, the value of time constant, T , should be increased
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appropriately: Firstly, the large time constant, T , can minimize the impact of the initial fault current
angle, 𝛼, because e

𝛼

𝜔T ≈ 1 when T is large enough. The above system can be approximately equivalent to
a second-order system, which is easily designed and low cost. Secondly, increasing the time constant, T ,
can ensure that the amplitude of the voltage applied to the tertiary winding rises smoothly. In this case,
the possibility of core flux change due to changes in voltage amplitude, and the corresponding inducing
of a high-amplitude magnetizing inrush, can be reduced.

Based on the above assumption, that is:
e

𝛼

𝜔T ≈ 1 (5.14)

Then the system transfer function becomes:

H′(s) =
Uo(s)
Ui(s)

=
⎛⎜⎜⎜⎝1 − s2 + 𝜔2(

s + 1
T

)2

+ 𝜔2

⎞⎟⎟⎟⎠ (5.15)

Letting 1

T
= a, gives:

H′(s) =
(

1 − s2 + 𝜔2

(s + a)2 + 𝜔2

)
= 2as + a2

(s + a)2 + 𝜔2
(5.16)

According to the denominator of the system transfer function:

(s + a)2 + 𝜔2 = s2 + 2as + (a2 + 𝜔2) = s2 + 2
a√

a2 + 𝜔2

√
a2 + 𝜔2s + (

√
a2 + 𝜔2)2 (5.17)

Achieving the damping ratio of the system:

𝜉 = a√
a2 + 𝜔2

(5.18)

It is obviously that:
0 < 𝜉 < 1 (5.19)

This system is a typical second-order underdamped system.

5.2.1.3 Parameter Design of the MIS

According to the parameters of the above transfer function, this function can be simplified as:

H′(s) =
(

1 − s2 + 𝜔2

(s + a)2 + 𝜔2

)
= 2as + a2

(s + a)2 + 𝜔2

= 2as
(s + a)2 + 𝜔2

(5.20)

According to the design method of the MIS shown in Equation (5.20), the circuit diagram of the MIS
is illustrated in Figure 5.8.

Its transfer function is given by:

H(s) =

R2

L
s

s2 +
R1 + R2

L
s + 1

LC

(5.21)
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Figure 5.8 Design map of the magnetizing inrush suppresser

Letting T= 2.0 seconds: ⎧⎪⎪⎪⎨⎪⎪⎪⎩

R2

L
= 2

T
∗

U2N

U3N

R1 + R2

L
= 2

T
= 1

1
LC

=
( 1

T

)2

+ 𝜔2 ≈ 𝜔2 = (2𝜋f )2

(5.22)

In accordance with Equation (5.22), the appropriate capacitors, inductors and resistors can be selected.
In this case, the controlled characteristics mentioned above can be realized. Adopting the parameters:

⎧⎪⎨⎪⎩
R1 = R2 = R = 50.0 Ω
L = 10H = 100 × 0.1H

C = 1 μF

(5.23)

The output voltage of the system mentioned above is uo =
√

2Um(1 − exp(−t∕T)) sin(𝜔t + 𝛼), which is
directly imposed on the tertiary winding of the three-winding transformer; Equation (5.24) is available:

⎧⎪⎨⎪⎩
uo =

√
2Um (1 − exp (−t∕T)) sin(𝜔t + 𝛼)

uo = dΨ
dt

(5.24)

The solution of Equation (5.24) is given by:

Ψ = − Φm cos(𝜔t + 𝛼) + Φm

(𝜔T)2

(𝜔T)2 + 1
e−

t
T (cos(𝜔t + 𝛼)

+ 1
𝜔T

sin(𝜔t + 𝛼)) + C (5.25)

Equation (5.25) shows that the core flux in the main magnetic circuit is able to rise smoothly with
respect to the terminal voltage, and gradually increased to the steady-state flux of the transformer. In this
case, the high-amplitude magnetizing inrush can be eliminated.

5.2.2 Simulation Validation and Results Analysis

Firstly, the input and output characteristics of the MIS are simulated. Figure 5.9 shows the variation of
the output voltage with respect to the time in the second-order underdamped system under the condition
of different time constants, T.
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Figure 5.9 Output voltage amplitude waveform of the two-order system with different time constant, T
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Figure 5.10 Circuit used to simulate the magnetizing inrush incorporating the MIS

The simulation circuit incorporating the MIS is established based on the platform of the PSCAD/
EMTDC. The simulation circuit is shown in Figure 5.10.

Coupling group: Y∕D11∕Y

Rated capacity: SN = 100.0 MVA

Rated voltage(RMS)∶ U1N∕U2N∕U3N = 230.0 kV∕115.0 kV∕35.0 kV

(Note: The following data are denoted in terms of p.u.)

Leak inductance: Lσ12 = Lσ23 = Lσ13 = 0.10

Air gap core mutual impedance: Lm = 0.20

Core magnetization curve knee point: Φsat = 1.25

Excitation current: Iμ = 0.3%

Remanence: Ψr = 0.7
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Figure 5.11 The magnetizing current waveform in the tertiary winding when T= 2 seconds

0.5

0

2.5
2.0
1.5
1.0
0.5

–0.5
–1.0
–1.5
–2.0M

ag
ne

tiz
in

g 
cu

rr
en

t (
A

)

0 1.0 1.5 2.0

Time (s)

Figure 5.12 The magnetizing current waveform in the tertiary winding when T= 5 seconds

Among them, winding #2 is the tertiary winding of the three-winding transformer and winding #3 is
the main circuit for the purpose of energizing. Winding #1 is not loaded.

Figures 5.11 and 5.12 show the magnetizing current waveforms in the tertiary winding in the case of
T= 2 s and T= 5 s, respectively. The peak values of the induced magnetizing inrush in the above cases
are shown and compared in Table 5.2.

However, taking the speed of the transformer switching on process into account, the time constant of
the MIS output voltage amplitude rise can be smaller. For example, no obvious inrushes will occur if
T= 0.5 s. The simulation results when T= 0.5 s are shown in Figure 5.13.

The above analyses show that magnetizing current will gradually rise with the increase of incentive
voltage amplitude. However, the phenomenon of the inrush with high amplitude never occurs. Therefore,
MIS can eliminate the inrush successfully.

The following simulation analyses are respectively carried out based on the simultaneous switching-on
and switching-off operations and the asynchronous switching-on and switching-off operations between
the primary winding and the tertiary winding of the three-phase three-winding transformer.

Table 5.2 The peak values of the magnetizing inrush for
different time constants

Time constant, T (s) Peak inrush (A) Time steady state (s)

2 1.2 10.0
5 1.1 20.0
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Figure 5.13 (a) Magnetizing inrush and (b) the EMF waveform in the tertiary winding
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Figure 5.14 Magnetizing inrush in phase A both in the main winding and the tertiary winding in the
case of synchronized switch-on accompanied by switch-off

Case 1: The tertiary winding is switched on at t= 0 s. The tertiary winding is switched off at t= 1.0 s
and meanwhile the main winding is switched on.

Figures 5.14–5.16 show the actual waveforms of such a scenario when the primary winding of the
three-phase three-winding transformer is switched on and the tertiary winding is switched off simulta-
neously at time t= 1.0 s. In this case, no obvious inrush transient process occurs. Instead, it appears as
the normal magnetizing current.

The requirement to switch on the primary winding at the moment the tertiary winding is switched
off is not easily realized in engineering applications. Two circuit breakers will receive the synchronous
instruction from the protection to connect the MIS into the system. Meanwhile, another circuit breaker
also receives the instruction to cut off the current stably. However, there exists the dispersion in the time
between these two operations.

Therefore, the scenario that the main winding is switched on firstly and then the tertiary winding is
switched off has been investigated. Due to the electric power of the two windings coming from the same
power source, during the short period of switching on simultaneously the two windings, no circulation
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Figure 5.15 Magnetizing inrush in phase B both in the main winding and the tertiary winding in the
case of synchronized switch-on accompanied by switch-off
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Figure 5.16 Magnetizing inrush in phase C both in the main winding and the tertiary winding in the
case of synchronized switch-on accompanied by switch-off

current occurs. Once the primary winding is stably switched on, the switching-on circuit of the tertiary
winding can be disconnected. Case 2 shows the simulation results for this case.

Case 2: the tertiary winding switch-on at t= 0.0 s; the main winding switch-on at t= 1.0 s; the tertiary
winding switch-off at t= 1.5 s.

Figures 5.17–5.19 show the actual waveforms of such a scenario in which the primary winding of the
three-phase three-winding transformer is switched on at time t= 1.0 s and the tertiary winding is switched
off at time t= 1.5 s. In this case, too, no obvious inrush transient process occurs.
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Figure 5.17 Magnetizing inrush in phase A both in the main winding and the tertiary winding in the
case of unsynchronized switch-on accompanied by switch-off
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Figure 5.18 Magnetizing inrush in phase B both in the main winding and the tertiary winding in the
case of unsynchronized switch-on accompanied by switch-off
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Figure 5.19 Magnetizing inrush in phase C both in the main winding and the tertiary winding in the
case of unsynchronized switch-on accompanied by switch-off

The two cases above are the simulation results under the action of the MIS. Case 1 shows the inrush
waveforms of the main winding and the tertiary winding under the condition that the transformer’s main
winding and the tertiary winding close and trip at the same time. Case 2 shows the inrush waveforms
of the main winding and the tertiary winding under the condition that the transformer’s main winding
and the tertiary winding close and trip asynchronously. The difference between the two examples rests
with the transition process caused by closing and tripping asynchronously in the transformer’s excitation
branch. However, this transition process does not cause magnetizing inrush. The current waveform and
magnitude still indicate that this is a normal excitation current.

In conclusion, if the condition that the three-phase winding transformer’s main winding and the tertiary
winding close and tripp at the same time can be satisfied, the generated magnetizing current would be
smaller than the value caused by the asynchronous operations, and the magnetizing current does not
exceed 20 A. The synchronization between the two winding is better, the effect to inhibit the inrush will
be better. However, even if the closing and tripping operations are unsynchronized, the suppression effect
of the inrush is also satisfactory. The restrained inrush will not cause mal-operation of the transformer
differential protection.

As a consequence, in a variety of energizing scenarios, the transformer with any winding connection
type will not encounter a magnetizing inrush. Simulation results show that the inrush suppression effect
is also good without requiring that the breakers in the two windings act simultaneously. The proposed
control strategy can be widely used in three-phase transformer, without the restrictions of the regulations
that the phase-separated closing is not allowed. This is significantly better than inception angle control
strategy.
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In summary, a new method to restrain the inrush in the case of the transformer energizing has been
presented in this section. An inrush current suppressor composed of a second-order underdamped system
and voltage divider is designed. This MIS can be connected to the original primary power source through
the tertiary winding of the three-winding transformer. The time constant of the flux rise can be freely
designed and regulated. In this case, the suppression of magnetizing inrush can be realized entirely. The
simulation tests have been carried out based on PSCAD/EMTDC software and the simulation results
have shown the correctness, effectiveness and feasibility of the proposed method.

In power systems, the three-winding transformer is widespread, and the tertiary winding is used to
implement the functions of monitoring and measuring in many cases. After the proposed function to
inhibit the magnetizing inrush is achieved, the common functions still can be executed by quitting the
MIS. Therefore, there are favourable conditions to implement the proposed method.

As a consequence, the proposed MIS provides a feasible method in theory to achieve the inhibition
of magnetizing inrush. With the rapid development of power electronics technology and a low cost to
realize it is expected that the proposed control characteristic will be implemented.

5.3 Identification of the Cross-Country Fault of a Power Transformer for Fast
Unblocking of Differential Protection

5.3.1 Criterion for Identifying Cross-Country Faults Using the Variation of the
Saturated Secondary Current with Respect to the Differential Current

To describe the fundamental of the proposed method, it is acceptable to use the protection of a
two-winding power transformer as an example. For convenience of analysis, it is assumed that the
secondary currents of the unsaturated and saturated CTs are i1 and i2, respectively, and that the false
differential current is id. The transforming characteristic of the saturated CT are as in Figure 5.1.

Under normal operating condition, the CTs on both sides of the transformer can transform linearly,
hence the differential current is zero.

In the event of a heavy external fault, it is assumed that the CT on one side of the transformer saturates,
as shown in Figure 5.19. If the CT on the other side of the transformer can be regarded as transforming
linearly in this case, the two currents forming the bias current will actually be the primary and sec-
ondary currents of the saturated CT, and the differential current is actually the magnetizing current of
the saturated CT. According to the analyses in Figure 5.19, in the initial post-fault period, the saturated
CT can basically transform linearly. Herein, the primary and secondary currents are basically equal and
the differential current is close to 0. After a while, the CT enters the saturation state, the secondary
current decreases rapidly and the magnetizing current increases correspondingly. When the instanta-
neous value of the primary current is close to the maximum, the differential current also approaches its
maximum and the corresponding amplitude of the secondary current is quite small. When the primary
current decreases from the maximum to the part around zero, the CT also returns to its linear transform-
ing section gradually; and, correspondingly, the secondary current increases and the magnetizing current
decreases accordingly. When the instantaneous value of the primary current lies entirely within the linear
section, the magnetizing current is close to 0 and the primary and secondary currents are basically equal
again. Afterwards, when the instantaneous value of the primary current increases and exceeds the sat-
uration point once again, the magnetizing current accordingly increases and, meanwhile, the secondary
current begins to deviate from the primary current again and decreases gradually. It should be pointed
out that the above-mentioned law comes into existence only when samplings are in terms of absolute
values.

According to the above analyses, the variation of the secondary current of the saturated CT is inversely
proportional to the variation of the differential current for an external fault accompanied by the CT satu-
ration, that is, |id (n)|−|id (n−1)||i2(n)|−|i2(n−1)| < 0. To simplify the depiction, let dId

dIR
= |id (n)|−|id (n−1)||i2(n)|−|i2(n−1)| . For the internal fault,
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under the ideal condition, assume that the sources of both sides supplying the short-circuit current are
in-phase; the angle of the impedance of the fault loop is in-phase as well. In this scenario, the secondary
currents of both CTs and the differential current are all in-phase. From the point of view of sampling
values, the differential current varies directly proportional to the secondary current of the CT on any side
during any cycle. Supposing that the secondary current with the smaller amplitude is i2, dId

dIR
> 0 comes

into existence. When the sources of both sides are not in-phase, the points of dId

dIR
< 0 begin to appear

among the sampling values within one cycle. However, the points of dId

dIR
> 0 still dominate when the

phase angle between the two power supplies is relatively small. In the case that the phase angle between
the two systems connected by the transformer does not exceed 45∘, the phase angle between the differ-
ential current and the secondary current with smaller amplitude is less than 45∘, even if the amplitudes of
the currents flowing through the CTs on both sides differ widely from each other, which makes the angle
of the composed differential current deflect to the secondary current with greater amplitude. It is noticed
that if adopting the absolute values of the sampling values, the changing trends of the two currents are
the same for half the sampling points within one cycle (that is, dId

dIR
> 0) and opposite for the other half

sampling points (that is, dId

dIR
< 0) (Figure 5.20). In Figure 5.20, the variation of dId

dIR
within one cycle of

post-fault period during an internal fault in the case of a two-end power supply with a big power angle
difference is presented, where the sampling rate is 40 points/cycle. As seen, the points on the line section
of positive slope amount to 20 and the points on the line section of negative slope amount to 20 as well.
Therefore, the above claim about the scenario of an internal fault is verified.

For the overwhelming majority of internal faults, the phase angle between the differential current and
the secondary current with the smaller amplitude is far smaller than 45∘, which means that the sampling
points satisfying dId

dIR
< 0 are far less than those satisfying dId

dIR
> 0 within any cycle. In addition, all the

sampling points should satisfy dId

dIR
< 0 theoretically during an external fault. To this end, discriminating

internal and external faults according to the sign of dId

dIR
will be quite accurate. In terms of real application,

an appreciate threshold can be set when designing the criterion. That is, when the number of the points
satisfying dId

dIR
< 0 exceeds the threshold within one cycle, the fault can be regarded as an external fault,

otherwise it is an internal fault. In this case, the discrimination of internal and external faults can be
obtained. This criterion is referred to as variation rate criterion. It should be pointed out that, in the case
of a single-end power supply, if the CT on the source side of the transformer saturates and the external
short-circuit fault on the load side of the transformer develops to an internal fault, the differential current
will be completely the secondary current of the saturated CT. This cross-country fault cannot be identified
by virtue of the criterion identifying the waveform of the saturated current. In comparison, the condition
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Figure 5.20 The variation of dId

dIR
within one cycle of post-fault period during an internal fault in the

case of two-end power supplies of big power angle difference
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dId

dIR
> 0 is always satisfied, since i2 and id are the same current. Herein, the cross-country fault can be

identified and the differential protection can be unblocked rapidly. This view of point can be testified by
the simulation results in Section 5.3.2.

It should be admitted that above conclusion is valid regardless of the precision of acquisition system.
However, the amplitude of i2 is quite small when the CT is highly saturated and the amplitude of id is
quite low when the CT transforms linearly. In this instance, as the precision of acquisition system in the
microcomputer-based protection is finite, the variation characteristics of currents are difficult to identify.
However, it is fortunate that above-mentioned phenomena all correspond to the saturation characteristics
of the CT during external faults and the corresponding points should be identified as the points expressing
external faults. In this case, an appropriate threshold can be set, for example 0.5In (In is the rated current
of the power transformer); when the sampling values of i2 and id are less than this threshold, the points of
the corresponding variation rates are regarded as ineffective points. If the ratio of effective points to total
points participating in identification is less than a certain number, for example 40%, the corresponding
fault can be directly identified as an external fault. As the amplitudes of i2 and id are relatively great for
internal faults, and the ratio corresponding to their sampling values exceeding 0.5In will be far greater
than 40%, this criterion will work correctly. This assumption can also be testified by the simulation results
in Section 5.3.2.

Therefore, the variation rate criterion can be started up only if the number of effective points satisfying
the variation rate criterion exceeds the threshold. The sign of dId

dIR
can be recorded at each time; when

the number of points satisfying dId

dIR
< 0 exceeds a certain threshold, for example 70–80%, the fault is

identified as external fault, otherwise it is an internal fault. It should be pointed out that the thresholds
mentioned above are all set according to theoretical analyses and simulation tests. In practice, they can
be adjusted within a respectively wide range to satisfy the different requirement to the operation stability
and speed of the protection.

As analysed above, adopting the identification criterion based on the threshold of effective points may
fail to unblock the differential protection during some slight faults, such as inter-turn short-circuit faults.
Therefore, the proposed criterion is not suitable to serve as the main criterion but can be used to serve
as the criterion of fast unblocking the protection in the event of a cross-country fault. In other words,
after a fault has been identified as an external fault by some other method, such as the one using oper-
ation time difference, it will choose the current with smaller amplitude of both sides of the differential
protection as i2. Then it compares the variation trends of id and i2 continuously. With above criterion, the
cross-country fault can be identified if it occurs.

Figure 5.21 shows the basic flow of the proposed method. In the figure, K1 and K2 are the thresholds
of the ratio of effective points and the ratio of negative variation rate respectively; the two thresholds can
both be set.

5.3.2 Simulation Analyses and Test Verification

The simulation model is a 220 kV power transmission system established with EMTDC software
(Figure 5.22). The system consists of a generator, a power transformer, a 10 km transmission line and an
infinite system. EMTDC provides a benchmark CT model. To let one CT saturate and the other remain
unsaturated, the CT parameters are shown in Table 5.3; the through current is adjusted appropriately.

To ensure that the variation rate criterion can still be effective when the ratio of effective points within
one cycle is low (40%), the sampling frequency should not be too low; 40 points/cycle is adopted here.
This model is used to simulate internal and external faults of the transformer accompanied by the CT
saturation and to verify the validity of proposed the method. When simulating an external fault, the
short-circuit point can be set at the terminal of the transformer (F2 in Figure 5.22) to give rise to a
current high enough to result in CT saturation. When simulating a single-end power supply system, the
infinite system can be replaced with a load with fixed equivalent impedance. When the external fault
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Figure 5.21 Flow chart of the variation rate criterion
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Figure 5.22 Power transmission simulation system

develops to the internal fault, the fault point can be switched from F2 to F1. By virtue of adjusting the
parameters of the system and CTs, hundreds of cases of external faults accompanied by CT saturation and
external faults developing to internal faults under varied operating conditions can be simulated. On this
basis, the security and sensitivity of the proposed criterion were studied. Only a few simulation results
corresponding to several scenarios are outlined here due to the space limitation (Scenarios 5.1–5.5).

Scenario 5.1 External fault exists persistently and one CT saturates
Figure 5.23 shows currents transformed by CTs and the differential current during an external fault. Here
K1 = 40% is adopted for the threshold of effective points. It means that if the number of effective points
within one cycle exceeds 16, the variation rate criterion should be adopted according to the flow chart in
Figure 5.21, otherwise the fault is directly identified as an external fault. For the threshold of variation
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Table 5.3 CT parameters for a 220kV power transmission system

Parameters CT1 CT2

Current transformer ratio (A) 120/5 2400/5
Mean core length (m) 0.8 0.5
Core cross-section (cm2) 23.2 41.2
Burden, R (ohm) 3.0 1.0
Knee point (0.1 A. 1.6 T) (0.1 A. 1.6 T)
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Figure 5.23 Currents transformed by CTs and the false differential current during an external fault (one
CT saturates)

rate, K2 = 75% is adopted. For example, in the case of the number of effective points exceeding 16, if
the number of the points of negative variation rate is equal to or exceeds 12, the corresponding fault is
identified as an external fault, otherwise it is an internal fault.

The variation rule of dId

dIR
within one cycle of pre-fault period and one cycle post-fault is shown in

Figure 5.24. As the concern in not with the real value of dId

dIR
but its sign, when i2 and id both lie within the

range of effective points, it is unnecessary to show the actual value of dId

dIR
. For the sake of clear expression,

dId

dIR
can be shown in terms of per unit 1 (when the sign is positive) or −1 (when the sign is negative). It

can be seen from Figure 5.24 that the differential current is smaller than 0.5In within one cycle of the
pre-fault period, and hence the corresponding points of dId

dIR
are all regarded as ineffective. The number of

effective points within one cycle of the post-fault period is 29, which means the ratio of effective points to
total sampling points is 72.5%. Meanwhile, the ratio of points of negative variation rate to total effective
points is 92%. As a consequence, the fault is identified as an external fault according to the variation
rate criterion. Figure 5.24b shows the locus of (|i2|, |id|) in |i2|– |id| plane corresponding to variations of
currents after fault occurs. The variation rule of |i2| with respect to |id| can be simply comprehended by
virtue of this figure. The variation rule of dId

dIR
within the fourth cycle of the post-fault period is shown in

Figure 5.25.
According to Figure 5.25a, the number of effective points is 19, the corresponding ratio within one

cycle is 47.5%. Then adopting the variation rate criterion, the ratio of points of negative variation rate
to effective points is 89.4%, which proves a correct identification. Figure 5.25b shows the correspond-
ing locus of the variations of currents in the |i2|– |id| plane. Because of the sufficient decay of the DC
component within the ninth cycle of the post-fault period, the false differential current decreases. Cor-
respondingly, the number of effective points is 4, accounting for 10% of the sampling points within one
cycle. As a consequence, the fault can be identified as an external fault according to the threshold of
effective points. The relative figures are not listed here for lack of space.
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Figure 5.24 The variation rate of dId

dIR
within one cycle of the pre-fault period and one cycle post-fault

during an external fault: (a) relative variation rate between Id and I2 in terms of time series; (b) locus of
Id with respect I2

Scenario 5.2 External fault exists persistently and both CTs saturate (the saturation degrees
are different)
In Scenario 5.1, the primary current of the saturated CT can be considered as an enveloping line of the
corresponding secondary current, as illustrated in Figure 5.23. Therefore, the gap between the primary
current and the secondary current will form the different current. Different from Scenario 5.1, in this
scenario the CTs of both sides saturate; one saturates mildly and the other saturates deeply. Correspond-
ingly, when forming the differential current, the secondary current of the mildly saturated CT, instead
of the primary current, will be considered as an enveloping line of the secondary current of the deeply
saturated CT. Compared with Scenario 5.1, as the secondary current of the mildly saturated CT is just a
proportion of the primary current, the area that the secondary current of the mildly saturated CT covers is
smaller than that which the primary current covers. As a result, the pulse width of the differential current
formed by the two saturated secondary currents is narrower than that of the differential current in the case
of only one CT saturating. Correspondingly, the ratio of the effective points decreases. At the same time,
the points satisfying dId

dIR
< 0 still account for the majority of the effective points. In order to contrast with

Scenario 5.1, the load of CT1 in Figure 5.22 is adjusted to make the CT saturate mildly. The secondary
currents of both CTs and the differential current are shown in Figure 5.26. In this case, the secondary
current, i22, of the deeply saturated CT is regarded as i2 in the criterion and the secondary current i21 of
the mildly saturated CT is regarded as i1 in the criterion. It can be seen from Figure 5.26, the law of |id|
varying inversely proportional to |i22| basically still comes into existence.
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Figure 5.25 The variation rate of dId

dIR
within the fourth cycle of the post-fault period during an external

fault: (a) relative variation rate between Id and I2 in terms of time series; (b) locus of Id with respect I2
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Figure 5.27 The variation rate of dId

dIR
within the fourth cycle of the post-fault period during an external

fault (both CTs saturate)

To analyse the overall process,the data within the fourth cycle of the post-fault period are used to
study the variation rule of effective points of dId

dIR
(Figure 5.27). By virtue of Figure 5.27, the number of

effective points is 17, accounting for 42.5% of sampling points within one cycle. Further, according to
the variation rate criterion, the ratio of points of negative variation rate to effective points is 94% (16/17).
Obviously, the identification is correct. For other stages of the post-fault period, reliable identifications
can be ensured by combining the threshold of effective points with the variation rate criterion.

Therefore, even though CT saturation exists (or both CTs saturate) during an external fault, adopting the
threshold of effective points together with the variation rate criterion can block the differential protection
reliably.

Scenario 5.3 An external fault develops into an internal fault in the case of a two-end power supply
(the phase difference of the two power supplies being equal to 10∘).
Figure 5.28 shows the current waveforms corresponding to the cross-country fault in this scenario;
Figure 5.28a shows the waveforms of the secondary currents of both CTs and Figure 5.28b is the
waveform of the differential current. Figure 5.29 illustrates the variation locus between |i2| and |id| when
experiencing a developing fault; Figure 5.29a corresponds to the case of the fault staying as an external
fault and Figure 5.29b corresponds to the situation after the external fault has developed into an internal
fault. Figure 5.30 shows the variation rate of dId

dIR
corresponding to Figure 5.29. It can be seen from

Figures 5.28–5.30 that the ratio of effective points to total sampling points is 37.5% when the fault
stays as an external fault. Therefore, the fault can be directly identified as an external fault according to
the threshold of effective points. As soon as the fault develops into an internal fault, the effective point
ratio increases to 92.5% within one cycle, then the variation rate criterion is activated. To this end, the
ratio of points of negative variation rate to effective points is only 10.8%, which satisfies the unblocking
condition, and hence the protection is unblocked and operates correctly.

Scenario 5.4 An external fault develops into an internal fault in the case of a two-end power supply
(the phase difference of the two power supplies is equal to 60∘)
This scenario can be regarded as an extreme case when testing the criterion being used to identify a
cross-country fault. It is because the phase difference of the two power supplies is quite large, leading
to a large phase difference between two corresponding short-circuit currents. This large phase difference
can be used to effectively test the sensitivity of the variation rate criterion after an external fault has
developed into an internal fault.

Figure 5.31 shows the current waveforms corresponding to the cross-country fault mentioned in
Scenario 5.4, in which Figure 5.31a shows the waveforms of the secondary currents of both CTs and
Figure 5.31b denotes the waveform of the differential current. Corresponding to Figure 5.31, Figure 5.32
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Figure 5.28 The current waveforms corresponding to a developing fault (the phase difference of the
two-end power supplies is equal to 10∘): (a) the waveforms of the secondary currents of both CTs; (b)
the waveform of the differential current

illustrates the variation rate of dId

dIR
after the external fault has developed to an internal fault, which

contains one-cycle data before the fault develops and one-cycle data after the fault has developed. It can
be seen from Figure 5.32 that the ratio of effective points to total sampling points is 37.5% before the
external fault develops into an internal fault. Therefore, the fault can be directly identified as an external
fault according to the threshold of effective points. The effective point ratio increases to 95% within one
cycle after the fault develops. Correspondingly, the ratio of points of negative variation rate to effective
points is only 36.83%, which satisfies the unblocking condition. Therefore, the protection is unblocked
and operates correctly.

Scenario 5.5 An external fault develops into an internal fault in the case of a one-end power supply
This scenario can more clearly verify that the proposed criterion is superior to the criterion based on
identifying the waveform of the saturated current in identifying cross-country faults. As the external
fault develops from the external side to the internal side of the unsaturated CT, the differential current is
actually the secondary current of the saturated CT after the fault has developed into an internal fault.

Figure 5.33 shows the current waveforms corresponding to the cross-country fault mentioned in
Scenario 5.5, in which Figure 5.33a shows the waveforms of the secondary currents of both CTs
and Figure 5.33b is the waveform of the differential current. It can be seen from Figure 5.33b that
the saturated characteristic of the differential current is still obvious within five cycles after the fault
has developed into an internal fault. As a consequence, the unblocking controlled by the criterion
based on identification of waveform characteristic of saturated current will be delayed for a long time.
Corresponding to Figure 5.33, Figure 5.34 illustrates the variation rate of dId

dIR
within one-cycle before and

one-cycle after the external fault has developed into an internal fault. It can be seen from Figure 5.34 that
the ratio of effective points to total sampling points is 47.5% and the ratio of points of negative variation
rate to effective points is 84.2% before the external fault develops into an internal fault. Therefore, the
fault can be correctly identified as an external fault according to the variation rate criterion. The ratio
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Figure 5.29 The variation between |i2| and |id| when experiencing a developing fault: (a) locus of Id

with respect I2 when a fault stays as an external fault; (b) locus of Id with respect I2 after an external fault
has developed into an internal fault
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Figure 5.30 The variation rate of dId

dIR
when experiencing a developing fault corresponding to Scenario 3

of effective points increases to 72.5% within one cycle after the fault has developed into an internal
fault. Meanwhile, the ratio of points of negative variation rate to effective points decreases to only 6.9%,
which satisfies the unblocking condition. Therefore, the protection is unblocked and operates correctly.

Figure 5.35 illustrates the ratio of second harmonic to fundamental of the differential current when an
external fault develops into an internal fault in the case of a single-end power supply. It can be seen from
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Figure 5.31 The current waveforms corresponding to a developing fault (the phase difference of the
two-end power supplies being equal to 60∘): (a) the waveforms of the secondary currents of both CTs;
(b) the waveform of the differential current
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Figure 5.32 The variation rate of dId

dIR
when experiencing a developing fault corresponding to Scenario 4

this figure that the ratio of second harmonic far exceeds 15% after the external fault occurs, even after
the fault has developed into an internal fault. According to the criterion based on the ratio of the second
harmonic, although the protection can be blocked during the external fault, it cannot be unblocked after
the fault has developed into an internal fault.

These test results manifest that the proposed criterion can reliably restraint the protection during a pure
external fault with CT saturation. When an external fault develops into an internal fault, the proposed
criterion can correctly identify the fault and unblock the protection within one cycle after the fault has
developed.

Furthermore, a dynamic simulation test was conducted to verify the validity of the proposed crite-
rion. The test data come from the disturbance recorder of the dynamic simulation test laboratory of
the Huazhong University of Science and Technology. The relative data acquired are as follows: an
external fault of phase A to ground on the high voltage side of the transformer develops to an inter-
nal grounded fault of the same phase; the fault results in the saturation of the CT on the low voltage side;
the single-phase to ground fault on the high voltage side is transformed into a phase–phase short-circuit
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Figure 5.33 The currents waveforms corresponding to a developing fault (single-end power supply):
(a) the waveforms of the secondary currents of both CTs; (b) the waveform of the differential current
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Figure 5.34 The variation rate of dId

dIR
when experiencing a developing fault corresponding to

Scenario 5.5
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Figure 5.35 The ratio of second harmonic to fundamental of the differential current when an external
fault develops into an internal fault in the case of a single-end power supply
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fault on the low voltage side due to the Y/Δ-11 connection of the power transformer. As the types of CTs
on one side are the same, CTs of two phases on the low voltage side both saturate. The currents of three
phases on both sides of the transformer are all recorded. The differential currents of phases A and C both
occur after their angle transformation and waveforms are similar. Here only the operating status of phase
A (ia − ib) is discussed; the currents of both sides and the differential current are shown in Figure 5.36.

Because the sampling frequency of the protection is quite low (12 points/cycle), the recorded data can-
not be directly used to verify the proposed criterion. The sampling frequency increases to 36 points/cycle
by means of linear interpolation. The corresponding output of the variation rate using the proposed cri-
terion is shown in Figure 5.37.

The number of effective points is 16, accounting for 44% of sampling points within one cycle before
the external fault develops into an internal fault. Meanwhile, the number of points of negative variation
is 14, accounting for 88% of total effective points. Therefore, the protection is blocked reliably. After the
fault has developed into an internal fault, the number of effective points is 25 and the number of points
of negative variation is 1, only accounting for 4% of total effective points. As a result, the protection can
be unblocked according to the variation rate criterion.

In summary, on the basis of the different mechanisms giving rise to differential currents during external
and internal faults, a novel method to unblock the differential protection in the case of cross-country
fault has been proposed based on the variation rate criterion and the threshold of effective points of
sampling. Some disadvantages of the existing criteria can, therefore, be compensated for to some extent.
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Figure 5.36 The currents waveforms corresponding to a developing fault (disturbance record)
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Figure 5.37 The variation rate of dId

dIR
when experiencing a developing fault corresponding to the fault

in Figure 5.36
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This method needs few computations and is easy to realize in existing microprocessor-based protection.
Simulation tests have verified the validity of the proposed criterion.

5.4 Adaptive Scheme in the Transformer Main Protection

5.4.1 The Fundamental of the Time Difference Based Method to Discriminate
between the Fault Current and the Inrush of the Transformer

At present, the time difference based methods have been widely applied to detecting the saturation of CTs;
this is based on the fact that the CTs on the two sides of the transformer will not saturate immediately
as soon as a severe fault has emerged. The change of the phase current and the real fault differential
current will be detected at the same time in the case of the internal fault even if the CT ultimately enters
into saturation, as long as the CTs on the two sides of the transformer can transfer as normal during the
beginning period of the fault occurring. In this case, theoretically there will be no time difference.

By virtue of the characteristic above, a MM based method to detect the time difference between the
emergence of the fault and the emergence of the differential current is put forward; it can effectively
prevent mal-operation of the differential relay protection resulting from the high through current. In the
scheme, the time difference of the sudden change of the line current at one side and the time when the
differential current occurs is used to decide whether there is sympathetic inrush current. Furthermore,
whether there is an external or internal fault in the existence of the sympathetic inrush current can be
detected. The two time difference based methods above both take the line current at the Y-side and the
differential current of the CTs on two sides of the transformer as the reference.

However, when the transformer is energized under no-load conditions, such a time difference will not
exist in that the differential current is actually the line current at the switching side. Therefore, the above
criteria based on the time difference all mal-operate.

When the transformer is energized under no-load condition or when the transformer terminal voltage
recovers, as the core of the transformer will not saturate immediately, the false differential current caused
by the magnetizing inrush current will lag behind the applied voltage for 3.5 ms. This phenomenon is the
fundamental of the time difference based method.

When the normal transformer is switched on under no-load condition, the differential current is the
magnetizing current caused by the core saturation, but the emergence of the magnetizing current lags
behind the terminal voltage. The time interval between the voltage occurrence and the changing of the
differential current can be detected. In this case, the differential current is also the magnetizing current at
the switching side. If this time interval is bigger than a specific threshold, the differential current should
be the magnetizing inrush and the differential protection will be blocked. In the case of internal faults,
whenever it occurs during normal operations or transformer energizing, the time interval between the
change of the applied voltage and the emergence of the differential current is very small, which should
theoretically be zero. In this case, the differential current can be recognized as the fault current. Especially
when the transformer is switched on accompanied by a slight inter-turn fault, the fault current is mixed
with the magnetizing inrush current, leading the traditional differential protection based on the second
harmonic restraint to be blocked for a period of time. In contrast, the time interval corresponding to the
fault current still satisfies the characteristic of simultaneity. According to on-site experiences and various
simulation test result analysis, the threshold value of this time interval can be set as 3 ms.

Therefore, a new criterion using the time interval between the sudden change of the phase voltage and
the sudden change of the differential current is proposed; this overcomes the deficiencies that the existing
time difference based methods cannot identify the scenario of no-load energizing. Meanwhile, this new
method guarantees the correct operation of the differential protection of the transformer during normal
operation.

The superimposed components of the phase voltage and the differential current are extracted firstly;
this is implemented with the so-called the one-cycle subtracting algorithm. The change of the current
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sampling with respect to the sampling one-cycle ago is calculated in real time. The time instants that
the superimposed voltage and superimposed differential current exceed the normal fluctuation range
are detected and recorded. Then, the time difference between these two time instants is calculated and
whether an internal fault occurs is determined according to the threshold of the criterion.

This criterion not only provides differential protection for the internal and external faults of the trans-
former when the transformer is switched on under no-load conditions, but also detects the fault quickly
and accurately when the transformer operates with load. This criterion is based on the fast calculation of
the simultaneous value, of which the logic is simple and reliable. The criterion flow diagram is shown in
Figure 5.38.

5.4.2 Preset Filter

The signals sampled from the secondary side of the real PT (potential transformer) and the CT in the
power systems usually contain some electromagnetic interference noises. This criterion makes use of
transient component resulting from the change of the power frequency component. In some scenarios,
the magnitude of the superimposed component may be weak, which results in the low signal-to-noise
ratio. It is difficult to extract the real electrical information if reliable countermeasures are not adopted.

Start-up
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Calculate the sudden
change of the voltage 

Calculate the sudden change
of the differential current 

Filter Filter

Extend the normal
fluctuation 

Extend the normal
fluctuation 

Simultaneity External fault
or disturb 

Internal fault

Y

Y Y

Y

N

N N

Figure 5.38 Criterion flow diagram
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Therefore, it is necessary to remove the noise component by virtue of some appropriate filters. In this
case, the sensitivity and reliability can be improved.

The superimposed signal series gained by the method of one-cycle subtraction often contains some
high frequency interference like burrs. Usually, the useful electrical quantity is the power frequency
component used by the power system protection, while the noise is usually the higher harmonics of the
power frequency. As for this criterion, the main interference is the burr with high magnitude, which may
result in the wrong decision with respect to the time instant the superimposed component occurs. It is
necessary to design the filtering method with regard to this kind of noise characteristic. Different from
the traditional least square algorithm and Kalman filtering algorithm to gain the precise information of
the frequency and phase, this criterion focuses on the superimposed component in the time domain, and
it is a filtering algorithm based on discriminant:

y(n) =
⎧⎪⎨⎪⎩

1
2
[x (n − 1) + x(n + 1)] (if discriminant is tenable)

x(n) (if not)
(5.26)

in which, the discriminant is (K is the adjustment coefficient):|||||
(

x (n − 1) + x(n + 1)
2

)
− x(n)

||||| > K (5.27)

In theory, the purpose of this filtering algorithm rests with the judgment whether the value of a certain
point is far different from the average value of the two adjacent samplings by virtue of the discriminant
(controls the sensitivity, the detection of the discriminant is controlled by the parameter K). If the dis-
criminant comes into existence, the changes of this point will be regarded as beyond the normal range and
recognized as the high frequency interference of ‘burr singular point’ caused by the noise. Therefore, the
value the point is reset to is the average value of the two adjacent samplings, which is equivalent to inter-
polate between the two adjacent samplings. However, if the discriminant does not come into existence,
the value of this point is normal and should be maintained, no filtering is necessary.

The comparison between the unfiltered series and filtered series is shown in Figures 5.39 and 5.40,
respectively. This superimposed voltage series experiences the ‘switching on under no-load condition’
and ‘inter-turn short-circuit fault’ respectively at the time of 1.0 and 1.1 s, so two sudden changes occur
accordingly.

Figure 5.39 shows the unfiltered superimposed voltage series and the moments corresponding to the
sudden change of this series. It can be seen that the burr interference in this series lets the discrim-
inant detect many false sudden changes. In contrast, Figure 5.40 shows that the discriminant will be
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Figure 5.39 Component and its occurrence time (unfiltered)
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Figure 5.40 Component and its occurrence time (filtered)

immune to the burr interference by means of the above-mentioned filtering. In this case, the time instant
corresponding to the sudden change can be detected correctly.

Therefore, this filtering algorithm not only removes multiburr interference but also maintains all the
transient information on the change of the superimposed component during no-load switching-on and
inter-turn short-circuited fault, which is a very necessary countermeasure to guarantee the reliability of
this criterion.

According to the design, the time difference based method is not influenced by the voltage measure-
ment mode. This is because it is only necessary to capture the voltage change of a certain phase that
leads to such a change. If three phase-phase voltage measurement elements are all used, this phase must
be included. Therefore, the time difference will always be captured in any case.

However, it is difficult to use the time difference based method only to make a decision whether the
event is determined not to be an internal fault and the protection logic is switched to the successive
judgment processes. In this case, a comprehensive protection scheme should be designed deliberately.
The phase–phase measurement mode possibly has some potential impacts on the successive judgments.
Investigations on these issues are analysed here.

5.4.3 Comprehensive Protection Scheme

To deal with a variety of complex scenarios, it is proposed that the time difference based criterion is com-
bined with existing second harmonic restraint criterion in terms of cross-phase blocking. If the operating
conditions of the power system and the transformer parameters allow the effective detection of the volt-
age change, the time difference criterion will be enabled. Any internal fault can be detected and removed
very quickly. In contrast, the false differential current resulting from transforming switching-on or CT
saturation can be identified according to the time difference compared with the change of voltage and
the protection is blocked reliably. If the voltage change is minor and cannot be detected while the differ-
ential current is high enough to trigger the percentage differential protection, the time difference based
criterion will not be enabled, while the second harmonic restraint criterion will be enabled instead. For
these scenarios, the protection scheme is able to achieve the same operating performance as the existing
schemes. Therefore, among the total disturbance set, quite a lot of internal faults can be tripped faster
than before, quite a lot of extreme external faults and inrushes leading to the mal-operation of second
harmonic restraint based criterions can be identified and the protection can be blocked correspondingly.
For other scenarios, the protection exhibits the same performance as that of the existing schemes.

Based on above analyses, a comprehensive decision making process is designed. The time difference
based method is not a one-shot decision process that is kept enabled for a period of time. Actually,
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two possible results can be reached according to the decision of the time difference based method. For
instance, the decision result could be an internal fault. In this scenario, the protection will trip and the
judgment process finished. The other result of the decision should be ‘not internal fault’. In this scenario,
the judgment may go to one of two branches according to the residual voltage level. If the voltage is
relatively low, it should be determined that this scenario results from a through fault, and the judgment
go to the branch 1. If the voltage is relatively high, this scenario should result from the transformer
energizing, and the judgment should go to the branch 2.

In branch 1, a cross-country fault identification method is introduced. With the aid of this method, any
developing faults,from an external fault to a multi-external fault, or from an external fault to internal
fault, can be identified and appropriate treatment adopted. As for the recovery inrush due to removing an
external fault, a cross-phase blocking second harmonic restraint criterion is introduced to deal with it. For
most successive scenarios, this scheme has satisfactory performance except for two scenarios. In the first,
the second harmonic contents of three differential currents (due to inrushes or CT ratio mismatch) are all
below the threshold like 15%, which will lead to mal-operation. In the second scenario, the removal of
external fault results in recovery inrush (which is not very usual due to the residual voltage level and the
residual flux of the transformer core) and, in the meantime, an internal fault occurs exactly during the
period of inrush existence. This second scenario will lead to the protection tripping with a possible time
delay. However, according to the above analysis and common sense, these two scenarios are quite rare.
Therefore, the risk due to these scenarios can be taken.

In branch 2, the differential current is monitored continuously. If it always exists, the second change
of the voltage will be monitored. If a second change of the voltage is detected, a phase-separated second
harmonic restraint criterion will be enabled. Otherwise, the protection will be blocked for five cycles and
then the protection logic quits this branch and goes to the cross-phase blocking based second harmonic
restraint criterion. In this case, as for the internal fault occurring after the transformer is switched on, the
phase-separated second harmonic restraint criterion can be enabled to trigger the protection if this fault
is not too slight to trigger the voltage change. In this case, the possible existing inrushes on other phases
will not block the protection. If this voltage change is due to an external fault, two possible mal-operation
scenarios may occur. The first scenario is such an extreme case that inrush does not decrease to the value
below the threshold, while the second harmonic content of at least one phase of inrush is below the
threshold, such as 15%, and, at the same time, an external fault occurs during this period (exactly within
a five-cycle duration after the transformer switches on). As seen, the probability of this case is quite low.
The second scenario is a case such that inrush does not decrease to the value below the threshold, while
the CT extremely and rapidly saturates, leading the second harmonic content of the false differential
current to being below the threshold, such as 15%, and, at the same time, an external fault occurs during
this period. As seen, the probability of this case is also quite low. Actually, the criterion of cross-phase
blocking based second harmonic restraint can solve above problems by means of the help of existing
inrushes on the healthy phase(s). However, this countermeasure may lead to a long time delay if an
internal fault occurs during this period due to the impact of the existing inrushes on the healthy phase(s).
From the view of engineering application, internal faults of the electric apparatus should be protected
as much as possible. Therefore, it is preferred to adopt the phase-separated second harmonic restraint
criterion and to take the risk of mal-operation due to the two rare scenarios outlined above. In this branch,
the protection keeps blocked for five cycles if the successive faults do not lead to a detectable voltage
change. If it is an external fault, this action exactly meets the requirement of blocking the protection. If
it is an internal fault, it must be a slight fault in most cases. Therefore, a five-cycle operating time delay
should be acceptable from the viewpoint of engineering applications. Figures 5.41 and 5.42 illustrate the
above comprehensive protection logic with flowcharts.

As for evolving multiphase external faults, especially when the disturbance detector for a differential
current is sensitive and may trigger external faults when the standing differential signal (due to ratio
mismatch) changes even without CT saturation, this problem can also be solved by the operating logic
design of the cross-country fault identification method. Assume a phase A external fault developing to a
phase A-to-phase B external fault, and that a false differential current occurs on phase B due to a ratio
mismatch other than saturation. In this case, the waveform shape of the phase B false differential current
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is relative regular and possibly does not satisfy the criterion of above cross-country fault identification
criterion. However, this criterion is able to be designed as a cross-phase blocking scheme. The possible
mal-operation of phase B differential protection can be blocked by the decision of phase A, since the false
differential current in phase A still satisfies the criterion of the above cross-country fault identification
criterion. The cross-phase blocking scheme will not result in the fail-to-trip of a developing fault from the
one-phase external fault to the same phase internal fault, such as from a phase A external fault to a phase
A internal fault. Only in the following very rare scenario it may bring some operation time delay for a
complicated multifault: phase A external fault developing to a multiple fault, that is, -phase A external
fault combined with phase B internal fault. In this case, the differential protection is perhaps blocked by
the phase A criterion until the false differential current due to saturation decay below the threshold. From
the view point of the engineering, this operation with some time delay should be acceptable.

As described above, the low voltage criterion is used at the exit of the main process and within
the branch 2. If the phase–phase voltage measurement mode is adopted, the operating sensitivity will
become lower because the zero-sequence components are not included. Therefore, the operating thresh-
old of the low voltage element should be set more sensitive in the real application with respect to the
phase-separated measurement mode.

5.4.4 Simulation Tests and Analysis

Based on the EMTDC software, the system simulation model of the 110/35 kV transformer is established.
In the model, the source is at the 110 kV side. The transformer uses Y/Δ-11 connections and the high
voltage side was Y-connected. The rated capacity of the 110/35 kV transformer is 100 MVA. Its leakage
reactance is 0.1 (p.u.) and the source impedance on the 110 kV side of the transformer is 2.0Ω resistance
cascading with 0.02H reactance (Figure 5.43).

To ensure the effectiveness of the time difference based method, the sampling frequency of the simula-
tion is set as 1 kHz, which means sampling 20 points in one cycle. The phase correction is done according
to the connection of the transformer before forming the differential current. The u1 represents the voltage
of the side of Y-connection and id represents the corresponding differential current. u1

′ represents the
corresponding a one-cycle superimposed component of the phase voltage u1, and id

′ represents the corre-
sponding one-cycle superimposed component of the differential current id in one cycle. t1 and t2 represent
the states of the sudden change of the voltage and the differential current. The value ‘1’ represents that
the sudden change occurs and ‘0’ represents that no sudden change is detected.

By virtue of this model, various scenarios of energizing and different types of faults of the transformers
are simulated. Some representative cases are illustrated here (Scenarios 5.6–5.18) for the purpose of
validation.

Scenario 5.6 Energizing of a healthy no-load transformer
This case presents the scenario of switching-on the transformer at the high voltage side. Figure 5.44
shows the waveforms of the phase voltage and the differential current (taking phase A of the Y-side for
reference). This scenario presents the switching-on of the normal transformer. The phase A residual flux
of the iron core of the transformer is 40%, the inception angle is 0∘ and the transformer is switched on
at 1.0 s. The voltage and magnetizing inrush current after switching-on would lead to the superimposed

G

110/35kV S

BRK1 BRK2

Figure 5.43 Simulation system model of the 110/35kV transformer
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Figure 5.44 Voltage and differential current (Scenario 5.6)
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Figure 5.45 Component of voltage and differential current (Scenario 5.6)

components of the voltage and the differential current. The filtered superimposed series of the voltage and
the differential current are shown in Figure 5.45. Furthermore, time corresponding to the sudden change
could be obtained (Figure 5.46). According to Figure 5.46, the time difference between the sudden change
of the voltage and the differential current is 4 ms, which exceeds the threshold set above. In this case,
the protection would be blocked correctly. Afterwards, no matter what the voltage or the current, no
successive change occurs. Therefore, the protection would be blocked reliably in the whole process.

Scenario 5.7 Energizing of a faulty no-load transformer
This case provides the simulations of the switching-on of the no-load transformer with an internal
turn-to-turn short-circuit fault. Figure 5.47 shows the waveforms of the voltage and the differential
current and Figure 5.48 shows the superimposed components of the voltage and the differential current.
Figure 5.49 shows the comparison between the occurrences of superimposed voltage and superimposed
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Figure 5.49 Occurrence time of component of voltage and differential current (Scenario 5.7)

differential currents. The time difference between the superimposed voltage occurrence and the
differential current occurrence is identified as 0 s by this criterion. Therefore, the fault is recognized
as an internal one and the protection should trip reliably. This criterion does not rely on the whole
characteristic of the waveform of the differential current but on the time difference of the superimposed
series. Therefore, it will not have to gain the whole characteristic by virtue of a long data window and
it will operate more quickly. It can avoid the mal-operation due to the low second harmonic content in
some conditions.

Scenario 5.8 A developing fault occurring during energizing of a no-load transformer
A developing fault is a special type of fault. In this case, the transformer was switched on under no-load
(switching angle is 18∘ and the residual flux is 30%) and the transformer experienced the internal fault
(turn-to-turn short-circuit) at 1.1 s. Figure 5.50 shows the waveforms of the voltage and the differential
current and Figure 5.51 shows the waveform of the superimposed component of the voltage and differ-
ential current. Figure 5.52 presents the comparison between their superimposed components. As seen,
this criterion detected that the time difference between the sudden changes of the superimposed compo-
nents of the voltage and differential currents was 5 ms at approximately 1.0 s. Therefore, this scenario
should not be an internal fault and the protection should be blocked. When an internal fault occurs at

2

0

–2
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

5

0

–5

μ 1
 (

p.
u.

)
I d

 (
p.

u.
)

Time (s)

Time (s)

Figure 5.50 Voltage and differential current (Scenario 5.8)

www.EngineeringBooksPDF.com



278 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

Time/s

μ 1
′ (

p.
u.

)
I d

′ (
p.

u.
)

0

5

–5

2

–2
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
Time (s)

0

Figure 5.51 Component of voltage and differential current (Scenario 5.8)

1

0.5

0

0.9 0.95 1 1.05 1.1 1.15

Time (s)

1.2 1.25 1.3 1.35 1.4

t 1

1

0.5

0

0.9 0.95 1 1.05 1.1 1.15

Time (s)

1.2 1.25 1.3 1.35 1.4

t 2

Figure 5.52 Occurrence time of superimposed component of voltage and differential current
(Scenario 5.8)

1.1 s, as shown in Figure 5.51, the time difference between the sudden changes of the superimposed
components of the voltage and the differential current is identified as 0 s. In this case, it is recognized as
a developing fault and the blocking logic of the protection should be released to allow the protection to
trip correctly. It can be seen that this criterion will still maintain the accuracy and the speed of operation
with respect to the developing fault during the period when the protection is being blocked due to the
magnetizing inrush.

Scenario 5.9 Phase-to-phase fault during the operation of the no-load transformer
In this case, the internal phase-to-phase short-circuit fault under no-load is simulated. The fault occurs at
4.0 s. The faulty phase voltage sags very quickly while the differential current rises very fast (Figure 5.53).
Figure 5.54 presents the transient characteristic more clearly by means of the superimposed components
of the voltage and the current. Figure 5.55 indicates the time when the superimposed components cor-
responding to the waveforms in Figure 5.54 emerge. From Figure 5.55 it can been seen that the time
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Figure 5.53 Voltage and differential current (Scenario 5.9)
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Figure 5.55 Occurrence time of superimposed component of voltage and differential current
(Scenario 5.9)

difference between the emergence of the superimposed component of the voltage and that of the differ-
ential current was 0 s, and the protection should operate instantaneously.

Scenario 5.10 Phase-to-phase fault during the operation of the loaded transformer
An internal phase-to-phase short-circuit fault of a loaded transformer is simulated in this case. Figure 5.56
shows the waveform of the voltage and the differential current and Figure 5.57 shows the waveforms of
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the superimposed components of the voltage and the differential current. Figure 5.58 presents the compar-
ison between their superimposed components. The fault occurs at 4.0 s and the faulty phase voltage sags
very quickly while the differential current rises to several times the rated value (Figure 5.56). Figure 5.57
shows the transient characteristic more clearly by means of the superimposed components of the volt-
age and the current. As seen, according to this criterion, the time difference between the superimposed
component of the voltage and that of the differential current was 0 s. In this case, the protection should
operate instantaneously.

Scenario 5.11 Inter-turn fault during the operation of the loaded transformer
An internal turn-to-turn short-circuit fault of a loaded transformer is simulated in this scenario. The simu-
lation module for designing the internal fault in the EMTDC software has no specifications for setting the
turns of short-circuit winding, total turns of the faulted winding the total turns of the un-faulted winding.
Therefore, the auto-transformer module is used to simulate the inter-turn fault. The short-circuit ratio
depends on the voltage ratio of the corresponding winding. In this scenario, we design a 9.1% inter-turn
fault occurring on the 110 kV side of the transformer. Figure 5.59 shows the waveforms of the voltage
and the differential current and Figure 5.60 shows the waveforms of the superimposed component of the
voltage and differential current. Figure 5.61 presents the comparison between their superimposed com-
ponents. At 4.0 s, the faulty phase voltage sags very quickly while the differential current rises suddenly
(Figure 5.59). Figure 5.60 shows the transient characteristic more clearly by means of the superimposed
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component of the voltage and the current. According to this criterion, the time difference between the
emergence of the superimposed component of the voltage and that of differential current was 0 s. The
protection should operate instantaneously.

Numerous of different typical types of ‘switching on under no-load condition’ and internal faults are
simulated to verify the proposed criterion, and the results prove that this criterion is effective and fast.

Scenario 5.12 Energizing the no-load transformer connecting with a stiff system
Scenario 5.12.1: xs∕xT = 1 ∶ 10, where xs represents the internal reactance of the stiff system and xT

represents the positive sequence leakage reactance of the transformer.
This case presents the scenario of switching on a transformer at the Y-side (high voltage side). The

PTs are installed on the voltage bus. The phase A residual flux of the transformer core is 40% and
the inception angle is 0∘. The transformer is switched on at 0.3 s. The voltage and magnetizing inrush
current after switching on are also able to lead to the detectable superimposed components of the volt-
age and the differential current in this scenario. Figure 5.62 shows the waveforms of the differential
current and the corresponding superimposed component (taking phase A of the Y-side for reference).
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Figure 5.62 Differential current and the component (Scenario 5.12.1)
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Figure 5.63 Voltage and the component (Scenario 5.12.1)
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Figure 5.64 Occurrence time of component of voltage and differential current (Scenario 5.12.1)

The voltage and the filtered superimposed series of it are shown in Figure 5.63. According to Figure 5.63,
the superimposed component of the voltage is 0.067 (p.u.), greater than 0.05 (p.u.). Furthermore, the time
corresponding to the sudden change could be obtained (Figure 5.64). According to Figure 5.64, the time
difference between the sudden change of the voltage and the differential current is 3.2 ms, which exceeds
the threshold set above. In this case, the protection would be blocked correctly.

Scenario 5.12.2: xs∕xT = 1 ∶ 15, where xs represents the internal reactance of a very stiff system and
xT represents the positive sequence leakage reactance of the transformer.

This case presents the scenario of switching on the transformer at the high voltage side. The PTs are
installed on the voltage bus. The phase A residual flux of the iron core of the transformer is 40%, the
inception angle is 0∘ and the transformer is switched on at 0.3 s. The voltage and magnetizing inrush
current after switching on also lead to the superimposed components of the voltage and the differential
current. Figure 5.65 shows the waveforms of the differential current and the superimposed component
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Figure 5.65 Differential current and the superimposed component (Scenario 5.12.2)
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Figure 5.66 Voltage and the superimposed component (Scenario 5.12.2)

of it (taking phase A of the Y-side for reference). The voltage and the filtered superimposed series of
it are shown in Figure 5.66. According to Figure 5.66, the superimposed component of the voltage is
0.0457 (p.u.), less than 0.05 (p.u.). Therefore, it should be considered that there is no sudden change on
the voltage. Furthermore, the time corresponding to the sudden change could be obtained (Figure 5.67).
According to Figure 5.67, no time difference between the sudden change of the voltage and the differ-
ential current needs to be calculated due to the condition that the voltage change is not satisfied.

According to Scenarios 5.12.1 and 5.12.2, the voltage change decreases with respect to the increase of
the degree of stiffness of the connected system when the PT is installed on the voltage bus. Therefore, it
is possible that the superimposed component of the voltage cannot be detected if the connected system
is very stiff.

The value 0.05 (p.u.) for the voltage change can be set as a threshold in terms of engineering
applications. In this case, the voltage change in Scenario 5.12.1 is greater than 0.05 (p.u.) and can be
detected correspondingly. The time difference based method is still valid for this case. In contrast, the
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(Scenario 5.12.2)

voltage change in Scenario 5.12.2 is less than 0.05 (p.u.) and cannot be detected correspondingly. The
time difference based method will fail for this case. Instead, the second harmonic restraint scheme will
be enabled.

Scenario 5.13 Turn-to-turn fault during operation of the loaded transformer
In this scenario, the aim is to find out the relationship of the severity of the fault to the detectable voltage
change when the transformer is connected to a stiff system. Therefore, still assume that xs∕xT = 1 ∶ 10.
An internal turn-to-turn (20%) short-circuit fault of a loaded transformer is simulated in this scenario. PTs
are installed on the voltage bus. In this case the disturbance of the voltage is 0.0557 (p.u.), greater than
the threshold 0.05 (p.u.). Figure 5.68 shows the waveforms of the differential current and superimposed
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Figure 5.68 Differential current and the component (Scenario 5.13)
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Figure 5.70 Occurrence time of superimposed component of voltage and differential current
(Scenario 5.13)

component of it. Figure 5.69 shows the waveforms of the voltage and the superimposed component of
it. Figure 5.70 presents the comparison between their superimposed components. At 0.3 s, the faulty
phase voltage sags very quickly while the differential current rises suddenly (Figures 5.68 and 5.69).
According to Figure 5.70, the time difference between the emergence of the superimposed component
of the voltage and that of the differential current was 1 ms, less than the threshold (3 ms). In this case,
the time difference based criterion will be enabled and the protection should operate instantaneously.

If the severity of the fault decreases further, for example 10% turn-to-turn fault, the voltage change due
to fault occurrence will not be detected in the case of 5% operating threshold. In this case, the second
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harmonic restraint criterion will be enabled and this fault also can be cleared in time. Of course, the
protection using the second harmonic restraint criterion will trip with some time delay if a transformer
with a slight internal fault is switched to a stiff system. However, it is the inherent problem of this type
of criterion. It should be pointed out that the time difference based method can work in a variety of
internal fault scenarios as long as the voltage change due to the fault occurrence can be detected, which
corresponds to most internal fault scenarios.

Scenario 5.14 Clearing the external fault to probe the inrush current
This case presents the scenario of clearing the external fault to probe the magnetizing inrush current.
The external fault was applied at 0.5 s. The differential current keeps low and the faulty voltage drops
greatly. In this case, the differential current cannot be detected since it is an external fault. The exter-
nal fault is cleared at 0.9 s. As a result of voltage recovery, the magnetizing inrush current is probed.
Figure 5.71 shows the differential current and the superimposed component of it. Figure 5.72 shows the
voltage and the superimposed component of it. According to Figure 5.73, the time difference between
the voltage disturbance and the inrush current is 16 ms, much greater than the threshold. In this case, the
time difference based criterion will be enabled and the protection will be blocked reliably.
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Scenario 5.15 Non-zero differential current changes due to the CT ratio mismatch when voltage
recovers
This case presents the scenario of non-zero differential current changing due to voltage recovery after an
external fault is cleared. Figure 5.74 shows the differential current and the superimposed component of
it. Figure 5.75 shows the voltage and the superimposed component of it. The external fault is applied at
0.5 s. The differential current keeps low and the faulty voltage drops greatly. The external fault is cleared
at 0.9 s. As a result of voltage recovery, the differential current grows because of the CT ratio mismatch.
According to Figure 5.76, the second harmonic of the differential current is less than 10%, which may lead
to the mal-operation of the second harmonic restraint based differential protection with a 15% restraint
threshold. However, according to Figures 5.77 and 5.78, the second harmonic of the differential current
of another phase (phase B) is always greater than 18%. The protection will be blocked by the cross-phase
blocking scheme.
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Figure 5.74 Differential current and the superimposed component (Scenario 5.15)
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Scenario 5.16 Energizing a healthy no-load transformer from the delta side (low voltage side)
This case presents the scenario of the switching on the transformer at the delta side (low voltage side). The
PTs are installed on the low voltage bus. The phase A residual flux of the iron core of the transformer is
20%, the inception angle is 0∘ and the transformer is switched on at 0.3 s. The voltage and magnetizing
inrush current after switching on would lead to the superimposed components of the voltage and the
differential current. Figure 5.79 shows the waveforms of the differential current and the superimposed
component of it (taking phase A of the Y-side for reference). The voltage and the filtered superimposed
series of it are shown in Figure 5.80. According to Figure 5.80, the superimposed component of the
voltage is 0.15 (p.u.), greater than 0.05 (p.u.). Furthermore, the time corresponding to the sudden change
could be obtained (Figure 5.81). According to Figure 5.81, the time difference between the sudden change
of the voltage and the differential current is 6 ms, which exceeds the threshold set above. In this case, the
protection would be blocked.

Scenario 5.17 Three phases of the no-load transformer are energized separately
This case presents the scenario of switching on the transformer at the Y-side (high voltage side) and
three phases energized separately. The PTs are installed on the transformer side of the breaker used for
energizing. The phase A residual flux of the iron core of the transformer is 30%, the inception angle
is 0∘ and pole A is switched on at 0.3 s. The phase B residual flux of the iron core of the transformer
is 20%, the inception angle is 0∘ and pole B is switched on at 0.308 s. The voltage and magnetizing
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Figure 5.79 Differential current and the superimposed component (Scenario 5.16)
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Figure 5.80 Voltage and the superimposed component (Scenario 5.16)
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Figure 5.82 Differential current and the superimposed component (Scenario 5.17)

inrush current after switching on would lead to the superimposed components of the voltage and the
differential current. Figure 5.82 shows the waveforms of the differential current of phase A and the
superimposed component of it. The voltages of phase A and B and their filtered superimposed series
are shown in Figures 5.83 and 5.84 respectively. Furthermore, the time corresponding to the sudden
change of voltage of phase A and phase B could be obtained, as could the time of the first occurrence
of differential current (Figures 5.85–5.87). According to Figures 5.85–5.87, the first occurrence of the
differential current is at 0.308 s, lagging 8 ms behind the occurrence of the voltage disturbance of pole A,
and lagging only 1 ms behind the occurrence of the voltage disturbance of pole B. According to the design
of the time difference based criterion, only the first disturbance time is taken into account. Therefore,
the time difference between the sudden change of the voltage and the differential current should be 8 ms,
which exceeds the threshold set above. In this case, the protection would be blocked correctly.

Scenario 5.18 Transformer over-excitation
This case presents the scenario of transformer over-excitation by increasing the bus voltage to 1.7 (p.u.);
this is actually impossible in real applications. Figure 5.88 shows the waveforms of the differential cur-
rent and the voltage. As a result of the 1.7 (p.u.) voltage, the differential current of the transformer is
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Figure 5.83 Voltage and the superimposed component of phase A (Scenario 5.17)
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Figure 5.84 Voltage and the superimposed component of phase B (Scenario 5.17)
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Figure 5.88 Waveforms of the differential current and the voltage (Scenario 5.18)

symmetrical. This scenario leads to extreme over-excitation of the transformer. In this case, the time
difference is 6 ms (Figure 5.89), enough to block the differential protection. In this case, the protection
would be blocked correctly.

In summary, by virtue of the phenomenon that the false differential current caused by saturation of
the transformer iron core lags behind the fault current caused by the internal fault for a period of time, a
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new time-difference based criterion for differential protection is proposed. The false differential current
resulting from the magnetizing inrush current of the transformer can be identified. Meanwhile, even if
the differential current obviously contains the interference or the magnetizing inrush current, various
internal faults can be identified reliably and the protection will trip instantaneously. Furthermore, the
criterion can discriminate the developing fault very quickly. No matter what kind of fault occurs, it can be
identified at a very high speed. Conservatively, the time for the protection to operate is within a half cycle.
The effectiveness of this criterion has been verified with simulation tests. Furthermore, a comprehensive
protection scheme is designed to deal with a variety of complicated scenarios, including switching on or
a fault of a transformer to a stiff system, asynchronous switching on of a transformer, multiple phases
developing external or internal faults, inrushes due to voltage recovery or nonzero differential current
due to CT mismatch and so on. The corresponding countermeasures are proposed in this comprehensive
scheme and the limitations of each individual criterion are analysed. Finally, the analyses on the above
scenarios are testified with the corresponding simulation tests.

5.5 A Series Multiresolution Morphological Gradient Based Criterion
to Identify CT Saturation

5.5.1 Time Difference Extraction Criterion Using Mathematical Morphology

5.5.1.1 Mathematical Morphology Fundamentals

Mathematical morphology, originally introduced by Matheron and Serra as a tool for investigating geo-
metric structure in binary images, is a nonlinear theory for signal processing and analysis. Unlike most
filtering methodologies emphasizing the response of the frequency domain, MM prefers to depict the
profile of signal waveform in the pure time domain. The underlying basis of the morphological filtering
technique is to process signals by a function, known generally as the structuring element (SE) or the
structuring function. When operating upon a signal of complicated shapes, MM operations are capable
of decomposing a signal into certain parts with specific characteristics and highlighting them from the
background.

As known, most applications of power system analysis are the processing of a 1D signal. A superim-
posed transient signal is normally taken to represent foreground regions, while the steady-state signal,
no matter if it is pre-fault or post-fault, acts as the background.

Suppose that the original samplings is expressed by the function X(x), whose domain is Dx, and the
structure function is given by G(y), whose domain is Dg. Therefore, two basic morphological operators
can be specified as erosion and dilation, defined as:

X ⊕ G(x) = min
y∈Dg

[X(x + y) − G(y)],∀x ∈ Dx (5.28)

X ⊕ G(x) = max
y∈Dg

[X(x − y) + G(y)],∀x ∈ Dx (5.29)

among which Equation (5.26) denotes erosion and Equation (5.27) specifies dilation. For instance,
suppose that the length of Dg is h. For arbitrary x0 ∈Dx, X ⊕ G(x0) is equal to the maximum of
{X(x0 − 1)+G(1), X(x0 − 2)+G(2), … , X(x0 − h)+G(h)}. Note that the domain of the sampling Dx is
from negative infinity to positive infinity. Hence (x+ y) and (x− y) are still contained in Dx. Erosion is
an anti-extensive operator that suppresses the peak pulses. As the dual of erosion, dilation is an extensive
operator that suppresses bottom pulses. According to the definition of erosion and dilation, the edge of
the signal, no matter whether it is a positive-going edge or negative edge, will be shifted by erosion
and dilation operators but in reverse directions. This characteristic is used to design an improved edge
detection algorithm.
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5.5.1.2 MMG

A gradient operator is an effective tool to highlight the edge (sudden change) information and, thus, is
applicable to detect the transient superimposed on a steady-state signal. However, it is sensitive to most
noises as well. In contrast, the morphological filter has excellent de-noise ability. Thereby, the combina-
tion of morphological filter and arithmetic differential operation naturally results in the appearance of a
morphological gradient (MG). The basic MG is defined as the arithmetic difference between the dilated
and the eroded original sampling function f(x) by g, the elementary SE. The definition of MG is given by:

MG = (f ⊕ g)(x) − (f ⊕ g)(x) (5.30)

The MG is actually more than the gradient in mathematical fundamentals. Along the successive sam-
pled signal, the MG is determined by the difference between maxima and minima obtained within the
domain of the flat SE.

Similar to the wavelet analysis, the concept of multiresolution analysis is introduced to MM. Mul-
tiresolution morphological filtering can repress various noises effectively. Combined with the concept
of MG, the goal of highlighting singularity information together with depressing noise can be achieved.
Accordingly, multi-resolution morphological gradient (MMG) is proposed. The technique is introduced
here to recognize and characterize the moments of transient change, such as fault occurrence and CT
saturation. To extract the ascending and descending edges of the transient signal, the MMG is designed
to possess scalable flat lines SE g+ and g− with different origins defined as:

g+ = {g1, g2, … , gl−1, gl} (5.31)

g− = {g1, g2, … , gl−1, gl} (5.32)

where g+ is the SE used for extracting the ascending edges and g− is for the identifying the descending
edges. Here scalable flat lines mean the member of g+ and g− are all zero. l = 21−𝛼 l1, where 𝛼 indicates
the level of MMG to be processed; l1 is the primary length of g at level 1. The underlined samples, g, in
g+ and g− show their origins.

With g+ and g−, two MG outputs at level n, 𝜌+n and 𝜌−n , will be available according to Equations (5.33)
and (5.34):

𝜌+n = (𝜌n−1 ⊕ g+)(x) − (𝜌n−1 ⊕ g+)(x) (5.33)

𝜌−n = (𝜌n−1 ⊕ g−)(x) − (𝜌n−1 ⊕ g−)(x) (5.34)

Based on the definition of the MMG, 𝜌n, the ultimate result of MMG filter on level n, can be given by
Equation (5.35):

𝜌n = 𝜌+n−1 + 𝜌
−
n−1 (5.35)

5.5.1.3 SMMG

As mentioned above, the MMG may be used to depress the steady-state components of a signal and
extract the transient features. However, an elementary MMG filter has failed to detect faint slow signal
changes in some cases, as shown in Figure 5.90. Considering fine characteristics of MMG of transient
component extraction, a n-order MMG transform in series by n same or different SEs is expected to be
able to magnify inconspicuous transient features and detect faint signal changes in short period.

Let a signal g denote a flat line SE, l = 2𝛼 or l = 𝛽 × 2𝛼−1 (𝛽 is an odd number greater than 1) is
the length of g, arithmetic operator MMGl is defined as the dyadic MMG transform by g with level 𝛼.
Correspondingly, let a set of signals {gi}, i = 1, 2, 3, … , n, denote a set of flat lines SEs; li = 2𝛼i is the
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Figure 5.90 MMG and SMMG of a voltage sag signal: (a) a voltage sag signal; (b) MMG2, MMG4,
MMG6 and MMG8 of the voltage sag; (c) SMMG 3

2 of the voltage sag; (d) SMMG 2
2 of the voltage sag;

(e) SMMG 4
2 of the voltage sag

length of gi; the arithmetic operator
n∏

i=1

SMMGli
is defined as n-order eeries dyadic MMG transform by

gi with level 𝛼i respectively. Specially, SMMGn
L if li = L, that is to say, n SEs have the same length L. As

a special case, the MMG can be regarded as a one-order SMMG transform.
Figure 5.90a gives a 10% voltage sag wave occurring at 30 ms; the sampling frequency is 2 kHz. Its

MMG8 (dashed line), MMG6 (dotted line), MMG4 (solid line), MMG2 (dash-dotted line) and SMMG3
2,

SMMG2
2, SMMG4

2 results are given in Figure 5.90b–e. In this case, it is hard for a simple MMG transform
to locate the starting point of the voltage sag as shown in Figure 5.90b. In contrast, a large spike detected
by SMMG3

2 exactly indicates the starting point of the voltage sag, as demonstrated in Figure 5.90c. It can
be seen from Figure 5.90d that SMMG2

2 cannot provide a satisfactory result. According to Figure 5.90e,
SMMG4

2 is also capable of detecting the sag signal. Because the filter length of SMMG4
2 is larger than that

of SMMG3
2, the latter is adopted to perform CT saturation identification.
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The combination and sequence of SEs vary with the diverse features of the original signal to be
extracted. Theoretically, any faint signal change can be detected by SMMG as long as the appropri-
ate combination and sequence of SEs are chosen. The SMMG filter length is determined by the lengths
of SEs, li and order n. The MMGl filter length can be calculated from the following formula:

dMMGl
=

𝛼∑
i=1

(21−il − 1) (5.36)

Based on Equation (5.36), the SMMG filter length can be calculated by:

dSMMG =
n∑

i=1

dMMGl
(5.37)

Moreover, it should be noticed that the computational burden of limited order SMMG can be quite
light-this is good for protection relays.

5.5.2 Simulation Study and Results Analysis

The EMTDC based 400 kV transmission system was used to evaluate the above scheme, which consists
of a generator, a transformer, a 10 km transmission line and an infinite system, as shown in Figure 5.91.

All components in the power system come from the standard element library of EMTDC. Two CTs
are equipped for the differential protection of the transformer.

A rational CT model is very important for the purpose of saturation study. Fortunately, the Lucas Model
of a CT is available [9] in the EMTDC element library as well. The Lucas Model is quite adequate for
many studies except where it is necessary to simulate successive faults due to reclosing onto a permanent
fault [10]. In this sense, this model is suitable for the CT saturation study here. The CT parameters are
presented in Table 5.4. With appropriate arrangement of the basic magnetizing curves and the residual
fluxes of the CT, CT1 can transform the primary current exactly in the event of the any type of faults,
whereas CT2 may saturate when experiencing a high primary current. In this case, the CT saturation
can be simulated and used to evaluate the proposed scheme. The current signals observed at the second
side of both CTs together with the differential current are used as the inputs of the SMMG. SMMG3

2 is
designed to fulfil the task of time difference identification. The time difference between fault occurrence
and emergence of differential current can be obtained by observing the outputs of SMMG3

2. The sam-
pling rate in the simulation is 2 kHz. The proposed method is an instantaneous value-based algorithm.
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Figure 5.91 Simulated system (EMTDC based 400kV transmission system)

www.EngineeringBooksPDF.com



298 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

Table 5.4 CT parameters for a 400 kV transmission system

Parameters CT1 CT2

Current transformer ratio (A) 120/5 2400/5
Mean core length (m) 0.8 0.5
Core cross-section (cm2) 23.2 41.2
Burden, R (Ω) 3.0 1.0
Knee point (0.1 A, 1.6 T) (0.1 A, 1.6 T)

Therefore, the time delay of the criterion is exactly the length of the time window of SMMG3
2. According

to Equations (5.36) and (5.37) in the revision together with the sampling rate of 2 kHz, the actual time
delay of the criterion is 1.5 ms.

5.5.2.1 CT Saturation due to an External Fault

Suppose an external three-phase fault of the transformer occurs with an inception angle of 0∘ at point F1
in Figure 5.91. In this circumstance, the fault occurrence, the emergence of the false differential current
and the moment that the CT commences saturating are detected for the purpose of fault identification. The
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Figure 5.92 (a) The secondary current of CT1 and (b) its SMMG3
2 output in the case of an external fault
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Figure 5.93 (a) The secondary current of CT2 and (b) its SMMG3
2 output in the case of an external fault

secondary currents of CT1 and CT2 are shown in Figures 5.92a and 5.93a. As seen, CT1 can completely
transform the primary current whereas CT2 saturates. Therefore, a false differential current occurs, as
shown in Figure 5.94a. In this case the differential protection may mal-operate if appropriate blocking
logic is not used.

The sampled current based TD method using SMMG is therefore proposed to address the aforesaid
problem. The SMMG3

2 outputs of the currents are shown in Figures 5.92b and 5.93b. As seen, the time
instants of the sudden changes of the currents coming from both CTs can be captured with high sensitivity.
Thereafter, the instant of fault occurrence can be determined as 0.025 s, since time instants of the first
sudden change of the currents of CT1 and CT2 are both at 0.025 s.

As seen in Figure 5.94b, the time instant of sudden change of differential current is at 0.028 s, which
corresponds to the second sudden change of the SMMG3

2 output of the saturated current, as shown in
Figure 5.93b. In this case, this small TD, namely 3 ms, can be detected and confirmed with the informa-
tion available in Figures 5.92b and 5.94b. Therefore, this disturbance can be determined as an external
fault and the protection can be blocked correctly. With a conventional TD method it is very difficult to
detect such a minor time difference. It should be noted that only one sudden change is detected for the
unsaturated CT (Figure 5.93b), which proves that the SMMG can focus on the significant singularity
information and depress other undesired interference that possibly confuses the correct decision.
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Figure 5.94 (a) The differential current and (b) its SMMG3
2 output in the case of an external fault

A variety of serious external fault simulations have been carried out to validate the SMMG based TD
method and this method always gives a correct response.

5.5.2.2 CT Saturation due to an Internal Fault

Suppose that an internal fault of the transformer occurs at point F2 in Figure 5.91. The secondary currents
coming from CT1 and CT2 are shown in Figures 5.95a and 5.96a.

As illustrated, CT1 can completely transform the primary current whereas CT2 saturates. The differ-
ential current presents the feature of saturation, as shown in Figure 5.97a. Based on the SMMG3

2 outputs
of the currents in Figures 5.95a–5.97a, as shown in Figures 5.94b–5.97b, the time instants of the first
sudden changes of the currents are all exactly at 0.025 s. As mentioned earlier, the time instant of the first
sudden change of the currents coming from CT1 and CT2 can be used to detect the fault occurrence, and
the time instant of the emergence of the differential current can be used for the purpose of distinguishing
between an external fault and an internal fault. In this case, the internal fault can be identified easily since
the time differences between any two signal sudden changes are all zero. Therefore, the protection can
issue the trip command immediately without being subject to the possibly adverse impact of subsequent
CT saturation.
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Figure 5.95 (a) The secondary current of CT1 and (b) its SMMG3
2 output in the case of an internal fault

5.5.2.3 Results for the Case of both CTs being Saturated

By means of adjusting the burden, both CTs may be saturated, with different rates of saturation.
Figure 5.98 shows the secondary currents of the CTs and theirs SMMG outputs in the case of both
CTs being saturated. Among these, Figure 5.98a shows the secondary currents of CT1 and CT2. Their
SMMG outputs are presented in Figure 5.98b and 5.98c. CT1 is in light saturation and CT2 in heavy
saturation. Therefore, a false differential current occurs (Figure 5.99a). The instant of fault occurrence
can be determined as 0.025 s, since the time instants of the first sudden change of the currents of CT1
and CT2 are both at 0.025 s. It can be seen from Figures 5.98c and 5.99b that the time instant of the
sudden change of differential current is at 0.031 s, which corresponds to the second sudden change of
the SMMG output of the CT2 saturated current and the second sudden change of the differential current
SMMG output. The TD, therefore, is determined by the secondary currents of the CT saturated first.

5.5.2.4 Impacts of Fault Resistance, Fault Type, Fault Inception Angle and Noise Interference

Figures 5.100 and 5.101 give the case of an external single phase to ground fault through a fault resis-
tance of 20Ω. Figures 5.102–5.104 present the case of an external three-phase fault with an inception
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Figure 5.96 (a) The secondary current of CT2 and (b) its SMMG3
2 output in the case of an internal fault

angle of approximate 30∘. In order to verify the performance under noise condition, the waveforms in
Figures 5.102a–5.104a are mingled with white noise and the signal noise rate (SNR) is 20 db. As seen
from the results, the TD varies with the fault types, fault resistances, and inception angles. According
to the simulation results, the proposed technique is adequate for detecting a small TD, even as small as
3 ms. Hence, these factors have little influence on the proposed method. Also, the algorithm can provide
satisfactory result under moderate noise conditions.

5.5.3 Performance Verification with On-site Data

The practical data come from disturbance recorder of a two-winding transformer protection when this
transformer experienced an external fault. The transformer is located in a substation in Shanxi province,
China. The sampling rate of the field data is 600 Hz. The currents of both sides of the transformer are
shown in Figure 5.105a. As seen, one was nearly transformed linearly and one is in the saturation state.
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Figure 5.97 (a) The differential current and (b) its SMMG3
2 output in the case of an internal fault

The samples in such a low sampling rate cannot be processed directly using the SMMG technique. For
the purpose of the validation of the proposed method using the practical data, an interpolation pro-
cessing is used to increase the sampling rate of the data to 1.8 kHz. Then, the differential current in
Figure 5.106a can be formed. The SMMG output for the phase currents and differential current are
shown in Figures 5.105b, 5.105c and 5.106b. Based on these outputs, the TD in 6 ms can be sensitively
captured and the CT saturation is identified accordingly.

In summary, a SMMG technique was applied to implement the CT saturation blocking scheme for the
differential protection. The singularity information of the transient current can be identified clearly and
localized accurately by virtue of this technique no matter what the fault occurrence, differential current
emergence or CT saturation. Therefore, the time difference between the fault occurrence and differential
current emergence can be obtained with high accuracy. With the time difference, the saturation of the
CT can be detected and an appropriate blocking scheme can thus be applied to prevent the differential
protection from mal-operation. With this novel scheme, the differential protection can operate instanta-
neously in the event of a serious internal fault. Meanwhile, the stability of the operation can be ensured
even if one of the CT saturates in depth due to a heavy external fault. The effectiveness of this scheme
was proven with the EMTDC based simulation tests and practical data.
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Figure 5.98 The secondary currents of the CTs and their SMMG outputs in the case of both CTs being
saturated: (a) secondary currents of CT1 and CT2; (b) SMMG output of CT1; (c) SMMG output of CT2

5.6 A New Adaptive Method to Identify CT Saturation Using a Grille Fractal

5.6.1 Analysis of the Behaviour of CT Transient Saturation

CT saturation is divided into steady-state saturation and transient saturation: steady-state saturation is the
saturation of the CT iron core when the primary current is in the steady state. For a low voltage grid, it is
not difficult for general protection devices to adapt to CT steady-state saturation. But there will always
be a transient process after an actual line fault during which the DC component is greater than the AC
component in the excitation circuit. So the CT transient error increases, the performance of which is quite
different compared to the steady-state case. At this point, the CT saturation is called transient saturation.
The influence, when CT is transient saturated, on transfer characteristics is discussed here.

Supposing that external fault occurs and the CT is not saturated, the primary current of the CT is:

i1 = I1m(A − cos𝜔t) (5.38)
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Figure 5.99 (a) The differential current and (b) its SMMG3
2 output in the case of both CTs being

saturated

where I1m is maximal value of short-circuit current of primary side, A= e−t/T is attenuation DC compo-
nent, and T is time constant of the primary system. The excitation current is very small when the CT is
not saturated, namely i

𝜇
= 0. During the initial stage of the fault, the primary current i1 is transmitted to

the secondary side without any distortion. The transient current of secondary side is:

i2 = I2m(A − cos𝜔t) (5.39)

where I2m is maximal value of the short-circuit current of the secondary side.
It can be obtained from the equivalent circuit that:

W2

d𝜙′

dt
= i2r2 (5.40)

Δ𝜙′ = 1
W2 ∫

t2

t1

i2r2dt (5.41)

where W2 is the number of turns on the secondary side, ΔΦ′ is the increment of iron core flux Φ′ within
one cycle, and r2 is the secondary load of instrument transformer, only resistance accounted and reactance

www.EngineeringBooksPDF.com



306 Electromagnetic Transient Analysis and Novel Protective Relaying Techniques

0

15

–15

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

A
m

pl
itu

de
 (

A
)

Time (s)

i2

i1

(a)

0

0.5

1

–0.5

–1

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

A
m

pl
itu

de
 (

A
)

Time (s)

(b)

0

1

2

–1A
m

pl
itu

de
 (

A
)

–2

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)

(c)

Figure 5.100 The secondary currents of the CTs and theirs SMMG outputs in the case of external single
phase to ground fault through a fault resistance: (a) secondary currents of CT1 and CT2; (b) SMMG
output of CT1; (c) SMMG output of CT2

excluded. Equation (5.39) substituted into Equation (5.41) then gives:

Δ𝜙′ =
2I2mr2

𝜔W2

[A(𝜋 − arccos A) +
√

1 − A2] (5.42)

Continuously after n cycles, the iron core flux reaches the saturation value of the CT and the value is:

𝜙′
r + nΔ𝜙′ = 𝜙′

s (5.43)
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Figure 5.101 (a) The differential current and (b) its SMMG output in the case of external single phase
to ground fault through a fault resistance

where Φr
′ is the iron core remanence of the CT. The number of cycles at which the saturation of CT

begins saturation is:

n =
𝜔W2(𝜙′

s − 𝜙′
r)

2I2mr2[A(𝜋 − arccos A) +
√

1 − A2]
(5.44)

By Equation (5.42), it can be found that although the CT will not be saturated immediately, there is a
region of linear transmission, the size of which, however, is constrained by many factors: (i) the size and
the degree of deviation of primary side short-circuit current; (ii) the time constant of the primary side
system; (iii) the magnitude of the load on the secondary side; and (iv) the magnitude and direction of the
remanence of the CT, the saturation value and so on. When an external fault occurs, and the magnitude
and direction of remanence is close to that of the saturation value, the CT is likely to be saturated in a
very short time, which brings some difficulties to the Time Difference Method.

In the preceding analysis, it has been shown that for the two kinds of cases of CT saturation when
the inrush current and external fault occur, the iron core will periodically enter and exit the saturation
region. There will be singular points when iron core iron core enters and exits the saturation region.
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Figure 5.102 (a) The secondary current of CT1 and (b) its SMMG output in the case of external
three-phase fault with an inception angle of approximate 30∘

The symmetry of the inrush current is no exception. When the fault occurs inside transformers, due to
the iron core in the linear region, there will be singular points only in fault time. Although the number
of high-frequency details of the fault current increases by CT saturation, there are not obvious singu-
lar points near the time of fault occurrence. So the fault inside transformer is recognized by singular
characteristics of current waveform.

5.6.2 The Basic Principle and Algorithm of Grille Fractal

Fractal is a general of self-similar graphics and structure with no characteristic length but certain sense,
the typical nature of which is local similarity shown in small scale. A singular signal has self-similarity.
The theory of fractals has been successfully applied in singular signal detection in many fields in power
system. Because sampling frequency is not required for grille fractal algorithm, and there is no need to
divide the band, it is suitable for real-time signal processing, favoured by more and more researchers.
The definition of grille is referenced in grille fractal, and a brief and fast criterion of signal singularity
detection is proposed. The description of the theory is: for signal X, suppose are is n+ 1 (n is even)
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Figure 5.103 (a) The secondary current of CT2 and (b) its SMMG output in the case of external
three-phase fault with an inception angle of approximate 30∘

sampling points (x1, x2, … , xn+1) in a period [tk −Δt, tk]. Make 𝛿 =Δt/n, then:

N
𝛿
= 1
𝛿

n∑
j=1

|xj − xj+1| (5.45)

where 𝛿 is time difference of two sampling points, N
𝛿

is the required number of grid lattice square grid
and 𝛿 is the side length. The overlay signal in the period of [tk −Δt, tk] is shown in Figure 5.107.

The differential current of the transformer during normal operation is approximate to a pure sinusoidal
signal. Suppose Δt is one half cycle, the N

𝛿
of any signal is the same for any period, Δt. If a fault occurs

outside the transformer, due to the DC components in the short-circuit current during transient processing,
the error of the DC components transmission of the CT is so large that the CT will be saturated and the
induced electromotive force (EMF) of the secondary side will down to zero immediately. During that
period, i2 is also zero. Along with the instantaneous value of current decrease and CT exit saturation,
the induced electromotive force of the secondary side increases and i2 begins to increase again. It is
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Figure 5.104 (a) The differential current and (b) its SMMG output in the case of an external three-phase
fault with an inception angle of approximate 30∘

shown that with entry and exit saturation of the CT, the waveform of i2 will distort seriously and N
𝛿

will
change exclusively with the distortion points. Similarly, due to the highly nonlinear characteristics of the
iron core, there must be a large number of high-frequency details in the inrush current along with the
time when CT enters and exits saturation. Performed in the grille curve, the trend of increasing and then
decreasing will be caught by both of them.

When a fault occurs inside a transformer, the high-frequency singular signal in the fault current will
be generated in the fault point. N

𝛿
will change exclusively until the waveform is restored to a sinusoidal

waveform. Performed in the grille curve, Performed in the grille curve, N
𝛿

has a trend of increasing at
first and then remaining as a steady-state signal.

Form the analysis above, it can be shown that internal and external faults of transformers can be effec-
tively recognized when the CT is saturated using grille curve variation, which will not be influenced by
inrush current. In practice, the data of the transformer computer protection device sampled from the pri-
mary side of the power system are easily polluted by interference and noise. Reaction to grille curve, N

𝛿

may fluctuate, which leads to an increase in the number of external points of curves. If an internal fault
occurs and the CT is saturated, there will be a trend of increasing and then decreasing for the grille curve,
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Figure 5.105 Practical recordings of the secondary currents of two CTs installed at either side of
a two-winding transformer and their SMMG outputs: (a) currents of two sides of the transformer;
(b) SMMG output of CT1; (c) SMMG output of CT2
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Figure 5.106 (a) The differential current and (b) its SMMG output for the practical recordings

t

𝛿

f(
t)

Figure 5.107 Grille definition

it may lead to protection mal-operation that only grille fractal is analysed. So a self-adaptive generalized
morphological filter is proposed. The singular signal is sampled and the noise and interference restrained.

5.6.3 Self-Adaptive Generalized Morphological Filter

In recent years, the filtering method based on MM has been applied increasingly due to its clear physical
meaning, efficiency and practicality. The algorithm is mainly concentrated on the morphological opening
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and closing operation, morphological closing and opening operation and their average formal combina-
tion. The structural elements of different sizes B1 and B2 are selected to removal noise and interference
signal effectively. Suppose the width of post-structural element B2 is twice that of fore-structural element
B1. Based on the morphological opening and closing operation, a kind of generalized morphological
opening–closing and closing–opening filter, the definition of which respectively is:

y1(n) = GOC(x(n)) = (x ∘ B1 • B2)(n) (5.46)

y2(n) = GCO(x(n)) = (x • B1 ∘ B2)(n) (5.47)

Because there is still a statistical bias phenomenon in the two kinds of filters, it is difficult to obtain
the best filtering effect used alone. Therefore, the average combination of the two kinds of generalized
filter is adopted. The filtered output signal y(n) is:

y(n) = 0.5 ∗ (y1(n) + y2(n)) (5.48)

The shape and size of the structure element is another important factor in determining the effect of
morphological filtering. Taking into account the characteristics of the computation and grille curve vari-
ation, it is decided that flat structure elements, which are most suitable for smoothing, should be selected
for analysis. In addition, the opening operation can guarantee that the width of the structure element is
greater than the width of the maximal of noise. In order to maximize noise suppression, the width of the
structure elements B1 must be greater than the maximal opening.

5.6.4 The Design of Protection Program and the Verification of Results

5.6.4.1 Dynamic Simulation System

According to the above analysis, a protection criterion is formulated to recognize the fault inside
transformers when the CT is saturated. The extreme phenomenon that the CT of one side is deeply
saturated and the CT of the other side transmits correctly is considered. At that time, the differential
value of the secondary current of the CT is very large, which is likely to cause differential protection
mal-operation. The practicality and feasibility of the criteria is tested by a dynamic simulation system.
The wiring of the dynamic simulation system and the parameters of electrical components are shown
in Figure 5.108. In Figure 5.108, the transformer is a two-winding three-phase transformer, and the
wiring of transformer is YNd11, variable ratio 19/550 kV, rated volume Srated = 670 MVA, short-circuit
reactance Xshort-circuit = 13%; the parameters of the power source are Prated = 600 MW, Urated = 19 kV,
Irated = 20.26 kA; the input capacity of the system is Ssystem = 11 000 MVA; the length of line is 257 km,
parameter Z1 = 0.01808+ j0.27747Ω/km, C1 = 0.012917 μF/km, Z0 = 0.23084+ j0.9728Ω/km,
C0 = 0.0081161 μF/km.

5.6.4.2 Analysis of External Fault and CT Saturation

The waveform of the differential current in the case of an external fault and CT saturation is shown in
Figure 5.109a. Compared with the grille variation curve, it is shown that the fluctuation of the differential

TA TATransformer Line System

Figure 5.108 Electrical Power Dynamic Laboratory test model and parameters
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Figure 5.109 The differential current waveform and its results under CT saturation at out-zone fault:
(a) differential current; (b) grille variation curve; (c) processed grille variation curve

current is small and N
𝛿

remains at a low level before the fault. After the fault, N
𝛿

varies with the increase
and decrease of the degree of distortion of the current waveform, and the singular points of the waveform
corresponding to maximal value or minimal value of N

𝛿
. It is clear that the grille curve retains bumps

or pits formed by disturbance or noise signal; these are easily confused with the extreme points, which
singular points correspond to. Because flat structure elements are applied in morphological filters, bumps
and pits are smoothed and small pieces of smooth region near extreme points can be caught, as shown in
Figure 5.109c. Even though the noise or interference signal is not completely covered, transformer protec-
tion can be blocked, by the waveform characteristics of the minimal value smoothing domain–maximal
value the smooth domain–minimal value of smoothing domain.

5.6.4.3 Analysis on Inrush Current

The symmetry inrush current in the case of a no-load transformer closing is shown in Figure 5.110a. As
the waveform is no longer biased to the timeline side, the differential relay of pattern BCH-1 blocked by
DC current components will mal-operate. From the grille variation curve shown in Figure 5.110b, it can
be seen that the singular points formed by the transformer iron core enter and exit saturation correspond
to the extreme points of N

𝛿
. Smoothed by a filter, the waveform shown in Figure 5.110c also shows the

characteristic of the minimal value smoothing domain – maximal value the smooth domain – minimal
value of smoothing domain. The differential protection restraint can be achieved by this characteristic.

5.6.4.4 Analysis of Internal Fault and CT Saturation

The waveform in the case of an internal fault and CT saturation is shown in Figure 5.111a. From
Figure 5.111b, it can be seen that N

𝛿
varies exclusively with the distortion of differential current and the

grille curve flattens with the reduced degree of waveform distortion. There are still small fluctuations
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Figure 5.110 The symmetrical inrush current and its results: (a) inrush current; (b) grille variation
curve; (c) processed grille variation curve
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Figure 5.111 The differential current waveform and its results under CT saturation in the case of an
internal fault: (a) differential current; (b) grille variation curve; (c) processed grille variation curve
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on the curve due to CT saturation and the influences of interference. The variation trend of rising before
becoming steady is not clear. The noise and disturbance signals are effectively restrained by generalized
self-adaptive filters, and the singular characteristics near fault points will not be fuzzy. Shown in
Figure 5.111c, only the waveform characteristic of minimal value smoothing domain – maximal value
the smooth domain is retained after processing. Compared with Figures 5.109c and 5.110c, the waveform
in Figure 5.111c has lack of variation trend from minimal value domain to maximal value domain. So it
is important to recognize the maximal value domain for the reliable action of the protection. After the
transformer differential protection starts, the N

𝛿
of the differential current at time tk and N

𝛿
at time 1 ms

before tk should be measured in real time. If they are equal and five points taken sequentially are also
equal, it is determined that the points after the time of (tk − 1) ms fall in the maximal smooth domain.

After the maximal value smooth domain is determined, the average of grille variation can be calculated
using Equation (5.49) from (tk − 1)ms, M= 10 points.

Be =
|||||| 1
M

M−1∑
i=0

N2
𝛿
(i)

N2
𝛿
(i + S)

− 1
|||||| (5.49)

where N
𝛿
(0) is the number of grille at the time of (tk − 1)ms and S is the number of sampling points

during one half cycle.
The results of three kinds of case, measured after 15 dynamic simulation tests, are listed in Table 5.5.

The transformer internal short-circuit faults can be recognized by setting the threshold value at 0.5.

5.6.4.5 Analysis of Special Situation

Considering an external fault when the CT does not immediately saturate, it should be distinguished
with the conversion of the fault zone. Protection is blocked by the ratio restraint characteristic when an
external fault occurs and the CT is not saturated. When the CT is saturated after several cycles, protection
is blocked by the above methods. Then, after several cycles, a developing fault may occur, which belongs
to a complex fault. The external fault current, superimposed with the internal fault current waveform,
attenuating after several cycles, shows the characteristics of the internal faults. Namely there will not be
an obvious singular signal near differential current zero-crossing point, so the protection can reliably act.

In summary, the use of grid fractal theory and adaptive generalized morphological filtering technology
to identify CT saturation method has the following characteristics:

(a) Signal singular feature does not become fuzzy by adaptive generalized morphological filtering tech-
nology; the noise and interference signals can be effectively filtered; DC component is restrained
very well.

(b) Using the relative size of grille curve maximal value and minimal value smoothing domain, trans-
former faults and CT saturation can be correctly recognized by setting a reasonable threshold.

Table 5.5 Calculation results of Be in various kinds of states

CT saturation Symmetry inrush current
Internal fault External fault

Half cycle before N𝛿/105 5.7997–6.6973 2.7816–3.4374 2.7655–3.2906
Half cycle after N

𝛿
/105 5.7369–6.6492 0.7988–1.2859 1.1852–1.6547

Be/105 0.019–0.034 4.5936–12.1857 2.7481–5.3794
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(c) The disadvantages of DC speed saturation relay are overcome, not affected by inrush current. The
characteristics are obvious and it is easy to achieve. The effectiveness and feasibility of this algorithm
are verified by dynamic simulation data.

5.7 Summary

The differential relay may possibly mal-operate during occurrences of magnetizing inrush and CT sat-
uration. With regard to the inrush restraint, a method to eliminate the magnetizing inrush current is
proposed; it can ensure the voltages on both sides have the same phase but different magnitudes. The
simulation results show the correctness and effectiveness of the proposed method. As for the CT sat-
uration, new methods for identifying the phenomenon are put forward, with which the ability of the
differential protection immune to cross-country faults can be improved further. The effectiveness of the
proposed methods has been verified with the simulation tests.
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flux, 238
inrush currents, 23
linkage, 74

Magnetization curve, 57
Magnetizing

branch, 61, 238
characteristics of the transformer core, 100
current, 59, 73, 164
curve, 48, 72
inductance, 102
inrush, 21, 97, 153, 200, 212, 274, 294
linkage, 61
loss, 21
reactance, 57, 124

Magnetizing inrush suppresser (MIS), 238
Main protection of primary electrical equipment,

241
Malfunction mechanism analysis, 39
Mal-operation of the differential protection, 114,

234
Mal-trip, 31
Mathematical morphology (MM), 154, 190, 241
Maximum

area method, 32
through current, 5

Mean square error, 161
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Mechanical stiffness of the transformer coil,
237

Mechanical torque, 237
Microcomputer-based protection, 257
Minimum

operation threshold, 109
similarity coefficients, 172

Morphological gradient, 154
Morphology method, 193
Mother wavelet, 181
Multidimensional space, 133
Multiplication of differential current, 177, 180
Multiport network, 134
Multiresolution analysis (MRA), 182, 295
Multiresolution

morphological gradient, 295
productive element, 183

Multivalued curve, 72
Mutual flux linkage, 211

Noise
interference, 301
suppression, 313

No-load
switching, 11
test, 216

Nominal magnetizing current, 219
Nonfault phase, 232
Nonlinear

component, 57
differential equation, 61
load, 62
simplifications, 68

Nonlinearity of transformer core, 95
Nonoperation time, 158
Nonrestraint region, 41
Non-wholly-phase operation, 238
Normal operation state, 16
Normal percentage differential (NPD), 98
Normalized grille curve (NGC), 155
Novel adaptive scheme of discrimination, 190
Novel reliability evaluation criterion, 117

Offset current, 102
Optical current transformer (OCT), 17
Optical voltage transformer (OVT), 17
Operating

conditions, 116
reliability, 98
threshold, 104, 106

Operation
points, 131
region, 119
speed of criterion, 36

Original maximum area algorithm, 159
Ortho-normal basis, 182
Oscillatory waveform, 207

Parallel line, 218
Partial mode signals, 201
Percentage differential

characteristics, 142
criteria, 110
criterion, 98, 123
principle, 32

Percentage restraint
criteria, 133
criterion, 239

Periodic component, 105
Phase

angle, 256
correction, 274
current, 158, 213, 268
sequences of CTs, 113
voltage, 240

Phase to phase internal fault, 187
Phase–phase

measurement, 271
short-circuit fault, 265

Phase-separated closing, 254
Phase-separated second harmonic restraint

criterion, 272
Phase-separating blocking, 33
Phase-to-phase internal fault, 169, 221
Physical dimension, 220
Pole-separated trip, 159
Positive sequence

current, 10
impedances, 10
leakage reactance, 282

Post-energizing cycles, 50
Potential transformer (PT), 17, 269
Power

grid, 237
loss, 16
quality, 237
swings, 128
system, 1, 269
transformer, 206

Precision of acquisition system, 257
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Predefined threshold, 197
Preset filter, 269
Primary

current, 170, 241, 304
loop, 246
winding, 213

Principle verification, 16
Projection coefficients, 184
Protection

relays, 297
scheme, 12
system, 234
trip, 32

Protective relaying, 80
Pulse width of the differential current, 260
Pure resistance, 133

Quadrant division method, 11
Quantization and comparative analysis,

147

Rated
capacity, 274
current, 148
voltage ratio, 173

Ratio of
current flowing, 124
effective point, 259
resistance, 113
second harmonic, 53, 64, 264

Re-closing operation, 244
Reference quantities, 87
Relatively smooth waveform, 80
Relay, 50, 168

protection, 151
response, 53

Reliability margin, 36
Remnant fluxes, 23, 54
Residual

flux, 47, 272, 282, 290
magnetization, 207
voltage, 272

Resonance, 237
Restrained characteristic, 5
Restraint

coefficient, 118
current, 6
threshold, 84, 94

Restraint quantity (RQ), 98
Root mean square (RMS), 4

Sample space, 116
Sampling

cycle, 212
frequency, 267, 296
point, 309
rate, 298
signals, 27

Saturated secondary current, 240, 255
Saturation, 204, 221

degree of flux, 74
factor, 59
flux density, 74, 157
magnetic density, 30
point, 54
region, 59
state, 40, 70, 130, 302, 303
value, 307

Saturation of
the iron core of the transformer,

240
transformer core, 41

Scheme verification, 13
Second harmonic, 2, 82, 271, 285,

blocking, 27
contents of the inrush, 54
restrained

method, 34
ratio, 34

restraint, 40, 43, 80, 153, 159
criteria, 65
criterion, 97

Secondary
current, 239, 298, 299, 300, 301, 306, 308,

309, 311
winding, 213

Second-order
equivalent, 43
system, 248
underdamped circuit, 238

Security
comparison, 128
margin, 119

Self-correlation function, 154, 169
Self-leakage inductance, 215
Self-similarity, 308
Sensitivities of the differential protection,

109
Sensitivity

comparison, 126
of criterion, 127
of the internal fault, 139
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Sequence
components, 112
impedance principle, 10

Series multiresolution morphological gradient
(SMMG), 241

Serious
distortion, 28
distortion of fault currents, 28

Short circuit, 218
turn ratios, 176
fault, 83, 94

Signal
noise rate, 192, 302
processing, 181

Signal-to-noise ratio, 269
Simplifying protection schemes, 86
Simulation

model, 73, 99
of the hysteresis loop, 101
tests, 51, 88, 91

Simultaneous
fault, 168, 178
switching-on and switching-off operations,

251
Sine voltage source, 58
Single-end power supply, 239
Single-phase

earth fault, 112
ground fault, 188
short-circuit, 35
to ground fault on the high voltage side, 265
transformer, 9

Single-phase-to-earth faults, 84
Sinusoidal

proximity factor, 154, 174
signal, 309
waveform, 310

Sliding data window, 194
Slight internal fault, 140
Solid-grounded faults, 128
Source impedance, 274
Spectrum window, 183
Split-side differential protection, 8
Stabilizing area, 119
Starting point of protection, 172
State

equation, 61
locus, 79
space matrix, 60

Statistical bias phenomenon, 313
Steady state magnitude, 65

Steady-state
flux, 46
short-circuit test, 216

Structure element (SE), 190
Sudden changes of phase voltages, 93
Superimposed

component, 126, 268, 271, 274, 277, 281,
282, 288, 289, 291

current based differential protection, 98
fault network, 110
voltage, 270, 277

Superimposition
of the pre-fault network, 111
principle, 126

Switching
angle, 277
instant, 166, 207

Symmetrical
coefficient, 33
components, 111
inrush current, 170, 174, 200

Symmetry
factor, 30
waveform, 27

Sympathetic
inrush, 87
interaction, 41

Synchronous instruction, 252
System specification of the external fault, 129

Tank-in fault, 240
Technology development route, 17
Terminal voltage, 15, 218, 268
Terms of per-unit system, 84, 88
Tertiary winding, 214
Three phase

inrush, 159
main flux, 54

Three phases of inrush, 54
Three-leg Core Type transformer, 162
Three-phase

inrush, 53
loaded transformer, 56
magnetizing inrush, 158
transformer, 4
wiring of CT, 241

Three-Winding
autotransformer, 18
transformer, 4

Threshold, 88, 163, 230
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Time
constant, 246
differences, 93, 95
domain method, 205

Time difference (TD), 241
Time-difference

criterion, 88, 90, 94
methods, 86

Traction transformer, 237
Transferring

effect of CT, 57
ratio of the saturated CT, 118

Transformation ratio, 5, 211
Transformer

bank, 7, 157
core, 63, 272
differential protection, 160
energizing, 39
error, 5
faults, 2
inrush suppression, 237
magnetizing branch, 57, 59
main protection, 268
protection, 163

Transformer’s excitation branch,
254

Transforming
characteristic, 73
rate, 132

Transient
analysis, 71, 101
components, 185
current, 303
flux, 46, 53
phenomenon, 44
process, 1
saturation, 304
signals, 193
unbalanced current, 241

Transition
process, 254
resistance, 127

Transmission
line, 153, 200, 237, 297
system, 297

Trip
counter, 28
signal, 168

Tripping
area, 121
conditions, 79

signal, 76, 106, 108
speed, 31
time, 35

Turn-to-earth fault, 201
Turn-to-ground internal fault, 232
Turn-to-turn internal fault, 166, 167, 178, 209,

219
Turn-turn fault, 195
Two-end power supply, 256
Two-scale equation, 182
Two-terminal network, 14, 134, 222, 224
Two-winding

single-phase transformer, 211
three-phase y/delta-11 connected

transformer bank, 218
Two-winding transformer bank with

y0/delta-11 connection, 302

UHV autotransformer, 21
Ultra high voltage (UHV), 2
Ultra-saturation

phenomenon, 54
state, 42, 97

Unified magnetic equivalent circuit, 17
Unbalanced current, 5, 6
Unloaded energizing, 43, 88

Variance of the original data, 192
Variation rate criterion, 257
Vector triangle, 125
Vertical limiting condition, 136
Virtual differential voltage, 224
Virtue of Kirchoff’s principle, 99
Voltage

bus, 285
disturbance, 287
divider, 255
drop, 44
recovery, 34
regulation, 18
restraint principle, 153
source, 71

Wave closures, 160
Waveform

characteristics, 14
correlation, 154
identification, 239
symmetry, 154

coefficient, 32
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Waveform singularity factor (WSF), 154,

168
Wavelet

analysis, 239, 295
depot, 184
packet transform, 183
transformation analysis, 186

Wavelet transform (WT), 154, 181, 201
Wide value-taking area, 135

Winding
inrushes, 107
short-circuit fault, 187, 189

Y/delta-11 transformer, 54
Y/delta-connection, 48
Y0/y/delta connection, 214
Y-delta connection, 109

Zero-sequence differential protection, 8
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